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F O R E W O R D 
A D V A N C E S I N C H E M I S T R Y S E R I E S was founded in 1949 by the 
American Chemical Society as an outlet for symposia and col
lections of data in special areas of topical interest that could 
not be accommodated in the Society's journals. It provides a 
medium for symposia that would otherwise be fragmented, 
their papers distributed among several journals or not pub
lished at all . Papers are refereed critically according to A C S 
editorial standards and receive the careful attention and proc
essing characteristic of A C S publications. Papers published 
in A D V A N C E S I N C H E M I S T R Y S E R I E S are original contributions 
not published elsewhere in whole or major part and include 
reports of research as well as reviews since symposia may 
embrace both types of presentation. 
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P R E F A C E 

he symposium, "Radiation Effects on Solid Surfaces," was held to 
discuss various surface phenomena which can occur under ener

getic particle and photon irradiations of solid surfaces. The organization 
of chapters in this volume follows that of the conference program. First 
some of the basic surface processes occurring under surface irradiations 
with atoms, ions, neutrons, electrons, positrons, and photons (including 
x-rays) are discussed. Next, recently developed techniques based on 
particle and/or photon irradiations of surfaces are presented. Finally, 
surface irradiation effects in solar and nuclear energy applications are 
covered. 

The editor is very grateful to his colleagues who contributed to this 
symposium and to the session chairmen: G. A . Somorjai (University of 
California, Berkeley), F . L . Vook (Sandia Laboratories, Albuquerque, 
Ν. M . ) , Monroe S. Wechsler (Iowa State University, Ames, Iowa), and 
Klaus M . Zwilsky ( D M F E - U S E R D A ) . He would also like to acknowl
edge the efficient secretarial help of Debra Herman, Argonne National 
Laboratory. The editor would like to thank G. A . Somorjai, director of 
the Division of Col loid and Surface Chemistry, A C S for his encourage
ment to organize the symposium. 

vii 

Argonne National Laboratory MANFRED KAMINSKY 
Argonne, Ill. 60439 
October, 1976 
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I N T R O D U C T I O N 

"Investigating the effect of high energy radiation on the structure and 
composition of surfaces is one of the important endeavors of modern 

surface science research. Energetic ions or neutral particles incident on 
the surface or particles generated internally in radioactive systems dis
rupt the atomic structure in the near-surface region. These induced 
defects in structure can cause mechanical damage or can be the primary 
targets of chemical attack—both destructive to the solid structure. Thus 
the importance of studies of radiation effects on solid surfaces to the 
nuclear technology cannot be overemphasized. Most of our difficulties in 
assembling safe nuclear reactors stem from materials problems caused 
by the high temperature, high energy radiation environment. 

Most of the papers in this volume describe recent results of funda
mental research in the field and discuss many of the modern techniques 
that have become available in recent years. The research results and 
their interpretation based on the underlying theory are presented in sev
eral wel l written papers that are easy to follow even for the uninitiated 
reader. The principles and applications of modern techniques of surface 
science are discussed equally well. 

It is hoped that this volume w i l l provide a valuable reference for 
those working in the fields of radiation damage or surface science. This 
book w i l l also be of interest to those who would like to learn about this 
exciting field of surface chemistry. 

University of California G . A . SOMORJAI 
Berkeley, Calif. 

ix 
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1 

Physical Sputtering: A Discussion of 
Experiment and Theory 

HAROLD F. WINTERS 

IBM Research Laboratory, San Jose, Calif. 95193 

The theory of sputtering of amorphous and polycrystalline 
materials has been further developed. Experimental results 
for the energy, mass, and angular dependence of sputtering 
yields and recent experiments on the sputtering of chemi
sorbed gas and sputtering by molecular ions illustrate sev
eral effects that are important in determining sputtering 
yields and, in particular, the relationship of these effects to 
Sigmund theory. There are several mechanisms which 
might lead to discrepancies between theory and experiment. 

Τ"* he ejection of material from solid surfaces under bombardment by 
energetic ions (or neutrals) is known as sputtering. The sputtering 

yield, S, is defined as the number of target atoms ejected per incident 
ion. Review articles on physical sputtering have been published by 
Giintherschulze and Meyer ( I ), Wehner (2) , Behrish (3) , Kaminsky (4) , 
Carter and Colligon (5) , McDonald (6), and Tsong and Barber (7) . 
McCracken (8) has published a paper recently on the interaction of 
ions with solid surfaces in which there is a long section on sputtering. 
In addition, Sigmund has published a series of review articles on the 
collision theory of displacement damage (9) which includes a long 
chapter on sputtering (JO). A l l of these articles, and in particular, various 
articles by Sigmund and co-workers, have been of material benefit in 
preparing this paper. This is all the more true because the author, while 
very interested in the interaction of low energy ions ( < 1000 eV) with 
solid surfaces, is not a specialist in the field of physical sputtering. It is 
hoped that this chapter w i l l benefit from his slightly detached point of 
view rather than suffering from a lack of intimacy with the subject. 

The thrust of this paper is to outline concisely the current theo
retical approaches to the sputtering of amorphous and polycrystalline 
targets and then to interpret some of the important experiments on the 
basis of the derived results. No attempt at comprehensive coverage wi l l 
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2 R A D I A T I O N E F F E C T S O N S O L I D S U R F A C E S 

Figure I . Schematic of possible 
collision processes which occur 
under ion bombardment. (1) Sur
face atom receives energy and 
after several collisions is reflected 
away from the target; (2) the 
incoming ion creates a primary ο 
recoil which in turn produces a ,on 

collision cascade that penetrates 
the surface; (3) collision cascade 
which does not penetrate the sur
face; (4) reflected ion creates a 
cascade which penetrates the sur
face; (5) reflected ion gives en
ergy to a surface atom which is 
sputtered; (6) ion reflected into 
the vacuum with kinetic energy; 
and (7) atom with momentum 
component directed away from 
the surface returns because of 

attractive forces. 

be made because of the number of review articles already in the 
literature. 

A l l modern approaches to the theory of physical sputtering are based 
on the binary collision model which assumes that energy is transferred 
from the impinging ion to the target atoms by a sequence of binary 
collisions; i.e., the ion only interacts with one target atom at a time. This 
process is illustrated schematically in Figure 1. The first collision does 
not, in general, lead directly to sputtering since the hit target atom has 
a momentum component in the direction away from the surface. There
fore, sputtering is a multiple collision process involving a cascade of 
moving target atoms. Whereas the concept of a collision cascade govern
ing the sputtering process is a common feature in al l recent sputtering 
theories (11,12,13,14), there are some differences in the processes that 
various authors consider important and consequently in the approxima
tions made to solve the problem (see Réf. I I ) . 

A yield calculation consists of a number of steps: 
(1) To determine the differential cross section, da, for the transfer 

of energy between Τ and Γ + dT from the ion to the target atom and 
from one target atom to another (this step primarily involves the ap
proximation of interaction potentials). 

(2) To determine the amount of energy deposited near the surface. 
(3) To convert this energy into the density of low energy recoil 

atoms. 
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1. W I N T E R S Physical Sputtering 3 

(4) To detennine the number of recoil atoms which reach the very 
surface. 

(5) To select those atoms which are able to overcome surface bind
ing forces and thus be emitted into the gas phase. 

The Formalism of Sputtering Theory 

Classical Mechanics. Two-particle, collisions are often adequately 
described using the ideas of classical dynamics, and al l modern sputter
ing theories make this assumption. The quantity, da(T), which is needed 
by sputtering theorists, can be formally obtained from the following wel l 
known equations (5 ,15) . 

T = r m s i n - , T m = { M i + M 2 ) 2 E (1) 

' - * ~ 2 P I B 0 Γ, Ud(R)R P H " ( 2 ) 

L BR R2] 

F M>E 

da (θ) _ -2πΡάΡ (3) 

where (see Figure 2) Μ χ and M 2 are the masses of the colliding atoms, 
Ε the initial energy, Τ the energy transfer (the energy of the recoiling 
atom), θ the center of mass scattering angle, Ρ the impact parameter, R 
the internuclear distance, R 0 the distance of closest approach, and U(R) 
the interatomic potential. R 0 is the root of the equation (15): 

T. V" 
Figure 2. Scattering of two particles viewed from the 

laboratory system, φ is the laboratory scattering angle. 
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RADIATION E F F E C T S ON SOLED SURFACES 

He—Νι |ψ=45°.$=9σ) 

500 1000 
Energy Ε 

* + " Γ Τ + J φ + • 

Ne—Ag(i|> = 30°.d = 60°) 

" %ô~° υ υ g ° Ne-Ni (ψ=38°.0 = 60°) Κ * w Χ χ χ χ • κ * Η β - 0 (ιΜ5°.θ=90°) 

Ne—Ni (ψ =£5°.$=90°) 

Δ ·» ** 
"Ne—S (ψ=45°.θ=90°Γ 

1500 2000 

Figure 3. Fractional energy loss (E — T J / E υ*, primary energy at 
constant φ for ion scattering experiments. Data from Ref. 17. 

da(T) is formally obtained by inverting Equation 2 to obtain Ρ as a 
function of θ. Ρ and dP are t i e n substituted into Equation 3 yielding 
άσ(θ) which is subsequently changed to da(T) using Equation 1. The 
input quantity needed to use this procedure is the interaction potential, 
U(R). 

The binary collision approximation is crucial to sputtering theorists, 
and hence we make a few comments at this time. The best experimental 
evidence supporting the model is from investigations conducted at many 
laboratories involving the scattering of ion beams from surfaces and the 
subsequent measurement of the angle and energy of the reflected ions 
(16). For binary collisions, the quantity (E — T)/E (see Figure 2) is 
independent of Ε for constant θ (see Equation 1). (Constant θ implies 
constant φ.) Figure 3 shows data from Heiland and Taglauer (17) 
which demonstrate that the binary approximation is valid to quite low 
energies. This is consistent with computer-simulated results of Karpuzov 
and Yurasova (18) who investigated the reflection of 50-500 eV argon 
ions from a copper crystal and concluded that ion reflection is adequately 
described by the binary collision model. 

Interatomic Potentials. It is not absolutely necessary to have accu
rate interatomic potentials to calculate reasonably good sputtering yields 
because the many collisions involved tend to obscure the details of the 
interaction. This, together with the fact that accurate potentials are only 
known for a few sysems makes the Thomas-Fermi approach quite attrac
tive. The Thomas-Fermi statistical model assumes that V ( r ) varies 
slowly enough within an electron wavelength that many electrons can 
be localized within a volume over which the potential changes by a 
fraction of itself. The electrons can then be treated by statistical mechan-
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1. W I N T E R S Physical Sputtering 5 

ics and obey Fermi -Dirac statistics. In this approximation, the potential 
in the atom is given by: 

F ( r ) = ^ Q ; a = 0.885a0Z-1'* (4) 

where Ζ is the atomic number and a0 the Bohr radius, 0.529 A . For a 
derivation of Equation 4, see Ref. 19. φ (r/a) is the Thomas-Fermi 
screening function shown in Figure 4. 

It is convenient to describe the interatomic potential, U(R), with the 
same functional form as Equation 4. This has been accomplished by 
Bohr (21) who estimated the interaction energy between two atoms by 
the formula: 

TT/r>\ ΖχΖζβ2 R 
- _ e x p - T 

where R is the internuclear distance and exp( — R/a) the screening 
function. Subsequent authors usually represented their interaction poten
tials in the same form but with modified screening functions. Firsov (22) 
showed that, within the limits of accuracy of the Thomas-Fermi statisti-

^ « o — ι ι ι ι 1 1 1 I V I I I I 
^ \ \ ^ ^ > \ S = 2 \S=3 

S = 3 / 2 ^ V \ 

1 1 1 1 1 1 1 1 I I I I L 

- \\ 

ι ι 
ι ι 

I 
I 

1 

\ 

J 1 l i t l - L l 1 1 1 _ l _ 

V 
\ 

ι ι ι ι ι 1 J 1 1 1 1 1 1 
0.1 6 8 1.0 6 8 10 6 8 100 

R/a 

Figure 4. Thomas-Fermi screening function, 0(R/a,), (see Equation 4) for 
neutral atoms ( ) and power approximations ( ) from Equation 7. 
Values of «̂ fR/aJ are from Ref. 20. Constants used in Equation 7 are: kt 5 = 

0.591, k2 = 0.833, ks = 2.75. See Equation 7 for definition of s. 
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6 RADIATION E F F E C T S ON SOLID SURFACES 

cal model, the interaction between atoms at a distance less than 10~8 cm 
could be described by the potential: 

where φ ( Κ / α Ρ ) is the Thomas-Fermi screening function shown i n F i g 
ure 4 and 

aF = 0.8853 α 0 (Ζ ι 1 / 2 + Z2
mYm 

Lindhard et al . (23) preferred a screening radius: 

a L — 0.8853 a 0 [ Z i 2 / 3 + Z 2
2 / 3 ] " 1 / 2 

for the same functional form of Equation 5. The two screening radii are 
numerically equal within the accuracy of the Thomas-Fermi approach. 
In subsequent sections we w i l l use ah and refer to it as a. 

Equation 5 is often used to describe the interaction between the 
incoming ion and the target atoms. The interaction between two target 
atoms generally occurs at low energy where the Thomas-Fermi potential 
overestimates the interaction. Under this situation a Born-Mayer poten
tial is more appropriate ( I I ) , i.e.: 

U(R) =Ae-™ (6) 

where A and b are constants. Typical values for A and b have been 
tabulated by Abrahamson (24). 

A n especially useful approximation for the Thomas-Fermi potential 
has been developed by Lindhard (23) and co-workers where the screen
ing function is assumed to have the form: 

where k8 and s are constants. 17(R) then becomes: 

U{B)-h?>*gLl (8) 

Figure 4 shows that Equation 7 reasonably approximates the screening 
function over limited energy ranges. The inverse power approximation 
made i n Equation 7 is quite attractive since it allows Equation 2 to be 
integrated in closed form for several values of s (25). 
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1. W I N T E R S Physical Sputtering 7 

The substitution of Equation 8 into Equation 2 followed by ap
proximations (see Ref. 23) and integration leads to: 

da(T) = CE^T'1 -mdT; m = - (9) 
s 

where 

and λ™=ι = 0.5, A m = i / 2 = 0.327, X m e i / 3 — 1.309. m = 1 corresponds to 
Rutherford scattering, and Sigmund (11 ) has shown that m — 0 approxi
mates scattering from a Born-Mayer potential. For m = 0, C 0 = 
( 1/2)πλοα2 where λ 0 = 24 and α = 0.219 A . For m — 0 α is assumed to 
be independent of z. Sigmund also suggests that for medium mass ions 
and atoms over most of the keV range, m — 1/2 is a fair approximation 
while in the lower keV and upper eV region, m~ 1/3 should be adequate. 

Equation 9 is an extremely useful description for the differential 
cross section and has been used extensively in a variety of applications. 
W i t h the use of Equation 9, the nuclear stopping power becomes: 

This is one of the basic input quantities needed in Sigmund s sputtering 
theory. 

Basic Equations—Sigmund's Theory (11). There have been three 
important theories in recent years on the sputtering of amorphous and 
polycrystalline solids. They are attributed to Sigmund ( I I ) , Thompson 
(12), and Brandt and Laubert (13). The predictions about various 
aspects of sputtering often agree. Sigmund's theory, however, is the 
most general and latest and therefore is outlined briefly. 

Suppose an atom starts its motion with an arbitrary velocity vector 
ν at t = 0 in a plane χ — 0 in an infinite medium (Figure 5) . The basic 
quantity of interest is the function G(x,v0>v,t)d3v0dx which is the average 
number of atoms moving at time t in a layer (x,dx) with a velocity 
(v0,d3v0). The number of atoms with a velocity (v0,d3v0) penetrating 
the plane χ in the time interval dt is given by: 

G (xp<>p,t ) cPv01 Vox I dt 

wher Vos is the χ component of v0. The backward sputtering yield for a 
surface at χ — 0 is then: 
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δ RADIATION E F F E C T S ON SOLID SURFACES 

S— Γ\v0,\<Pv0 f °° dtQ(0,v0,v,t) ( I D 

Based on Equation 11, S is formally obtained by (1) writing a dif
ferential equation for G(x&v0,t) using standard techniques, (2) inte
grating the resulting equation over v0 and t which yields an equation 
involving H(v,x), and (3) solving the resulting integral equation for 
H(v,0) using the input quantities <1σ(Τ) (Equation 10), the heat of 
sublimation and, where necessary, an expression for electronic stopping. 

W e w i l l now derive the equation used to determine G(x,v0,v,t). Con
sider a particle moving at t = 0 in χ = 0 (Figure 5) . After a time St, it 
may or may not have collided. In any case, the final distribution cannot 
have changed. Therefore an expression for G(x,v,v0>t) based on initial 
conditions is equated to an expression for G based on the situation as it 
exists after a time δί. The equation: 

Infinite Medium 

t=6t 

Figure 5. Geometry of the sputtering events considered 
in the Sigmund (1969) theory. The initial velocity of the 
ion is v, and after one collision, the ion velocity is v'; the 

velocity of the primary recoil is v". 

G(x,v,v0it) initial = G(x,v,v0,t) 
after Δ«,Δ( reads 

G(x,v,v0,t) =NvU I [G(x,Vo,v',t) + G(x,v0,v",t)]da{v,v',v") 

+ [1 - NvU / άσ(νϊ',ν") ]G(x + vvSt,v0^,t + St) (12) 
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1. W I N T E R S Physical Sputtering 

where Ν is the atom density and η — vw/v, where νΛ is the χ component 
of v, i.e., η is the cosine of the angle of incidence. The first term on the 
right hand side expresses the collision probability specified by ΰ ' ,ΰ" and 
multiplied by the sum of contributions to G by the two collision partners 
and then integrated over al l collisions. The second term is the probability 
for not making a collision, multiplied by the contribution to G by a par
ticle with unchanged velocity but changed initial position and starting 
time. Expansion of G(x + ^St^v^t + St) in terms of St followed by 
manipulation yields first order terms: 

1 δ — δ — — 
~vlt G^x>1}o^'^ ~rlJi G(x,v0,v,t) = 

NÎ da[G(x,v0,v,t) -G(x,v0,v't) -G(x,Vo,v",t)] (13) 
J v.v" 

Equation 13 applies to an ion of the same species as the target, but 
similar arguments lead to an analogous equation for an arbitrary ion. 
For simplicity, electronic stopping has also been neglected but could 
easily be included as was done in the original treatment by Sigmund. 

The function: 

F(x,v0,v) = j G(x,v0,v,t)dt 

is the total number of atoms which penetrate the plane χ with a velocity 
(v0,dvo3) during the development of the collision cascade. F(x,v0,v) 
satisfies an equation that follows from integration of Equation 13 over 
t, i.e.: 

1 d 
-S(x)S(v-v0) -v-^F(x,v0,v) — 

Ν J da[F(x,v0,v) -FfavoF) -F(z,v0,V")] (14) 

The function H(x,v) represents the backward sputtering yield of a 
target atom for the case of a source at χ = 0 and the sputtered surface in 
the plane χ where: 

H(x,v) = J dzvQ\vox\F{x,v0v) 

The integrations over v0 obey the conditions: 

Vox ^ Λ 
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10 RADIATION E F F E C T S ON SOLID SUBFACES 

E0 = ±Mv0*>U(Vo) 

where ϋ(η0) is a surface binding energy. Multiplying both sides of 
Equation 14 by v0x and integrating over v0 and also changing the velocity 
variables to energy variables yields: 

= NJda[H(x,E,v) - Η(χβ',η') - ff(ï^V)] (15) 

Here, θ(£) is the Heaviside step function; θ(ξ) = 0 for £ < 0 and θ(ξ) =» 
1 for £ > 1. The backward sputtering yield is: 

S(E„) =H(x = 0,E,v) (16) 

The fundamental problem i n determining yield is to solve Equation 15 
for H. Sigmund solves the problem by using a standard technique involv
ing expansion in Legendre polynomials. The final result is given by: 

where F(x,E^) is now defined as the amount of energy deposited in a 
layer (x,dx) by an ion of energy Ε starting at χ = 0 and by al l recoil atoms. 
See Ref. 11 for the mathematical details used in obtaining Equation 17 
from Equation 15. 

For power scattering, it can be shown that: 

F(0fi„)-aNsm(E) (18) 

where sa(E) is the nuclear stopping power and α is a dimensionless quan
tity depending on the relative masses and angle of incidence, a is shown 
as a function of M 2 / M i in Figure 6 for perpendicular incidence. Direct 
energy dependence in a drops out for power scattering. Using Equations 
17 and 18, the sputtering yield becomes: 

Although Equation 19 has been derived for the case where the ion and 
target are of the same substance, it is also valid for an arbitrary ion (see 
Réf. I I ) . 
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1. W I N T E R S Physical Sputtering 11 

1.0 

0.5 

2 

0.01 
0.1 10 

Physical Review 

Figure 6. Factor a in sputtering 
yield formula (Equation 21) calcu
lated for power scattering and aver
aged between m = 1/3 and m = 1/2 

(H) 

For low energies (m — 0; Ε £ 1 k e V ) , the yield becomes: 

(20) 

where the value for s n ( E ) was obtained from Equation 10. For keV ener
gies and heavy-to-medium mass ions, the expression for the nuclear stop
ping power calculated by Lindhard (23), assuming a Thomas-Fermi 
interaction, is used, i.e.: 

where sn(e) is the reduced stopping power plotted i n Figure 7. The 
sputtering yield from Equation 19 is therefore: 

S(E„) = 3.56 a [ V / 3 +\M]V% [M1
A+M2] ^ ( 2 1 ) 

where U0 is i n eV. The relationship between the ion energy Ε and 
reduced energy € is given by: 
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12 R A D I A T I O N E F F E C T S O N S O L I D S U R F A C E S 

0 1 
0.71 1—I I I I INI 

Ion Energy - Ar + /Cu (keV) 

10 100 1000 
Τ — I I I I M M 1—I I I I M M 1—I I I I III 

0.1 h 

r~2 Potential 

Thomas Fermi 

J—I I I I I III I I I I I MM I I I I I MM I L 
ιο ί ο ίο- 1 1 

Reduced Energy, e 
10 

Figure 7. Nuclear stopping power, s«, as a function of ε for bottom scale and 
of Ε for Ar*-Cu top scale. Horizontal line is for an R~2 potential. Data from 

Ref. 23. 

€~[Z1Z2eHM1+M2)] 

Equations 20 and 21 along with Figures 6 and 7 are used as a 
framework to interpret most of the experimental data presented i n this 
paper. 

Comparison of Experiment with Theory 

To interpret experimentation results in terms of Equations 20 and 
21, we are interested in the sputtering yield expressed as a function of 
(1) ion energy; (2) the angle of incidence; (3) the masses of the incident 
ion and target material; (4) the surface binding forces, i.e., t7 0, and (5) 
energy E 0 of the sputtered atoms. 

There have been numerous sputtering yield measurements on amor
phous and polycrystalline targets during the past 20 years. Unfortunately 
many of the measurements are difficult to interpret because of uncon
trolled experimental conditions. For example, the presence of chemi-
sorbed gas often reduces the sputtering rate (26). This phenomenon is 
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1. W I N T E R S Physical Sputtering 13 

well known to people involved in the growth of thin films (27). A n 
example of the influence of an adsorbed layer is seen in Figure 8 where 
the variation in sputtering yield with ion dose is shown for 600-eV N 2

+ 

ions on gold. The initial rapid increase was attributed by Colligon et al . 
(28) to the removal of an adsorbed layer. It is, therefore, quite clear 
that atomically clean surfaces should be used for accurate yield measure
ments. This requires good vacuum conditions. 

It is becoming clear that many of the reported yields are dose de
pendent. Almén and Bruce (29) published some examples of 45-keV V + 

ion irradiation of copper and tantalum targets where they found a marked 
decrease in yield as a function of dose. For 45-keV C a + ions on the same 
target, they found a weight gain. In the same article, the authors reported 
measurements of the Z i variation of the 45-keV sputtering yield on cop
per, silver, and tantalum targets. In the Z x variation they found peculiar 
oscillations following the chemical properties of the incident ions and 
ascribed these variations to a change in target material caused by the 
accumulation of projectile atoms. This assumption has recently been 
shown to be correct (30, 31) since the periodicity disappears for smaller 
doses. 

A dose dependence is expected under situations where a change of 
chemical composition occurs because the development of the collision 
cascade must depend to some extent on the masses of the target atoms. 

Figure 8. Variation of sputtering yield with ion dose for 600~eV N2+ ions 
on gold (28) 
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14 RADIATION E F F E C T S ON SOLID SURFACES 

Accumulation of significant amounts of projectile material near the sur
face is expected under many situations. Therefore, a definite need for 
yield measurements made under low dose conditions exists. 

Figure 9 shows the concentration of nitrogen near the surface of a 
polycrystalline tungsten sample as a function of the number of bombard
ing N 2

+ ions. The saturation coverages are 8 Χ 10 1 5 and 9 Χ 10 1 5 atoms/ 
cm 2 at 300 and 450 eV, respectively. Based on this information, one would 
expect the sputtering yield for an initially clean surface to change until 
the surface had been bombarded with 4 Χ 10 1 6 N 2 V c m 2 and then to 
remain relatively constant. 

Noble gases are attracted to surfaces by weak van der Waals forces, 
and therefore when they reach the surface they are almost immediately 
desorbed into the vacuum. Consequently, ion bambardment effectively 
releases noble gas atoms trapped near the surface (33), and therefore 
the saturation concentration does not become nearly so large as for other 
projectiles (34) (compare Figures 9 and 10). W e think that yield 
measurements involving noble gas ions are in general more reliable than 
those involving other ions, but even for noble gases, there appears to be 
a dose dependence (35). 

Variation of Sputtering Yield with Ion Energy. For scattering 
using an inverse power potential (Equation 8) , the quantity a (see Equa
tion 21) is independent of energy and is only a function of the angle of 
incidence and relative masses. The energy dependence of the sputtering 
yield is therefore determined by the energy dependence of the stopping 
power. Brandt and Laubert (13) make similar predictions, and their 

τ 1 1 1 1 1 1 Γ 

Number of Incident Ions (Ions/cm2) 
Journal of Applied Physics 

Figure 9. Number of nitrogen atoms trapped near a tungsten surface vs. 
number of incident N$* ions (32) 
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Canadian Journal of Physics 

Figure 10. The number of argon atoms trapped near a tung
sten surface as a function of the number of incident argon 

ions of various energies (34) 

calculated results agree reasonably with those based on the Sigmund 
model. 

Yields for many ion-target combinations have been calculated using 
Equations 20 and 21, and the agreement is remarkably good considering 
that there are no adjustable parameters in the theory. Figure 11 shows 
data for inert gas ion bombardment of copper where agreement is very 
good over the entire energy range. Table I shows calculated and meas
ured yields for bombardment of various metals with 45-keV noble-gas 
ions. The agreement, in general, is somewhat worse than for copper. 
However, judging from the work of Andersen and Bay (35), we would 
expect the experimental yields of Almén and Bruce (29) to be signifi
cantly higher (possibly by a factor of two or more) if they had been 
taken under low dose conditions. This would make the agreement be
tween experiment and theory much better. 

Wehner (36) has amassed a large amount of data i n the low energy 
range (0-600 eV) which, in our opinion, is quite reliable and relatively 
free of dose effects. These data are not corrected for secondary electron 
emission. However, for K r + and Xe + , where Sigmunds theory is most 
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1. W I N T E R S Physical Sputtering 17 
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Physical Review 

Figure 11. (left and above) Sputtering yields for Cu calculated 
from Equation 21 ( ) and Equation 20 ( ), compared with 

experimental results of Refs. 11, 29, 36-43 (11) 

applicable, the correction would, in general, change the yield by less 
than 10%. Calculated yields using Equation 20 agree excellently with 
Wehners data for many target materials, but for others the measured 
values are smaller than the calculated ones by a factor of two. 

Whereas the sputtering yield is generally proportional to the nuclear 
stopping power as predicted by Sigmunds theory, there are systematic 
variations for large and small mass ratio ( Λί2/Λίι ) as well as in the energy 
dependence. These discrepancies are discussed in later sections. 

Variation of Sputtering Yield with Mass of the Incident Ion. Dose 
effects make it inconvenient in some instances to use absolute yield data 
when comparing experiment with theory. Therefore, Andersen and Bay 
have presented their data as normalized yields, i.e., the ratio of the sput
tering yield for an ion of atomic number Zx to the self sputtering yield or 
to the argon sputtering yield. The normalization tends to eliminate or 
at least minimize dose effects. 

Data for Si, C u , Ag , and A u from Andersen and Bay (35) are shown 
in Figure 12. Absolute yields from Almén and Bruce (29) along with 
calculated values from Equation 21 are shown in Table I. Both sets of 
data and also theory indicate that the yield increases with Ζχ. The quanti
tative agreement between theory and experiment (Figure 12) is good for 
amorphous silicon but gets progressively worse as the mass increases. 
The sputtering yield for heavy ions on heavy targets shows a more pro
nounced maximum in the energy dependence than does the stopping 
power (see Figure 11—Xe + on C u ) . Such a discrepancy between theory 
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Figure 12. (left and above) Normalized sputtering yields for Si, 
Cu, Ag, and Au for 45-keV ions. Data from Refs. 35, 44. 

and experiment may result from thermal spikes in the dense collision 
cascades for heavy ion irradiation (45). 

Sigmunds sputtering theory is based on the assumption that al l 
interactions occur in binary collisions between a moving and a fixed atom. 
In very dense cascades (e.g., if cascades designated 2 and 3 in Figure 1 
overlapped), the collision may occur between moving atoms, and there
fore the theory breaks down. Andersen and Bay (35) suggest that both 
the deviations in energy dependence for heavy ions on heavy targets and 
the discrepancy between experiment and theory shown in Figure 12 are 
caused by this thermal spike effect, i.e., overlapping cascades. Further 
evidence for thermal spikes is found in the appearance of a low energy 
peak in the energy spectra of sputtered gold atoms (46, 47) as wel l as in 
the temperature dependence of the sputtering yield measured by N e l 
son (48). 

Andersen and Bay (35) have experimentally demonstrated that 
anomalies in the yield can arise because of nonlinear effects in the col
lision cascade. This was accomplished through irradiation with molecular 
ions and subsequent comparison of the yield per atom from the molecular 
ion with the yield of single atomic ions at the same energy per atom. 
Overlapping of the cascades created by each individual atom w i l l occur 
for the case of the molecular ion. This in turn leads to an increased energy 
density within the cascade. Table II shows that the yield ratio is greater 
than unity, indicating that nonlinear effects can cause an increase in the 
sputtering yield. 

Variation of the Sputtering Yield with Angle of Incidence. The 
angular dependence of the sputtering yield is contained in the quantity 
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20 RADIATION E F F E C T S ON SOLID SURFACES 

Table I. Sputtering Yield for Ne% Ar% Kr\ Xe + Ions at 45 keV 
on Different Polycrystalline Target Materials" 

rparget Sputtering Ratios (atoms/ion) 

aterial Uo(eV) Ne* Ar* Kr* Xe* 

Pb 2.01 82 3.6 10.5 24.0 44.5 
(29.7) (44.4) (74.6) 

A g 2.94 47 4.5 10.8 23.5 36.2 
(12.7) (20.1) (24) 

Sn 3.11 50 1.8 4.3 8.5 11.8 
(12.5) (19.5) (24.9) 

C u 3.46 29 3.2 6.8 11.8 19.0 
(3.7) (6.7) (11.9) (15.5) 

A u 3.79 79 3.6 10.2 24.5 39.0 
(16.1) (23.9) (27.8) 

P d 3.87 46 2.5 5.3 10.5 14.4 
(9.24) (14.1) (18.1) 

Fe 4.29 26 1.3 2.3 4.0 4.9 
(5.15) (8.92) (11.7) 

N i 4.43 28 1.4 3.5 5.6 7.6 
(5.35) (9.01) (11.8) 

V 5.3 23 0.3 1.0 1.7 1.9 
(3.85) (6.21) (8.9) 

P t 5.82 78 1.9 5.3 11.3 16.0 
(9.35) (15.3) (19.2) 

M o 6.82 42 0.6 1.5 2.7 3.8 
(5.14) (7.70) (10.1) 

T a 8.06 73 0.7 1.6 3.1 4.0 
(6.62) (10.0) (12.3) 

W 8.70 74 1.0 2.3 4.7 6.4 
(5.07) (9.31) (11.9) 

•Data from Ref. 29. Theoretical values, in parentheses, were calculated from 
Equation 21. The values for C/0 are from Ref. Jj9. The values for a and SnU) were 
estimated from Figures 6 and 7. 

Table II. Ratios between the Sputtering Yield per Atom for 
Irradiation with Molecular and Atomic Ions for 

Different Ion Target Combinations0 

Targets 
Projectiles Si A g Au 

C - C 1 2 — 1.09 — 
Se-Se 2 1.15 1.44 1.44 
T e - T e 2 1.30 1.67 2.15 

β Data from Ref. 85. 
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1. W I N T E R S Physical Sputtering 21 

a which is independent of energy for power scattering and only weakly 
dependent on the power m in the cross section formula (Equation 9) . 
Even for inelastic collisions, Sigmund finds that a depends only weakly 
on energy but is somewhat sensitive to the electronic stopping constant, 
i.e., a decreases with increasing electronic loss. Since a is almost inde
pendent of ion energy, the angular dependence of the sputtering is also 
predicted to be relatively independent of energy. 

For not too oblique angles, Sigmund (11) suggests that the angular 
dependence is given by: 

§ ^ = = > f ' = ( c o s / ? ) - > (23) 

where S ( l ) is the yield at perpendicular incidence, and / is a calculable 
constant. For M 2 /Mχ < 1, / ~ 1.7. For Μ2/Μχ > 1, the factor / slowly 

Figure 13. Variation of sputtering yield with angle 
of incidence for Ar+ ions on polycrystalline copper. 
( ), evaluated from Sigmund theory for m = 1/2. 

( )> for (cos β)-1. Data from Refs. 50, 51, 52. 

decreases until it reaches a value somewhat less than 1. Theory is com
pared with experiment in Figure 13, and the agreement is quite good. 
The 1/cos θ dependence of the sputtering yield which has been suggested 
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22 RADIATION E F F E C T S ON SOLED SURFACES 

by many investigators (12,13, 53) does not agree with experiment (see 
Figures 13 and 14). 

Oechsner (54) has recently reported an extensive investigation of 
the sputtering yield of various materials as a function of the angle of 
incidence. His data for copper are shown in Figure 14. The yield ratio 
[ S ( £ ) / S ( 0 ) ] increases rather slowly in the beginning, then more rapidly, 
and finally passes through a maximum at near grazing incidence after 
which it falls toward zero at β — 90°. Similar behavior has been ob
served for a variety of target materials (51, 54, 55, 56). 

3.01 

2 5 

^ 2.0 

1.5 

1.0 
30° 60° 

Angle of Incidence 
(a) 

0° 

(b) 

30° 60° 
Angle of Incidence 

90° 

Zeitschrift fur Physik 

Figure 14. (a) (left) Sputtering yield for polycrystalline copper as a function 
of the anale of incidence. The incident energy was 1.05 keV. S(0) is the yield 
at normal incidence. The dashed curve represents a 1/cos β dependence, (b) 
(right) Sputtering yield for polycrystalline copper as a function of angle of inci

dence and incident energy for irradiation with Xe+ ions (54). 

Oechsner s data taken at relatively low ion energies do not appear 
to agree with theory as well as data taken at higher energies. The angular 
dependence generally increases faster than cos β as predicted by the 
Sigmund theory. However, there are deviations between experiment and 
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1. W I N T E R S Physical Sputtering 23 

theory which Oechsner (54) states lie beyond the limits of experimental 
error. 

According to Figure 14a, the initial slope of the measured curves 
S( /?) /S(0) changes considerably while in the corresponding range of 
M 2 / M i , the quantity / remains nearly constant ( I I ) . It is not clear how 
to explain this behavior theoretically. Moreover, Figure 14b indicates 
that the energy dependence is somewhat greater than expected. 

The original Sigmund theory does not account for the decrease in 
yield at grazing incidence, but it appears that application of a surface 
correction may eliminate this deficiency. A sputtering theory should 
include multiple collisions of the ion except for M i > > M 2 . Sigmund 
found it most convenient to satisfy this criteria by assuming an infinite 
medium. However, yields calculated in this manner should be corrected 
for the fact that atoms can be reflected back through the intersecting 
surface only once. For example, at low bombardment energies many ions 
are reflected back into the vacuum (process 6—Figure 1) with a large 
fraction of their original kinetic energy (57). Theories based on an 
infinite medium do not take this into account. When a surface correction, 
however, is applied to Sigmund s theory, it tends to behave more like 
the experimental data (58). 

The Energy Distribution of Sputtered Atoms. Random cascade 
theory predicts that, under appropriate conditions, the energy distribu
tion of sputtered atoms should have a 1/Eo 2 dependence if there were no 
surface binding forces ( I I , 12, 59). The effect of the surface binding 
energy U0 is to modify the distribution at low energies. According to 
Thompson (12), the energy spectrum of sputtered atoms varies like E 0 ' 2 

at high energies, passes through a maximum in the region of l / 0 , and 
then falls linearly to zero at zero energy. 

Energy spectra have been measured by Stuart et al. (60), Oechsner 
(61), Politick and Kistemaker (62), and Chapman et al. (46). Figures 
15 and 16 show energy spectra for A r + bombardment of gold. The general 
agreement between theory and experiment is quite good. The curves 
peak at about the binding energy, and the rest of the spectrum has an 
approximatly E 0 ' 2 dependence. Increasing the target temperature ( F i g 
ure 16) causes the peak to move to smaller energies. The low tempera
ture contribution is almost surely caused by evaporation from the region 
containing the thermal spike. In very dense cascades, such as X e + on A u , 
the low energy peak occurs even at room temperature (46), again sug
gesting that the thermal spike is making some contribution to the sput
tering yield. 

The Yield for Light Ions. Weismann and Behrisch (63) demon
strated that backscattered ions make a large contribution to the sputter
ing yield for the irradiation of a heavy target with a light ion (see process 
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Figure 15. Energy distribution of sputtered gold 
atoms under bombardment with 10-keV, 20-keV, and 
41-keV Ar\ Theory is from model in Ref. 12 (46). 
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Figure 16. Energy distribution of sputtered gold atoms 
under irradiation by 20-keV Ar+ for several different target 

temperatures (46) 
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1. W I N T E R S Physical Sputtering 25 

4—Figure 1). They evaporated a thin film of copper onto substrates of 
Be, V , N b , and Ta and subsequently measured the yield of copper as a 
function of substrate material. The various materials produced different 
intensities of backscattered ions, and therefore the contributions to the 
sputtering yield of incident and backscattered ions could be separated. 
Their results indicate that possibly 50% of the sputtering events result 
from backscattering. 

0.5 

0.4 

c υ 
ΰ 0.3 

I 0.2 

CO 

0.1 

0.0 
0 5 10 

Energy (keV) 

Radiation Effects 

Figure 17. Theoretical calculations of the reflec
tion coefficients as a function of energy for *He* 
incident on Nb. ( ), with surface correction; 

( ), without surface correction (64). 

Calculations by B0ttiger and Winterbon (64) and others (65, 66) 
have shown that a large fraction of the incident ions are reflected away 
from the surface (see process 6—Figure 1). Their calculations for the 
reflection coefficient of 4 H e + are shown in Figure 17. These results 
indicate that a significant fraction of the initial kinetic energy is not 
deposited in the target material. Furthermore, the results depend sensi
tively on a surface correction. This is because in the theoretical model, 
an ion can pass through the hypothetical surface several times while in an 
actual experiment, it can pass back through the surface only once. 
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Ion Energy (eV) 

Journal off Applied Physics 

Figure 18. Sputtering yield for nitrogen chemisorbed on tungsten 
as a function of ion energy, λ is the secondary electron coefficient 

(67). 

A theory of sputtering for light ions on heavy substrates should 
consider the effects of (1) electronic stopping, (2) large angle scattering, 
and (3) a surface correction. When processes 1 and 2 are included (66), 
a (see Equation 21), contrary to the case for heavy-keV ions, depends 
sensitively on ion energy, i.e., the sputtering yield is no longer directly 
proportional to the nuclear stopping power. Weismann (66) suggests 
that the rather large values of a at low and intermediate c-energies indi 
cate a considerable contribution to the yield from backscattered ions. 
Comparing experiment with theory shows the measured values to be 
about one half the calculated ones. The general shape of the yield curves, 
however, agree well with Weismann's predictions. 

The Sputtering Yield for Chemisorbed Gas. Winters and Sigmund 
(67) have measured the sputtering yield for nitrogen chemisorbed on 
tungsten for ion energies up to 600 eV (see Figure 18). When this data 
is contrasted with yields for elemental materials (36), some interesting 
comparisons can be made. Elemental materials with large sublimation 
energies generally have small sputtering yields and relatively large appar
ent threshold energies. However, nitrogen chemisorbed on tungsten has 
a large desortpion energy, ~6.7 eV/atom, a very large sputtering yield 
(see Table III ) , and also a low apparent threshold energy. This is just 
the opposite of what one would intuitively expect. Moreover, the yield 
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1. W I N T E R S Physical Sputtering 27 

for helium reaches a maximum at ~100 eV and then remains constant to 
600 eV. Neon shows a tendency in the same direction. By comparison, 
elemental yields never reach a maximum in this energy range. 

Whereas the sputtering of elemental materials is dominated by the 
development of a collision cascade (process 2—Figure 1), the sputtering 
of a light gas chemisorbed on a target of large atomic weight appears to 
be dominated by direct collisions between the incoming and/or reflected 
ion and the adsorbed species (67) (processes 1 and 5—Figure 1). This 
difference in behavior occurs because energy is not effectively trans
ferred between the nitrogen and tungsten (i.e., 4ΜχΜ2/(Μι + M 2 ) 2 ^ 
0.25). For example, a sputtering event involving transfer of energy from 
an H e + ion to a tungsten atom and then to a nitrogen atom could not 
occur for ion energies less than several hundred eV. 

Calculations based on direct collisions between the incoming ion 
and the adsorbed gas, including sputtering events resulting from devel
opment of a collision cascade, agree with experiment within approxi
mately a factor of two. The difference in the shape of the yield curves 
between He, Ne, and the heavier noble gases results from the fact that 
a Thomas-Fermi interaction is appropriate for He,Ne in this energy 
range (see Equation 5) while a Born-Mayer potential (see Equation 6) 
is more appropriate for the heavier gases. The large yields and low 
thresholds occur because the energy initially given to the nitrogen is not 
easily transferred to the tungsten, and therefore the nitrogen atoms are 
reflected away from the surface with a large fraction of their initial 
kinetic energy. 

Winters and Sigmund predict that the cascade mechanism would 
begin to dominate at higher energies because of the increasing yield of 
sputtered tungsten and also because of the decreasing cross section for 
ion-nitrogen collisions. Under this situation the adsorbed nitrogen should 
have an exceptionally low yield because of ineffective energy transfer 

Table III. Ratio of Sputtering Yieldsa 

S (nitrogen on tungsten) S (nitrogen on tungsten) 
S (silver) S (tungsten) 

100 eV 500 eV 100 eV 500 eV 
He 2.9 0.62 > 100 > 10 
Ne 1.6 0.39 11.5 2.4 
A r 0.77 0.31 8.0 1.6 
K r 1.2 0.41 > 6 1.4 
X e 1.1 0.51 > 6 1.7 

β Data from Ref. 67. The nitrogen yields have been extrapolated to a coverage 
of 1.2 Χ 1015 atoms/cm 2 (~ 1 monolayer) for comparison purposes. The tungsten 
and silver yields are from Ref. 36. Silver was chosen because it has one of the largest 
elemental sputtering yields. 
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28 RADIATION E F F E C T S ON SOLID SURFACES 

from the moving tungsten to the adsorbed gas. As of now there is no 
experimental evidence to verify this prediction. 
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2 

Aluminum Oxide Sputtering: A New 
Approach to Understanding the Sputtering 
Process for Binary Targets 

PATRICIA A. FINN, DIETER M. GRUEN, and DENNIS L. PAGE 1 

Chemistry Division, Argonne National Laboratory, Argonne, Ill. 60439 

The relative abundances of the products Al, Al 2 O, and AlO 
sputtered in 15- and 40-kV Ar+ and 15-kV H+ bombardments 
of aluminum oxide targets (anodized film, polycrystalline 
disk, sapphire) are functions of the target material and of 
the nature, flux, and fluence of the ion beam. This suggests 
that in collisional sputtering, the materials sensitive param
eters are the surface binding energies of the sputtered 
species. These energies are functions of the surface compo
sition present at the moment of a particular sputtering event 
and should be identified with the partial molar enthalpy of 
vaporization of a particular species. The aluminum oxide 
species—Al, Al 2 O, AlO, Al2O2, AlO2, Al(O2)2, and AlO 3—are 
characterized by matrix isolation spectroscopy aided by O18 

isotopic substitution experiments. 

TiJ"atr ix isolation spectroscopy provides a powerful tool supplementing 
other more traditional methods, such as mass spectrometry, for eluci

dating the sputtering process (1,2). Those studies described the develop
ment of matrix isolation spectroscopy into a sensitive method for measur
ing sputtering yields of metals bombarded with noble gas projectiles. The 
principal sputtered species, because of the interaction of energetic noble 
gas ions with metal surfaces, are metal atoms resulting from physical 
sputtering—a process which is reasonably well described by Sigmunds 
theory of coUisional sputtering (3). The number of sputtered atoms can 
be counted by performing an atomic absorption measurement on the 
matrix isolated atoms. Dividing this number by the number of bombard
ing ions striking a unit surface area gives the sputtering yield. 

1 CSUI Argonne semester participant from Virginia Wesleyan College. 
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2. F I N N E T A L . Aluminum Oxide Sputtering 31 

The unique definition of sputtering yield (S = atoms/ion), which is 
applicable to monoatomic solids such as metals, fails for binary or more 
complex compounds. Sputtering studies on metal oxides (4) , for example, 
have shown that their behavior, not unexpectedly, is considerably more 
complex that that of metals. Kelly and L a m (4) proposed three general 
categories for metal oxides according to whether the dominant sput
tering processes are—coUisional, coUisional and thermal, or coUisional 
and oxygen sputtering. In their work, the surface binding energies 
were identified with the heats of atomization of the oxides for coUisional 
and oxygen sputtering for which A 1 2 0 3 is given as an example. A n 
assumption underlying the interpretation of the results of Kelly and L a m 
in terms of different sputtering processes, therefore, is that the sputtered 
products are atomic in nature. However, recent work by Coburn et al. 
(5) shows that for oxides, molecular products can constitute large 
(up to 50%) fractions of the neutral sputtered products from binary 
targets such as oxides. Work on identifying sputtered products from 
binary products is still fragmentary. One may expect a variety of 
sputtered products including not only metal and oxygen atoms but 
also metal oxide molecules in various proportions depending on the par
ticular metal oxide under investigation. In view of the important role 
played by molecular products in sputtering from certain binary targets, 
we state at the outset that close attention must be paid to the thermo
dynamics of vaporization processes and that the important material-
dependent quantities controlling the sputtering coefficient may well turn 
out to be the partial molal enthalpies of vaporization of the various 
sputtered species. To develop a unified and comprehensive theory applic
able to sputtering of metal oxides, and indeed of any binary target, it 
appears that it is necessary to determine the sputtering yields for each 
sputtered species. Only when data of this kind are available w i l l it be 
possible to test the reliability of a given theory and to provide guidance 
for future theoretical refinements. 

Determining the sputtering yields for each sputtered species from a 
metal oxide is a more challenging experimental problem than yield 
determinations on metals where target weight loss measurements or 
quantitative analysis of the amount of sputtered material on a collector 
are the usual methods. The experimental problem lies in devising tech
niques that allow simultaneous determination of both the identity and 
the amount of each sputtered species. 

Current methods for identifying sputtered products either charac
terize only atomic species as in the case of atomic absorption or emission 
measurements on sputtered atoms in flight (6,7) or, as with secondary 
ion mass spectroscopy, detect only the ionic fraction of the sputtered 
material which, in general, represents less than 1% of the total (8 ,9) . 
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Mass spectrometric detection of sputtered neutrals by special techniques 
is relatively recent (5,10). Broadly speaking, studies of sputtering yield 
and species identification have been conducted as separate experiments, 
and none of the methods used hitherto for species identification seem to 
lend themselves readily to quantitative yield measurements for indi 
vidual species. 

Matrix isolation spectroscopy offers a possible technique for the 
quantitative determination of each sputtered species. Both neutral and 
ionic species are collected and immobilized in a noble gas matrix. In 
general, ions are neutralized on deposition. Species collection can be 
carried out over a long enough time to provide sufficient amounts of 
sputtered material for spectroscopic analysis. A variety of spectroscopies 
(uv-visible, ir , Raman, E S R ) can be carried out on the matrix-isolated 
atoms or molecules. In the case of atoms, matrix isolation spectroscopy 
can serve both to identify the sputtered atoms by means of their charac
teristic resonance transitions and to determine the sputtering yield from 
oscillator strength data coupled with absorption intensity measurements 
(2 ,2) . For metal oxide molecules, matrix isolation spectroscopy is a 
powerful tool not only for species identification, but also for obtaining 
molecular structural information from an analysis of vibrational spectra 
(11,12). Unfortunately, because of the very limited quantity of experi
mental data available on oscillator strengths of vibronic transitions or 
transition moments in metal oxide spectra, it is possible at present to 
determine amounts of sputtered oxide molecules in only a few cases. In 
principle, however, such data can be obtained for every molecule of 
interest so that matrix isolation spectroscopy can lend itself both to 
characterizing the sputtered species and to measuring each sputtering 
channel quantitatively. 

The present study was undertaken to explore the application of 
matrix isolation spectroscopy to quantitative molecular sputtering by 
investigating a particular oxide, aluminum oxide. A subsidiary aim was 
to study the effect of reactive projectiles ( H + ) vs. nonreactive projectiles 
(Ar + ) on the nature, distribution, and yield of sputtered products. 

The sputtering yield of aluminum oxide was determined by target 
weight loss measurements (13,14) and by measuring the collapsing 
interference fringes of oxide films (13,15). Sputtered aluminum on 
collectors was determined by a neutron activation method (16,17) from 
both aluminum metal (16) and aluminum oxide targets (17). However, 
since the method of measurement determined only aluminum, no values 
of total sputtering yields for aluminum oxide can be taken from these data. 

The nature of sputtered products from aluminum and aluminum 
oxide surfaces has been characterized using atomic absorption (6, 18) 
or emission (7,18) spectra as diagnostic tools. Both neutral A l (6,18) 
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2. F I N N E T A L . Aluminum Oxide Sputtering 33 

and ΑΓ (7) ions have been observed in this way. Spectral features caused 
by "molecules" in sputtered products have also been observed (6). 
Another technique which has also been used to characterize the nature 
of sputtered products from A 1 2 0 3 is secondary ion mass spectrometry 
(8,9,19). The energy distribution of A l + from A l metal targets has been 
determined (19). Sputtering an aluminum metal target (9) and following 
the time evolution of sputtered products every 0.2 sec for a total sputtering 
time of 4.6 sec showed that early in the sputtering run, A l + , A l 2 + , A l 2 \ A10 + , 
A1 20*, and A 1 0 2

+ were among the sputtered products. In another mass 
spectrometric study (8) of the sputtering of A l metal in which the back
ground pressure of oxygen was deliberately varied, A l + , O", A l 2

+ , A lO" , 
A10 2 " , and A l 2 + were found among the sputtered products. Finally, and 
not unexpectedly, the sputtering of oxide-coated A l metal or of bulk 
A 1 2 0 3 yields a rather complex distribution of sputtered products, since 
the vapor in equilibrium with A 1 2 0 3 contains the species A l , O, A l O , A1 2 0 , 
A10 2 , and A 1 2 0 2 (20). 

In the present study, the sputtered products, which normally exist 
only during their time of flight, were isolated in solid argon matrices at 
12-14° Κ and then examined spectroscopically. Various forms of alumi
num oxide (anodic films, polycrystalline disk, single crystal sapphire) 
were bombarded with 15-kV or 50-kV argon ions or with 15-kV protons. 
The physical state of the oxide surface, the flux as well as the total beam 
fluence, and the nature of the bombarding ions were important param
eters determining the composition and relative concentrations of the 
sputtered species. 

The identification of the species sputtered from aluminum oxide was 
aided in part by information available in the literature. However, because 
not all species observed in the present work had previously been identi
fied, detailed studies including oxygen isotopic substitution experiments 
were undertaken on matrix-isolated species. These studies and the results 
on the distribution of sputtered species are described below. 

Experimental 

Ion Bombardment Experiments. Mass and energy-selected ion 
beams were generated using either a laboratory-type electromagnetic 
isotope separator (21) (50 kV , 3-6 μΑ) or a Radiation Dynamics Duo-
plasmatron source (15 kV, 10-800 μΑ). Because of the insulating proper
ties of aluminum oxide, integrated currents could only be measured 
approximately. No attempt was made to neutralize surface charge on 
the target. 

A brass target assembly was used. The main portion consisted of a 
flat plate containing 16 equally spaced holes ( each 0.079 cm in diameter 
located on a 1.746-cm bolt circle). The plate was silver soldered to a 
larger threaded brass piece forming an enclosed cavity 0.635 cm deep by 
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34 RADIATION E F F E C T S ON SOLID SURFACES 

1.905 cm in diameter). A 0.3175-cm steel tube silver soldered to the rear 
of the cavity served as the inlet for the argon matrix gas. The 1.27-cm 
targets were centered on the flat plate and held in place by a threaded 
brass cap with a 0.9525-cm diameter hole in its center. Sixteen equally 
spaced holes in the cap matched those on the flat plate. 

A closed-cycle helium refrigerator (Cryogenics Technology Inc.) with 
a rotatable cold station encased in a copper heat shield with two 2.54-cm 
in-line apertures was mated with a four-window Dewar tail. Two in-line 
optical windows (N aCl ) were at right angles to the path of the ion beam 
and the target. For most bombardments, the target, in line with the ion 
beam, was located ~ 2 cm from the deposition plate ( N a C l ) which had 
a 0.635-cm hole drilled through its center to allow passage of the ion 
beam. The ion beam entered the Dewar chamber through a 0.476-cm 
limiting aperture. A gate valve attached to the Dewar assembly allowed 
it to be detached from the ion source. 

For two 5-hr bombardments of sapphire with 15-kV A r + or H + , the 
limiting aperture was increased to 0.9525 cm. The deposition plate had a 
1.27-cm hole drilled through its center, and a target assembly equipped 
to handle 1.905-cm targets was used. This geometry resulted in an 
increased flux to the target. 

In each run, the Dewar assembly was attached to the ion source and 
evacuated overnight. The matrix gas flow was started 2-5 min prior to 
bombardment and varied from 4-7 mmole/hr. Bombardment times 
ranged from 30 min to 5 hr. The background pressure during a run was 
typically 7-11 χ 10' 4 Pa. Beam currents measured during A r + bombard
ments ranged from 3-6 μΑ on the isotope separator to 40 μΑ on the Duo-
plasmatron. For H + bombardments, beam currents were ~ 150-800 μΑ. 
Because of the low sputtering yields, matrix-isolated sputtered products 
could only be detected in the uv-visible by their electronic spectra. 

Hol low Cathode Experiments. In the hollow cathode experiments, 
the gate valve and limiting aperture were removed from the Dewar tail 
and replaced with a hollow cathode sputtering device described previ
ously (22). A quartz window replaced the target assembly, and KC1 
windows were used in place of N a C l windows—the deposition plate now 
being solid, i.e., without a central hole. A 1-hr sputtered cleaning treat
ment with 99.9995% argon was given to aluminum screws used for the 
first time. A screw typically lasted 14-15 hr. 

Matrix deposition experiments began by passing pure argon through 
the sputtering device. Oxygen-argon mixtures (0.015-5% 0 2 ) were then 
introduced either directly through the sputtering device or via a second 
flow line whose tip was situated near the deposition plate. For the 
former method, designated uniflow, ozone (23, 24) was the main product 
at oxygen concentrations greater than 0.15%. Large amounts of aluminum 
oxide were concurrently being formed in the screw which limited the 
length of time that a discharge could be maintained. In the latter method, 
designated duoflow, pure argon entered through the sputtering device. 
Ozone was again detected, but the various aluminum oxide species were 
also present even at the highest oxygen concentrations. 

The oxygen-argon mixtures were diluted by the argon entering via 
the sputtering device. Ratios of total oxygen to argon varied from 
14,000:1 to 55:1. Each flow rate varied from 3-9 mmole/hr, and deposi-
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2. F I N N E T A L . Aluminum Oxide Sputtering 35 

tion times were 1-2 hr. In a typical hollow cathode experiment, the 
discharge current was 40^-60 mA, and the voltage was 450-720 V . 

Temperatures at the deposition plate were measured with a hydrogen 
vapor pressure thermometer and with a 7% iron-doped gold vs. chromel 
thermocouple. Evanohm heating wires wound around the cold station 
and connected to an Adams temperature controller were used to maintain 
a constant heat load during annealing studies ( ± 2 ° ) . Temperatures 
were raised in successive 5°K increments from 12° to 45°K. 

Isotopic substitution studies were done with pure 1 6 0 2 , pure 1 8 0 2 , 
and 1 6 0 2 - 1 8 0 2 mixtures. For all experiments, ir band intensities were 
quite low (% Τ > 0.95). 

Gases—99.9995% pure— ( Ar , K r , Xe, H 2 , 1 6 0 2 ) were provided by A i r 
Products Co. and were used without further purification. The 1 8 0 2 (99% ) 
was provided by Miles Lab. , Inc. Single crystal, unoriented sapphire 
disks were used as obtained from the Linde Division of Union Carbide. 
The aluminum oxide polycrystalline disks were made by compressing 
reagent grade alumina at 7 Χ 108 Pa in a conventional pellet press. The 
2.4 X 10"7-m thick aluminum oxide anodixed film was prepared from 
reagent grade aluminum electrolyzed in a phosphate solution. The alumi
num disk and aluminum screws used were 99.5% pure. Spectra were 
recorded on a Cary 17H spectrometer and/or a Beckman IR-12 at 12°K. 

Results and Discussion 

Species Identification. The ultimate goal of this work is to measure 
the sputtering yield for each atomic or molecular sputtering channel as a 
function of the nature, energy, and flux of the projectiles bombarding an 
aluminum oxide surface. A variety of sputtered products, including but 
not limited to, A l , O, A1 2 0 , A l O , A10 2 , and A 1 2 0 2 , can be expected based 
on species known to occur in equilibrium vapors over condensed-phase 
aluminum oxide. Since sputtering is a nonequilibrium process in the usual 
thermodynamic sense, species other than those listed above could also 
occur. The application of matrix isolation spectroscopy to quantitative 
studies of the sputtering process clearly depends on detailed information 
concerning the electronic and vibrational spectra of each sputtered prod
uct. The problems requiring solution have three major aspects. First, 
insofar as matrix isolation studies are concerned, prior work has been done 
on the electronic spectra of A l atoms and A l O molecules, as well as on the 
vibrational spectra of A l O , AloO, and A l 2 0 2 . For several of these species 
however, spectral assignments are still under active discussion in the 
literature as pointed out below, and our work has provided additional 
spectral data leading to new vibrational assignments. 

A second problem area has to do with the possible occurrence of 
aluminum-oxygen species among the sputtered products which are not 
produced as a result of vaporization from a Knudsen cell. A l l matrix 
isolation studies on the aluminum-oxygen system have hitherto relied on 
producing the high temperature molecules by the Knudsen cell vaporiza-
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36 R A D I A T I O N E F F E C T S O N S O L I D S U R F A C E S 

tion technique. To prepare and to characterize the known as wel l as the 
new aluminum-oxygen species, the hollow-cathode sputtering technique 
was used in our work in both the uniflow and duoflow modes, as already 
described. 

The third major set of data needed for quantitative sputtering yield 
measurements are the oscillator strengths or the transition moments of the 
electronic or vibrational absorption band characteristic of each species. 
Obtaining such data for matrix-isolated atoms has been the chief goal of 
earlier work. In the present study, this aspect has received relatively 
less attention, and it w i l l require an additional series of experiments to 
obtain reliable numbers. We wi l l consider each of the aluminum oxide 
species, both as previously characterized in the literature and as deter
mined in our experiments. 

A L . Most of the references for the gas phase transitions of aluminum 
atoms are cited by W e i et al. (25). Ammeter and Schlosnagle (26) have 
reported the spectra of aluminum atoms isolated in several noble gas 
matrices at 4.2°K. In their work, aluminum atoms were obtained from a 
resistance-heated tantalum cell at 1323°K. In the argon matrix, the band 
at 29500 cm ' 1 was assigned to the 4s(2S) 3 p ( 2 P 1 / 2 ) transition and the 
four bands at 34,220, 34,880, 37,240, and 37,860 cm" 1 to the 3d(2D) <-
3 p ( 2 P 1 / 2 ) transition. They mention the possibility that not all the peaks 
on the high energy side of the spectrum belong to the 2 D <- 2 P transition. 

Aluminum surfaces are readily coated with a thin adherent oxide 
layer ( 18). Because the sputtering device was dismantled after each run, 
an oxide coating was always present initially. After a short sputtering 
time of less than 5 min, the principal product was aluminum atoms. 

Continued sputtering does not eliminate the small constant amount 
of suboxide molecules also produced. After a 30-min sputtering with 
argon, the uv-visible spectrum (Figure I B ) of the matrix-isolated prod
ucts consists of a main band at 29,500 cm" 1 , a doublet at 34,300 and 34,900 
cm" 1, and two additional bands at 30,500 cm" 1 and 37,800 cm" 1 . The 
intensities of the latter two bands increase markedly when higher currents 
(100-150 m A ) at the same flow rates are used during the sputtering 
experiment. During annealing studies the two bands d id not exhibit the 
same behavior as the 29,500 cm" 1 band nor d id they disappear. The latter 
behavior often occurs for multiple sites. In mass spectroscopic studies 
(8,9,27) of the products formed during ion bombardment of aluminum 
metal, A l 2 is the most abundant cluster produced. Therefore, we assign 
the 30,500 cm" 1 and 37,800 cm" 1 bands to this species. The possibility exists 
however, that one or both of these bands is caused by the species A l * 
where χ > 2. A low intensity band at 26,500 cm" 1 may also be caused by 
polymeric A l m where χ > 2. 
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2. F I N N E T A L . Aluminum Oxide Sputtering 37 

The mechanism by which these polymeric species are formed is not 
known. Brewer (28) noted that P b 2 could be isolated either from the 
vapor or by synthesis from lead atoms by a surface diffusion mechanism. 
Huber et al. (29) found that the formation of M n 2 dimer species is a 
function of the ratio of metal atoms to noble gas molecules. As the metal 
atom concentration increases, the dimer concentration also increases. 

I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I 

I I I I I I I I I I I I I I I I I I I I I I I I I I I I ι ι ι 1 I 

40.0 36.0 32.0 28.0 
C M * 1 χ I0* 3 

Figure 1. Matnx spectra of aluminum 
atoms and aluminum dimer molecules. A, 
50~kV Ar* ion bombardment of aluminum, 
isolated in an argon matnx; B, hollow 
cathode sputtering of aluminum isolated in 
an argon matrix; C, hollow cathode sput
tering of aluminum isolated in a krypton 
matrix; D, hollow cathode sputtering of 

aluminum isolated in a xenon matrix. 
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38 R A D I A T I O N E F F E C T S O N S O L I D S U R F A C E S 

In some of the present experiments the discharge current in the 
sputtering device was increased to 100-150 μΑ without increasing the 
noble gas flow rate. In effect, this increased the concentration of alumi
num atoms in the matrix gas and led to an increase in intensity of bands 
ascribed to the A l 2 dimer in the deposit. One concludes that decreasing 
the A r / A l ratio leads to an increase in A l 2 formation because of enhanced 
surface diffusion. 

Because there is no data available on the oscillator strengths of A l * 
(* > 2) , the absolute number of clusters formed cannot be determined. 
However, the ratio between the intensities of the 29,500 cm" 1 aluminum 
atom peak and the peaks assigned to the cluster can be used to monitor 
the changes in the relative amounts of each formed. 

The uv-visible spectrum of the matrix-isolated, back-sputtered prod
ucts from a 50-kV A r + bombardment of an aluminum disk is compared 
with similar data obtained using the hollow cathode device in Figure 1. 
The former spectrum is presented in Figure 1A. The intense band located 
at 29,500 c m 1 and the doublet at 34,300 cm ' 1 and 34,900 c m 1 with its cen
ter at 34,600 cm" 1 are the main features of the spectrum. A small shoulder 
signals the presence of the 30,500 cm" 1 peak while the 37,800 cm" 1 peak is 
absent. The 29,500 cm" 1 band assigned to the 4s(2S1/2) < -3p ( 2 Pi /2 ) 
transition, a 4152 cm" 1 shift from the gas phase value of 25,348 cm" 1. The 
doublet is assigned to the 3 d ( 2 D 3 / 2 ) <- 3 p ( 2 P i / 2 ) and 3 d ( 2 D 5 / 2 ) « -
3 p ( 2 P 1 / 2 ) transitions, an average shift of 2165 cm" 1 from the gas phase 
value of 32,435 cm' 1 . A pseudo-crystal field splitting effect could account 
for the removal of the degeneracy of the 2 D peak, giving a doublet splitting 
of 600 cm" 1. The ratio of the integrated absorbances of the bands in the 
doublet is 1.41. 

The gf values for the gas phase ( 2S « - 2 P ) and ( 2 D <- 2 P ) transitions 
have been derived experimentally by several workers (30,31,32). Previ
ous work is discussed in Cunningham's paper (32) where values of 
gf ( 2S <- 2 P ) = 0.111 =b .01 and gf (2D <- 2 P ) = 0.173 ± .01 are cited. 

Table I. Summary of Aluminum 

( cm'1) 

29500 

Matrix Shift 

Av( cm'1) (cm'1) 

A r matrix, 12°K 4152 34300 
34900 
33000 
33550 
30750 
31375 
32435 

K r matrix, 12°K 27100 1752 

X e matrix, 12°K 27070 1722 

Gas phase 25348 
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2. F I N N E T A L . Aluminum Oxide Sputtering 39 

The oscillator strengths (/ = g4/&) derived from these gf values are 
0.0555 and 0.0865, respectively, giving 0.642 for the ratio of the gas phase 
oscillator strengths of the ( 2S <- 2 P ) and ( 2 D <- 2 P ) transitions. In an 
argon matrix, (Figure 1A) the ratio of the integrated absorbances of the 
two transitions (A = nf, where η equals number of atoms) is 1.24, nearly 
twice as large as the gas phase value. Previous experiments with matrix-
isolated gold (1) and niobium (2) atoms have shown that the oscil
lator strength of a particular transition can be perturbed by the matrix 
environment. 

For aluminum atoms, matrix perturbations of the energy of the 
resonance transition are exceptionally large. The ground state of alumi
num is 3 ρ ( 2 Ρ ν 2 ) while the first excited state is 4 s ( 2 S i / 2 ) . The observed 
matrix shift reflects the expected, strongly repulsive matrix interaction of 
the excited 4s state with a single electron in an outer s orbit which sub
stantially penetrates the valence shells of the rare gas cage. The matrix 
shift, 4152 cm" 1 in an argon matrix, is much larger than the 1500-2500 cm" 1 

shifts usually observed for transitions within the same orbital (2165 cm" 1 

for the 3p -> 3d transition of A l ). However, it is the same order of magni
tude as the 5550 cm" 1 shift observed by Brewer and Chang (28) for the 
analogous 6p -> 7* transition in lead atoms. The oscillator strength of the 
3p - » 4s transition in A l can therefore be expected to be strongly per
turbed. Using the previously determined ratios of the oscillator strengths 
in the gas phase and in an argon matrix (0.642 and 1.24) and making the 
assumption that the 3p - » 3d oscillator strength is unchanged, one would 
conclude that the oscillator strength of the 3p - » 4s transition has in 
creased from 0.055 in the gas phase to 0.107 in an argon matrix. 

The spectra of aluminum atoms trapped in krypton and xenon 
matrices (Figure 1C and D ) have also been studied. The spectra are 
similar to those reported by Ammeter and Schlosnagle (26) insofar as 
band positions are concerned. However, there are major differences in 
the relative intensities of the bands and the assignments. Table I lists 

Atom Matrix UV-Visible Spectra 

S p - * S d 
Splitting, 
&v( cm'1) 

Ratio-Integ. 
Absorbances 

Av. Matrix 
Shift 

Δτ( cm'1) 

Ratio—Integ. 
Absorbances 

Sp->Sd 
600 1.41 2165 1.24 

550 1.72 840 0.485 

625 1.59 -1373 0.205 

0.642 
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40 R A D I A T I O N E F F E C T S O N S O L I D S U R F A C E S 

the band assignments of the 3p - » 4s and the 3p —» 3d transitions in 
argon, krypton, and xenon matrices. The matrix shifts, splitting of the 2 D 
state and the ratio of the integrated absorbances of the lines of interest 
are reported. 

To verify the assignment of bands in the krypton and xenon matrices, 
several experiments were done in which the back-sputtered products 
from 15-kV, 4.1 Χ 10 1 7 ions /cm 2 A r + bombardments of an aluminum disk 
were isolated either in a krypton or a xenon matrix. The uv-visible 
spectra of these matrices were then compared with those obtained from 
the hollow cathode experiments. For the krypton matrix containing back-
sputtered species, both the band at 27,700 cm" 1 and the band at 35,500 
cm" 1 were absent. For the xenon matrix, the bands at 25,750 cm" 1 and 
33,600 cm' 1 were greatly reduced in size compared with the peaks assigned 
to the ( 3 p - » 4 s ) and (3p->3d) transitions of aluminum. (Both the 
27,700 cm" 1 and 35,500 cm" 1 bands in krypton and the 25,750 and 33,600 
cm" 1 bands in xenon are assigned to A l x species where χ > 2). 

The matrix shifts for the 3p - » 4s transition in krypton and xenon are 
approximately of the same magnitude but much less than in argon. The 
average shift for the 3p - » 3d transition is to the blue in A r (2165 cm" 1) 
and in K r (840 c m 1 ) but to the red in Xe (1373 c m 1 ) . The splitting of 
the 2 D state which varies from A r (600) - » K r (550) -> Xe (625) cm" 1 

in the respective matrices indicates that tlie crystal field splitting varies 
only slightly in the three matrices. The ratios of the integrated absorb
ances of the doublet peaks varies from 1.41 - » 1.72 - » 1.59, the average 
being 1.57. 

When the ratios ( β ) of the integrated absorbances (i.e., oscillator 
strengths) of the (3p - » 4s) transition vs. the (3p 3d) transition are 
compared, the large ratio observed for Ar ( R = 1.24), attributed primarily 
to an increase in oscillator strength of the 3p 4s transition, is reduced 
in a K r matrix (R = 0.485) and is still lower in a Xe matrix (R — 0.205). 

Assuming the oscillator strength of the 3p —> 3d transition to be 
unchanged in going from the gaseous to matrix-isolated A l , the experi
mental results can be rationalized on the basis of the 3p —» 4s oscillator 
strength being nearly the same in a K r matrix but lower in a Xe matrix 
compared with the gaseous atom value. 

The other bands in the krypton and xenon matrices are assigned to 
A l * (x > 2) species. To make definitive assignments, additional experi
ments at variable gas flows and also at different current settings are 
required. 

A L O . In the gas phase, a number of transitions in the A l O molecular 
spectrum have been well characterized (33,34,35,36). For example, the 
B 2 2 <r-X2% transition occurs at 20,635 cm" 1 (0 ,0) , 21,500 cm" 1 (1 ,0) , and 
22,450 cm" 1 (2,0) in the gas phase (34). This transition has been 
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2. F I N N E T A L . Aluminum Oxide Sputtering 41 

observed in noble gas matrices by Knight and Weltner (36) by isolating 
A l O molecules vaporizing at 2500°C from resistively heated tungsten or 
tungsten-rhenium cells containing a mixture of A l 2 0 3 and aluminum 
metal. Bands were observed at 21,859 cm" 1, 22,726 cm" 1, and 23,556 cm" 1 

in an argon matrix and assigned to the (0,0), (1,0), and (2,0) transitions, 
respectively. 

ι I ι ι ι ι ι I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I 

I I I I I I I ι ι ι ι ι I ι ι ι ι ι ι ι ι ι I ι ι ι ι ι ι ι ι ι I ι ι ι ι ι ι ι ι ι I 
24.0 23.0 22.0 21.0 20.0 

C M " 1 χ I 0 " 3 

Figure 2. Visible spectrum of AlO isolated in an argon matrix 

In the ir, a band at 917 cm" 1 was assigned to the A l - O stretch (36). 
Two other broad bands at 974 cm" 1 and 944 cm' 1 were also observed by 
Knight and Weltner (36) but not assigned. The A l O assignment supposes 
a matrix shift of 60-85 cm" 1 to lower frequencies compared with the gas 
phase value of 979.2 cm" 1 deduced by Lagerquist (37) from a rotational 
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analysis of the B 2 2 <- 2 2 system. A calculated value of 989.2 c m ' 1 was 
obtained by Yoshimine et al (38) using limited single configuration S C F 
wave functions. A value of 1003.8 cm" 1 was calculated by Das et al . (39) 
using Dunham's analysis. 

Using the hollow cathode sputtering device and either a uniflow or 
duoflow system, A l O molecules were prepared, matrix isolated, and 
studied spectroscopically to characterize the B 2 2 <- X 2 2 transition. A 
spectrum of a typical argon matrix which had been annealed at 25°K is 
shown in Figure 2. Vibronic transitions are located at 21,865 cm" 1 db 10 
cm" 1 (0,0), 22,730 cm" 1 ± 10 cm" 1 (1,0), and 23,560 cm" 1 db 10 cm" 1 (2,0) 
in good agreement with the work of Knight and Weltner (36). The 
integrated absorbances of the three peaks are 0.665, 0.28, and 0.05 which 
are intermediate between the Franck-Condon factors of Nicholls (40) 
(0.73, 0.22, and 0.04) and Yoshimine et al. (38) (0.56, 0.36, and 0.07). 

Matrices in which intense vibronic transitions were observed at 
21865 cm' 1 showed no absorption at 917 cm" 1, either at 15°K or after 
annealing to higher temperatures. Instead, a band at 946.5 ± 0.5 cm" 1 

was observed concurrently with the vibronic bands in the visible. During 
annealing studies, spectral complexities caused by multiple sites, observed 
both in the vibronic and pure vibrational bands, usually disappeared near 
25°K. The resultant spectra consisted of a few relatively narrow bands. 
The 946.5-cm 1 band was shifted to 901.0 ±. 0.5 cm" 1 in l s O experiments. 
The experimental ratio (vie/vis) is 1.0505 compared with the theoretical 
ratio of 1.0368 for A l O assuming no anharmonicity. The A l l s O visible 
spectrum was shifted 40 cm" 1 to higher energy as compared with the 
A 1 1 6 0 spectrum, but it preserved the same band shape. Figure 3 repre
sents the ir spectrum resulting from a co-deposition of A l atoms with a 
1:1:2500 mixture of 1 6 0 2 , 1 8 0 2 , and argon. The peaks labeled C (946.5 
cm' 1 ) and C (901.0 cm' 1 ) are caused by A l i e O and A l l s O , respectively. 

Both in the hollow cathode and in ion bombardment studies, it 
would be very useful to be able to determine the quantitative sputtering 
yields for each atomic or molecular species. To do this, one would have 
to know the oscillator strengths or the transition moments of the transi
tions in the particular matrix under investigation. Oscillator strength 
determinations in matrices can be carried out ( I , 2); however such data 
are not available for the A l atomic or A l O molecular species of interest 
here. To obtain crude estimates of relative sputtering yields of A l atoms 
and A l O molecules, the gas phase oscillator strengths for both A l atoms 
and A l O molecules wi l l be used. 

The oscillator strengths of the three vibronic states of A l O for the 
B 2 2 « - X 2 2 transition have been calculated by Yoshimine et al. (38) to be: 
/(0,0) = 0.07, /(1,0) — 0.0485, and /(2,0) — 0.0111. As in the case of 
A l atoms, the vibronic oscillator strengths can be expected to be per-
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Figure 3. IR spectrum of the products of aluminum atoms and 
a 1:1:2500 16Og:1802:Ar gas mixture at 12°K. A:A12

160; 
A':A12

180; B':180s; C:A1160; C':Al180. 

turbed in the matrix environment. To determine the relative numbers of 
A l atoms vs. A l O molecules sputtered under various conditions, Smakula's 
equation (41) is used: 

, _ , η 
nxjx — ^ ^n2 _j_ 2 ) 2 α χ ω * 

where nx is the number of atoms or molecules of species x, fx is its elec
tronic oscillator strength, k is a constant, η is the index of refraction, ax is 
the absorption coefficient of x, and ωχ is the full width at half height of 
the absorption peak. The ratio of aluminum atoms to A l O molecules is 
expressed as: 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

6 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
6-

01
58

.c
h0

02



44 R A D I A T I O N E F F E C T S O N S O L I D S U R F A C E S 

Table II. Ratios of Relative Concentrations 

Description Energy (KeV) Ion 

1. Uniflow-hollow cathode, 99.995% A r 
2. Uniflow-hollow cathode, 0.015% 0 2 in A r 
3. Uniflow-hollow cathode, 0.15% 0 2 in A r 
4. Uniflow-hollow cathode, 0.5% 0 2 in A r 
5. Uniflow-hollow cathode, 1.0% 0 2 in A r 
6. 2.0 X 10' 9m Oxide coating on A l disk 50 A r + 

7. 2.4 X 10~7m Anodic oxide film on A l disk 50 A r + 

8. Polycrystalline A 1 2 0 3 disk 50 Ar* 
9. Single crystal sapphire 50 A r + 

10. Polycrystalline A 1 2 0 3 disk 15 Ar* 
11. Single crystal sapphire 15 Ar* 
12. Single crystal sapphire 15 Ar* 
13. Single crystal sapphire 15 H * 
14. Single crystal sapphire 15 H * 

a Presence of large amounts of A l 2 not included in n A l . 

where A A i is the integrated absorbance of the 29,500 cm" 1 band and A A i o 
is the integrated absorbance of each vibronic level of the B 2 2 « - X 2 2 
transition. The ratios of n A i / n A i o deduced by making use of the above 
relationship for some hollow cathode experiments and for some of the 
ion bombardment experiments are given in Table II. 

As the oxygen concentration in the argon sputtering gas was in 
creased, the n A i / n A ] 0 ratio decreased until a limiting value was reached. 
During annealing studies the intensities of the aluminum atomic absorp
tion bands decreased more rapidly than those caused by A l O , indicating 
more rapid diffusion of the atomic species in the argon matrix. 

A i ^ O . For A1 2 0 , a molecule whose matrix ir spectrum has been 
studied extensively (42, 43, 44, 45, 46), only one mode at 994 cm' 1 , the 
v3 antisymmetric stretch, has been definitively assigned. Both Linevsky 
et al. (42) and Makowiecki et al. (43) reported the v\ symmetric stretch 
at 715 cm' 1 , but this assignment has been questioned on the basis of the 
radically different annealing behavior of the 994 cm" 1 and 715 cm" 1 bands 
(36, 46). Makowiecki et al . (43) assigned the v2 bending mode to an 
absorption at 503 cm' 1 , but this assignment has also been thrown into 
question (44,45,46). The v 2 mode is most likely to be found below 250 
cm ' 1 (36, 42, 44). In the course of the present study on matrix-isolated 
sputtered aluminum oxide molecules, no bands were observed which 
could be assigned to either the η or v 2 mode of A1 2 0 . The v3 mode was 
seen at 993.5 cm" 1 ± 0.5 for A1 2 0 and at 951.5 ± 0.5 for A 1 2

1 8 0 in agree
ment with earlier work (42). Both bands, labeled A and A ' , are shown 
in Figure 3. The (vie/vis) ratio is 1.044. 
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2. F I N N E T A L . Aluminum Oxide Sputtering 45 

of Aluminum Atoms to AlO Molecules 

Fluence ΠΑΙ 

(ions/cm2) ηΛιο(0,0) η^ο(Ι,Ο) ηΑιο(2,0) Figure No. 

ΙΟ4 

ΙΟ2 — 
29.0 25.3 — 

4.4 4.1 — 
5.5 — — 

2 Χ 10 1 7 8.2 — — 8Α 
2 χ 10 1 7 13.3 — — 8Β 

4.1 Χ 10 1 7 2.7 — — 8C 
2.0 Χ 10 1 7 0.7 — — 8 D 
6.7 Χ 10 1 7 11.0 — — 9A 
6.7 Χ 10 1 7 11.0 — — 9B 
6.0 Χ 10 1 8 4.4' 6.5 e 8.2° 9C 
2.0 Χ 10 1 9 0.7 — — 10A 
1.2 Χ 10 2 0 10.6 13.7 — 10B 

Because only one mode is observed for A1 2 0 , the C2v symmetry 
hitherto assumed for this molecule in matrices may be questioned. For 
gaseous A1 2 0 , electron deflection measurements (47) were interpreted 
as favoring a Ο λ Λ linear structure. Ir studies (48) on gaseous A 1 2 0 have 
also been interpreted in terms of a linear structure while the equilibrium 
value of the valence angle calculated from electron diffraction measure
ments varies from 141°-150°C depending on the choice of vibrational 
frequencies adopted from different literature sources (12). Wagners 
(49) ab initio calculations on A 1 2 0 predict a linear symmetrical structure 
with the ir active modes v3 and v2 at 1057 cm ' 1 and 102 cm" 1 , respectively. 
The v2 bending mode can be expected to be weak and difficult to observe. 
Raman spectra on matrix-isolated A1 2 0 could be extremely helpful to 
provide information on the symmetric stretch. In view of the above 
discussion, the linear structure for A 1 2 0 must be seriously considered for 
the matrix-isolated molecule. 

Linevsky et al. (42) assigned bands in the uv region to electronic 
transitions of A1 2 0 . McDonald and Innes (35) later showed that these 
bands were caused by the 2At - » A V 4 transition of A l O . There seems there
fore to be no previous record of an electronic transition of A1 2 0 . 

In matrix deposits displaying the 993.5 cm" 1 absorption of A 1 2 0 , 
subsequent examination of the visible spectrum revealed, in addition to 
bands at 29,500 c m 1 ( A l atoms), 30,500 cm" 1 ( A l 2 dimer), and 21,865 
cm ' 1 ( A l O molecules), a previously unreported band at 25,000 cm" 1. This 
band is tentatively assigned to an electronic transition of A1 2 0 . Using a 
Dupont curve resolver, the band was deconvoluted into four Gaussian 
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46 R A D I A T I O N E F F E C T S O N S O L I D S U R F A C E S 

constituents, with maxima at 24,400 cm" 1 , 24,700 cm" 1, 25,000 cm" 1 , and 
25,300 cm" 1. The normalized integrated absorbances of the four Gaussians 
were 0.14, 0.28, 0.36, and 0.21, respectively, and the average separation 
between maxima was 300 cm" 1. The spectrum of the A1 2 0 transition is 
shown in Figure 4A. The ( A l 2

i e O ) visible spectrum in an A r matrix had 
the same band shape as the (A1 2

1 6 0) spectrum, however the maxima of 
the Gaussian constituents are shifted ~ 100 cm ' 1 to higher energy. 

The electronic transition of A1 2 0 in a K r matrix (Figure 4B) is 
similar in appearance to that in an A r matrix. Four bands located at 
24,380 cm" 1, 24,590 cm' 1 , 24,800 cm' 1 , and 25,010 cm ' 1 with normalized 
integrated absorbances of 0.16, 0.26, 0.40, and 0.18 and an average sepa
ration of 210 cm" 1 were observed. In a Xe matrix, the spectrum was 
partially obscured by the appearance of other features. However, it was 

Τ 1 I ι I ι I 1 Γ 

I ι ι ι ι ι ι ι ι 1 1 
27.0 26.0 25.0 24.0 23.0 

C M " 1 χ I 0 " 3 

Figure 4. Visible spectrum of matrix-isolated Al20. 
A, argon matnx; B, krypton matrix. 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

6 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
6-

01
58

.c
h0

02



2. F I N N E T A L . Aluminum Oxide Sputtering 47 

^AhO 
I A I * τ » IAIO 

1.6 0.02 0.4 20 
— 0.13 1.1 10 

0.4 0.03 0.05 2 
0.3 0.15 0.10 0.6 
0.3 0.30 0.10 0.3 

Table III. Ratio of Relative Concentration of A l 2 0 
Molecules to AlO Molecules 

Description 

1. Uniflow, 99.9995% A r 
2. Uniflow, 0.015% 0 2 in A r 
3. Uniflow, 0.15% 0 2 in A r 
4. Uniflow, 0.5% 0 2 in A r 
5. Uniflow, 1.0% 0 2 in A r 
a hi, intensity of 29,500 cm" 1 band of aluminum. 
bhw, intensity of 21,865 cm" 1 band of AlO. 
0 h\2o, intensity of 25,000 cm" 1 band of A1 2 0. 

possible to estimate positions of band maxima at 24,310 cm" 1, 24,540 cm" 1 

24,750 cm" 1, and 24,970 cm" 1 with normalized integrated absorbances of 
0.26, 0.27, 0.19, and 0.28 and an average separation of 220 cm" 1. 

During annealing studies the band shapes were retained, indicating 
the absence of multiple sites. The band shapes were independent of 
oxygen concentration in the matrix gas, but the A1 2 0 band intensities 
changed dramatically when the oxygen concentration was varied, relative 
to the intensities of bands caused by A l atoms (29,500 cm" 1) and A l O 
molecules (21,865 cm" 1) . A series of studies of this kind was performed 
using the hollow cathode device with various oxygen-argon mixtures 
used as the sputtering gas. The flow rate, the applied voltage, and the 
current were not varied in this series of experiments, the results of which 
are shown in Table III. As the oxygen concentration i n the sputtering 
gas is increased, there is a steady decrease in the amount of A1 2 0 sputtered 
relative to A l O . This behavior is in accord with chemical intuition. 

A L 2 0 2 . Marino and White (45) observed the presence of a band at 
496 cm' 1 in an experiment in which a 5% 1 6 0 2 in A r mixture was co-
deposited with the effluent from a Knudsen cell containing A l and A 1 2 0 3 . 
The band shifted to 481 cm" 1 in a 5% 1 8 0 2 A r mixture. In a 5% 1 6 0 2 : 
1 6 0 1 8 0 : 1 8 0 2 in A r mixture, three bands were observed at 496 cm" 1, 489 
cm" 1, and 481 cm' 1 . It is likely on the basis of previous studies of S i 2 0 2 

(50), S n 2 0 2 (51), L i 2 0 2 ( 52, 53), N a 2 0 2 (54), and K 2 0 2 (55), al l of 
which have been assigned a rhombic structure, that the assignment of the 
496 cm" 1 band to the Β 2 μ mode of an A 1 2 0 2 dimer molecule is correct. 

In our studies with 1 6 0 2 , the presence of two bands at 496.5 cm" 1 and 
490 cm" 1 was noted. In 1 8 0 2 work, the bands were shifted to 481 cm" 1 and 
474 cm' 1 , respectively, which represent isotopic frequency ratios ( ν 1 β 0 2 / 
v 1 8 0 2 ) of 1.032 and 1.034. The annealing behavior of these bands is shown 
in Figure 5 which represents results on aluminum oxide species isolated 
in A r matrices containing 0.04% 0 2 ( 1 6 0 2 / 1 8 0 2 = 1.5). The 496.5 cm" 1 

and 490 cm" 1 bands grow in with increasing temperature and maintain a 
American Chemical 

Society Library 
1155 16th S t . N.W. 

Washington. D.C 20036 
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48 RADIATION E F F E C T S ON SOLID SURFACES 

3:1 intensity ratio relative to each other. The 490 cm" 1 band disappeared 
at 40°K while the 496.5 cm" 1 band was still detectable at this temperature. 
A t 45°K, both bands had disappeared. 

' • I ι » • I / / I ι ι ι ι ι I IL 1 I I I I I 
490 470 1230 1200 1160 1140 
CM" 1 CM" 1 CM" 1 

Figure 5. Al202—annealing study in a 1:1:2500 
1602:1802:Ar matrix. 

Because the 496.5 cm" 1 and the 490 cm" 1 bands have similar annealihg 
behavior, it is unlikely that they are caused by multiple site occupation. 
W e suggest that the two bands arise from two different species having 
the same stoichiometry but different structures. Assuming that both 
species have the molecular formula, A 1 2 0 2 , we assign the 496.5 cm" 1 band 
to the A 1 2 0 2 dimer with a rhombic structure. The most likely assignment 
for the 490 cm ' 1 band is to a ring structure with C2v symmetry. Such a 
structure might be expected to have an ir-active O - O stretch frequency. 
A broad doublet at 1213-1217 cm" 1 was observed when the 490 cm ' 1 band 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

6 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
6-

01
58

.c
h0

02



2. F I N N E T A L . Aluminum Oxide Sputtering 49 

was present. Because the intensity of the doublet was approximately 
l / 2 0 t h of the 490 cm" 1 band, only its gross behavior upon annealing 
could be observed. The doublet decreased in intensity at approximately 
the same rate as the 490 cm" 1 band. W i t h 1 8 0 2 , the doublet shifted to 
1154-1159 cm' 1 , an isotopic frequency ratio of 1.050. (The isotopic 
frequency ratio for 1 6 0 2 / 1 8 0 2 is 1.061.) Assigning the 1213-1217 cm ' 1 

doublet to an O - O stretch in the puckered ring structure of the A 1 2 0 2 

species seems likely, 
The A 1 2 0 2 species is the main reaction product at 0 2 concentration 

larger than 0.2%. Possible reaction mechanisms for the production of 
A 1 2 0 2 at lower 0 2 concentrations as a result of isochronal annealing are: 
2 A l O -> A 1 2 0 2 ; A1 2 0 + Ο - » A 1 2 0 2 ; A l + A 1 0 2 - » A 1 2 0 2 ; and A l 2 + 0 2 

- » A 1 2 0 2 . Because of the large number of matrix reactions leading to 
A 1 2 0 2 , it is perhaps not surprising that this species appears so permanently 
i n the spectra. 

A L 0 2 A N D A L ( 0 2 ) 2 . Evidence for the existence of several binary 
dioxygen species has been given by Andrews et al . ( L i 0 2 (53, 56), N a 0 2 

(54,57), K 0 2 (55,57), R b 0 2 (55)), Huber et al. (58) ( N i 0 2 , P d 0 2 , P t 0 2 ) , 
and Bos et al. (11) ( S n 0 2 ) . Except in the latter paper where a linear 
Οοολ structure was suggested, the M 0 2 species have been observed to 
have sideways bonding of the oxygen molecule to the metal atom. When 
an additional oxygen molecule reacts, forming M ( 0 2 ) 2 ( 53-58), the 
structure has been determined to be D 2 d , i.e., each oxygen molecule side
ways bonded to the metal atom and twisted into a spiro configuration. 
Neither the A 1 0 2 nor the A 1 ( 0 2 ) 2 species have been observed previously 
spectroscopically, although the A 1 0 2 species has been noted in several 
mass spectrometric studies (20). 

In duoflow experiments in which a low concentration of oxygen was 
used, a narrow band at 1168 cm ' 1 is usually observed initially. As the 
sample was annealed, the band gradually diminished being replaced by 
another narrow band at 1177.5 cm' 1 . A t 35°K the latter was the only band 
present. It disappeared at 45°K. In Figure 6, the annealing study of the 
0.007% 1 6 0 2 : A r matrix is shown. Using 1 8 0 2 , the same behavior was 
noted for two bands located at 1137 cm" 1 and 1143 cm' 1 . (The isotopic 
frequency ratios are 1.030 and 1.027, respectively.) In a 60:40 mixture 
of 1 6 0 2 and 1 8 0 2 , both pairs of bands were present and displayed the same 
annealing behavior. No additional bands were detected which implies 
that the species to which each of these bands corresponds, contains only 
one dioxygen molecule. Because it seems unlikely that there are two 
species with distinct geometries formed in the matrix, both bands (1168 
cm' 1 and 1177.5 cm" 1) are assigned to the A 1 ( 0 2 ) species. The presence 
of the two bands is attributed to multiple site occupation within the 
matrix environment. 
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50 RADIATION E F F E C T S ON SOLID SURFACES 

I ' • I ' » I 1 • I • • I 
1185 1170 1155 1140 1125 

CM"" 1 

Figure 6. Al(02)—annealing study in a 1:14,300 1602:Ar 
matrix 

The mixed 1 6 0 2 / 1 8 0 2 experiment did not settle the question of metal-
to-oxygen bonding in A10 2 . A n experiment with 1 6 0 2 : 1 6 0 1 8 0 : 1 8 0 2 : A r 
which would differentiate between the two possible bonding situations— 
side or end bonded—was not done because the low intensities of the Unes 
would make it impossible to differentiate them from the noise level. 
O n the basis of studies with other metal-oxygen system (53-58) we 
assign the sideways bonded configuration ( C 2 v ) to A10 2 . The band 
observed at 1177.5 cm" 1 is therefore assigned to the vi mode. If our 
assignment of C2v symmetry to A 1 0 2 is correct, then the v2 and vz modes 
should also be observed. After studying our spectra, two other bands were 
noted whose behavior was similar to the 1177.5 cm" 1 band. In 1 6 0 2 - A r 
mixtures, these bands were located at 717 cm" 1 and 525 cm" 1 ; in 1 8 0 2 - A r 
mixtures, they were located at 693 cm' 1 and 510 cm' 1 . (The isotopic 
frequency ratios are 1.034 and 1.029, respectively. ) These two bands are 
tentatively assigned to the v2 and vz modes. Because the baselines of our 
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2. F I N N E T A L . Aluminum Oxide Sputtering 51 

spectra changed drastically in different spectral regions, the relative 
intensities of the vi, v2, and V3 mode could not be compared. 

If the oxygen concentration was increased in the duoflow experiments, 
a new band appeared at 1130 cm" 1 in addition to the bands at 1168 cm" 1 

and 1177.5 cm" 1. During annealing, this band steadily increased in inten
sity and broadened at temperatures greater than 30°K. A t 45°K, the band 
was still present. Figure 7 is a display of the spectra obtained after 
annealing a 0.25% 1 6 0 2 : A r matrix. In an 1 8 0 2 - A r experiment, the 1130 
cm" 1 band shifted to 1101 cm" 1, an isotopic frequency shift of 1.026. 

In a 60:40 mixture of 1 6 0 2 : 1 8 0 2 , four bands were observed at 1130 
cm" 1 , 1117 cm" 1, 1107 cm" 1 , and 1101.5 cm" 1. This band pattern indicates 
that the absorbing species contains two equivalent dioxygen molecules. 

I I I I I I I I I I—I—I—I—L 
1200 1150 1100 

CM" 1 

Ar matrix 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

6 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
6-

01
58

.c
h0

02



52 R A D I A T I O N E F F E C T S O N S O L I D S U R F A C E S 

Therefore the bands are assigned, respectively, to the 1 6 0 - 1 6 0 stretch in 
( 1 6 0 2 ) A 1 ( 1 6 0 2 ) , the 1 6 0 - 1 6 0 and 1 8 0 - 1 8 0 stretches in ( 1 6 0 2 ) A 1 ( 1 8 0 2 ) , 
and the 1 8 0 - 1 8 0 stretch in ( 1 8 0 2 ) A 1 ( 1 8 0 2 ) . Because an 1 6 0 2 : 1 6 0 1 8 0 : 1 8 0 2 : 
A r experiment was not done because of low signal quality, we again 
cannot differentiate definitely between side- or end-bonded oxygen. O n 
the basis of our previous assignment of A10 2 , we assume sideways-
bonded oxygen and therefore assign D 2 d symmetry, i.e., a spiro configu
ration to A 1 ( 0 2 ) 2 . 

A n additional band was observed whose annealing behavior was 
similar to the 130 cm' 1 band. The band was located at 687 cm" 1 in 1 6 0 2 

and at 671 cm" 1 in 1 8 0 2 , an isotopic frequency shift of 1.024. This band 
is also assigned to the species A 1 ( 0 2 ) 2 . 

0 3 . Ozone was detected in some of our experiments using both 
uniflow and duoflow modes of operation. The presence of ozone is 
evidenced by a peak near 1040 cm" 1 (23, 24). Concurrently, in the uv an 
intense, broad band centered at 39,200 cm" 1 was observed, which is most 
reasonably assigned to the Hartley band of ozone. In the gas phase, this 
transition is characterized by an intense and almost symmetric peak near 
39,200 cm' 1 (59). Using a hollow cathode sputtering device in the duo-
flow mode with an aluminum screw as cathode produces ozone by several 
possible mecahnisms. Argon gas emerging from the sputtering device 
either as activated atoms or ions can interact with oxygen molecules in 
the ambient oxygen-argon mixture producing either oxygen atoms or 
oxygen ions. These can react with another oxygen molecule to form 
ozone. Furthermore, sputtered aluminum atoms can react with oxygen 
molecules to produce A l O and oxygen atoms. The latter can then react 
with oxygen molecules to form ozone. 

A L 0 3 . Because ozone was present in some matrices in relatively 
large quantities, the possibility of forming A 1 0 3 existed although it had 
not been reported previously. Jacox and Mil l igan (60) isolated the 0 3 ~ 
species in argon matrix and observed the v3 mode at 802 cm" 1 in 1 6 0 2 and 
757.8 cm' 1 in 1 8 0 2 . This corresponds to an isotopic frequency ratio of 
1.058. For various alkali ozonides the v3 mode is observed near 800 cm" 1 

(61 ) and near 820 cm' 1 for the alkaline ozonides (62). One would expect 
for an aluminum ozonide that the v3 mode would also be observed in the 
800-850 cm ' 1 spectral region. 

As the oxygen concentration increased in our matrices, the intensity 
of the ozone peak at 1040 cm" 1 increased. Also, as the matrices were 
annealed, the ozone intensity initially increased and then decreased while 
a band located at 853 cm" 1 increased in intensity. Using 1 8 0 2 , this band 
was shifted to 809 cm" 1 which corresponds to an isotopic frequency ratio 
of 1.052. In mixed 1 6 0 2 : 1 8 0 2 : A r experiments, a series of bands were 
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2. F I N N E T A L . Aluminum Oxide Sputtering 53 

observed in the 800-850 cm" 1 region. No definitive assignment of all 
bands could be made. 

Because of the behavior of the 853 cm' 1 band during annealing and 
its close proximity to known 0 3 " bands, we assign it to the v3 mode of 
0 3 " for the species A10 3 . A summary of the ir bands observed in the 
reaction of aluminum atoms and oxygen molecules is given in Table IV. 

Table IV. Summary of the Matrix IR Data 
for the Aluminum—Oxygen System 

Symme uO,:- v16Ot Assign
Species try 16Ot:Ar lsOt:Ar lsOt:Ar v180, ment 

A l O 946.5 901.0 946.5 1.0505 A l - 0 
901.0 

A1 2 0 994.0 951.5 994.0 1.044 
or 951.5 

A l o 0 2 C 2» 496.5 481.0 496.5 1.032 
481.0 

1217 1159 1217 1.050 0 - 0 
1159 

1213 1154 1213 1.050 0 - 0 
1154 

A 1 2 0 2 490.0 474.0 490.0 1.034 
474.0 

A1(0 2 ) C 2» 1177.5 1143.0 1177.5 1.027 VI 
1143.0 

1168.0 1137.0 1168.0 1.030 VI 
1137.0 

717 693 717 1.034 v2 

693 
525 510 525 1.029 V3 

510 
A 1 ( 0 2 ) 2 1130.0 1101.5 1130.0 1.026 0 - 0 A 1 ( 0 2 ) 2 

1117.0 
1107.0 
1101.5 

687 671 687 1.024 
671 

A1(0 3 ) Civ 853 809 853 1.052 V3 
809 

Ion Bombardment Studies of Aluminum Oxide Surfaces. The ion 
bombardment studies are conveniently grouped into five sets of experi
ments. The first deals with small bombardments (2-4 X 10 1 7 ions /cm 2 

of A r + ) on several types of aluminum oxide targets (Figure 8; numbers 
6-9 in Table I I ) . In the second and third sets, the A r + bombardments 
were increased to 6.7 Χ 10 1 7 -6 X 10 1 8 ions/cm 2 to determine the effect, 
if any, on the nature of sputtered products ( Figure 9; numbers 10-12 in 
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54 RADIATION E F F E C T S ON SOLID SURFACES 

31.0 29.0 27.0 25.0 23.0 21.0 
CM" 1 χ I0"3 

Figure 8. Visible spectra of the sputtered 
products from 50-kV Ar* ion bombardment 
of various targets, isolated in argon matrices. 
A, aluminum disk, 2 Χ 1017 ions/cm2; B, 2.4 
X 10'7m anodized aluminum oxide film on an 
aluminum backing 2 Χ 1017 ionsI cm2; C, 
polycrystalline disk of y-alumina, 4.1 Χ 1017 

ions/cm2; D, single-crystal sapphire-a-alu-
mina 2 Χ 1017 ions I cm2. 

Table I I ) . The fourth and fifth sets of experiments deal with changes in 
sputtered products as a result of bombardments with the chemically 
reactive particle, H + (Figure 10; numbers 13-14 in Table I I ) . 

Targets were not cooled during bombardments. Heat conduction to 
the brass target assembly was assumed to be sufficient to dissipate the 
power deposition (3 W maximum) to the targets and to keep the bom
barded surfaces near room temperature. 
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2. F I N N E T A L . Aluminum Oxide Sputtering 55 

A R + B O M B A R D M E N T S . In argon-ion bombardments both the physical 
form of the aluminum oxide targets and beam fluence were important 
parameters determining the nature of the sputtered species. The oxide 
samples chosen as targets were: a piece of aluminum with a 2 Χ 10"9 m 
thick surface coating of oxide, a 2.4 X 10~ 7lm thick anodic A 1 2 0 3 film 
attached to its aluminum backing, a polycrystalline disk of y-alumina 
compressed at 7 Χ 10 8 Pa, and an unoriented sapphire single crystal disk. 
Each was bombarded for 30-60 min with a 50-keV A r + , 6-μΑ, 0.635-cm 
beam. 

Because the yields of products were low, they were detected by 
means of their characteristic electronic transitions. Consequently, any 
sputtered molecules such as A 1 2 0 2 , A 1 0 2 for which electronic transitions 
have not yet been observed would have remained undetected. The pres
ence of uv-visible bands which were sometimes observed but not identi
fied in the hollow cathode studies could have been caused by such species. 
The discussion here w i l l deal only with those spectral features which were 

τ—ι—ι—ι—ι—ι—ι—ι—ι—ι—ι—ι—r 

ο ζ < ω on ο c/> m < 
UJ 

> 

π—ι—ι—ι—ι—ι—ι—ι—ι—ι—ι—ι—ι—ι—Γ 

ι 1 ι ι ι J I L J I L ι ι ι I ι ι ι 1 ι ι ι I ι 
31.0 29.0 27.0 25.0 23.0 

CM" 1 χ I0"3 

21.0 19.0 

Figure 9. Visible spectra of the sputtered products from 15-kV Ar* ion bombard
ment of various targets, all isolated in arson matrices. A, polycrystalline disks of 
γ-alumina, 6.7 X JO 1 7 ions/cm2; B, single-crystal sapphire-a-alumina, 6.7 X JO 1 7 

ions/cm2; C, single-crystal sapphire-a-alumina, 0.9525-cm aperture beam, 6.0 X 
1018 ions Icm2. 
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56 RADIATION E F F E C T S ON SOLID SURFACES 

identified in earlier work with specific aluminum or aluminum oxide 
species. 

In Figure 8, the visible spectrum of the matrix-isolated products 
obtained from each oxide sample bombarded with low fluences of A r + is 
shown. Aluminum atoms as well as A 1 2 0 and A l O molecules are back-
sputtered and matrix-isolated in each bombardment. 

The aluminum disk with a 2 X 10"9-m oxide coating (Figure 8A) 
yielded primarily A l atoms (29,500 cm' 1 ) . In the spectral region where 
either A l O or A 1 2 0 transitions are located, a broad band is found with a 
series of subsidiary maxima. The band at ~ 22,000 cm" 1 is assigned to 
A l O ; that at 25,000 cm' 1 to A1 2 0 . The ratio nAl/nAl0 is calculated to be 
8.2. The anodized film, (Figure 8B) , yielded the largest ratio of n A 1 / n A i o 
= 13.3. Relative to A l O , the amounts of A 1 0 2 are increased as are the 
amounts of unidentified species. 

The electronic spectrum of products sputtered from the polycrystal
line A 1 2 0 3 disk, (Figure 8C) is similar to that from the aluminum disk. 
However, the ratio n A i / n A i o represents a threefold decrease of aluminum 
atoms. The bands at 24,400 cm" 1 and 23,900 cm' 1 caused by unidentified 
species are quite prominent in this spectrum. 

The sapphire disk (Figure 8D) yielded quite a different spectrum. 
The main product was A l O with n A i / n A i 0 = 0.7. A small amount of A1 2 0 
was produced, and the unidentified species were negligibly small. 

To determine if longer bombardment times have an effect on the 
differences observed with the various aluminum oxide targets, 6.7 X 
10 1 7 -ions/cm 2 bombardments were carried out on the polycrystalline A 1 2 0 3 

disk and the sapphire disk. The electronic spectra (Figure 9A and B ) 
obtained by collecting backsputtered material from both targets, were 
nearly identical. The ratio of n A i / n A i 0 was 11.0. A 1 2 0 was present in 
small quantities, and the two bands associated with unidentified species 
were absent. 

To determine if a further increase in bombardment times affects the 
relative abundances of the sputtered products, a sapphire disk was bom
barded with A r + ions for 6 Χ 10 1 8 ions/cm 2 with results shown in Figure 
9C. The backsputtered, matrix-isolated products were A l O , A1 2 0 , and A l 
atoms and large amounts of A l 2 dimer. The ratio of n A i / n A i 0 varies from 
4.4-8.2 (see Table II ) . The ratio would probably be closer to 11.0 as in 
the 6.7 Χ 10 1 7 ions/cm 2 bombardment if the aluminum dimer were 
included in n A i . The A l O spectrum is fairly narrow indicating the absence 
of multiple sites. 

These observations of A r + bombardments of aluminum oxide targets 
lead to the conclusion that for low bombardment times, 2-4 Χ 10 1 7 ions/ 
cm 2 , the nature of the target is an important variable in determining the 
abundances of the various sputtered products. For longer bombardments, 
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2. F I N N E T A L . Aluminum Oxide Sputtering 57 

6.7 Χ 10 1 7 ions/cm 2 , oxygen seems to be preferentially sputtered initially 
because the ratio of aluminum atoms to A l O molecules increases by a 
factor of four, implying that the surface becomes oxygen deficient. How
ever, the nature of the target seems to have less effect on the sputtered 
products than at lower bombardment times. For still higher bombard
ments (6 Χ 10 1 8 ions/cm 2 ) the principal effect seems to be on the amount 
of A l 2 dimer produced which increased drastically when compared with 
A l atoms. 

H + B O M B A R D M E N T S . The reducing properties of a proton beam can 
be expected to enhance the production of A l atoms or A 1 2 0 at the expense 

Ί — ι — ι — ι — ι — ι — ι — ι — ι — ι — r 

id 
Ο 
Ζ 
< 
CD 
CC 
Ο 
CO ω < 
> 

Ί Γ Ί Γ 

J ι ι ι I ι ι L ι ι I J I I I I I L J I I I L 
31.0 29.0 27.0 25.0 

CM"1 χ I0~3 

23.0 21.0 19.0 

Figure 10. Visible spectra of the sputtered products from 15-kV H* bombard-
ment of sapphire, isolated in argon matnees. A, 0.476-cm aperature beam, 2.0 X 

1019 ions/cm2; B, 0.9525-cm aperture beam-1.2 Χ 1020 ions/cm2. 

of A l O . The formation of A l H or A l O H also are possible. In the gas 
phase (63, 64), the Α 'ττ« -Χ '2 + transition of A l H occurs at 23,471 cm" 1 

(63) and the bsX~ < - X ' 2 + transition at 26,217 cm" 1. A shift of 2000 cm" 1 

in an argon matrix environment would cause a superposition of the A l H 
and A 1 2 0 bands. 

To determine if alterations in sputtered products occur as a result of 
exposure to 15-kV H + , sapphire disks were given 2.0 Χ 10 1 9 ions /cm 2 

bombardments. The lower sputtering yield caused by H + compared with 
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58 R A D I A T I O N E F F E C T S O N S O L I D S U R F A C E S 

A r + bombardment reduces the product concentrations in the matrix. How
ever, it was still possible to detect and identify sputtered species by 
electronic spectroscopy. 

From the intensity of the 22,000 cm ' 1 band (Figure 10A), the main 
product is seen to be A l O with n A i / n A i o — 0.7, a result virtually identical 
to that for a 2 X 10 1 7 -ions/cm 2 , 50-kV A r + bombardment of sapphire 
(Figure 8 D ) . However, comparison of Figure 10A with Figure 8D shows 
that the intensity of the band in the 25,000 cm ' 1 region which has been 
assigned to A1 2 0 is markedly increased in the H + bombardment. Whether 
these bands are composed entirely of A 1 2 0 or a combination of A l 2 0 and 
A1H is still an open question. In any event the much-enhanced produc
tion of A 1 2 0 (or possibly A1H) over A l O is evidence for the reducing 
effect of the proton beam and for a specific chemical sputtering channel. 

Again, as in the case of A r + bombardments, the effect of increasing 
the bombardment time on the distribution of sputtered products in a H + 

bombardment was investigated. A sapphire disk was bombarded for 1.2 
Χ 10 2 0 ions/cm 2 (Figure 10B). The n A i / n A 1 0 ratio was 12.2-16 times 
larger than that observed for the 2.0 Χ 10 1 9 ions/cm 2 bombardment. The 
very marked enhancement of the n A i / n A i 0 ratio in going from 2.0 Χ 10 1 9-
ions /cm 2 to a 1.2 X 10 2 0 -ions/cm 2 H + bombardment is probably caused 
by two factors. The first is the oxygen depletion of sputtered surface 
layers noted previously for the highest fluence A r + bombardments. The 
second factor is related to the first and represents the specific reducing 
action of the H + beam which still further enhances the preferential sput
tering of A l atoms. The reducing influence of the H + beam is also 
evidenced by the greatly enhanced intensity of the A1 2 0 peak (25,000 
cm" 1 ) . The intensity now is approximately the same as the aluminum 
peak and 12 times higher than the A l O peak. 

The changes in sputtered products which occur as a result of long 
bombardments of sapphire by A r + or H + are illustrated in Figure 9C and 
Figure 10B. One can speculate that for still higher proton bombardments, 
A l atom and A l 2 dimer formation would be enhanced still further and that 
the A1 2 0 concentration would increase relative to that of A l O . 

I O N B O M B A R D M E N T R E S U L T S O F A L U M I N U M O X I D E . The work re
ported here has demonstrated that the relative abundances of A l atoms, 
A l 2 dimers, and A1 2 0 and A l O molecules sputtered from aluminum oxide 
surfaces depend on (1) the nature of the target (single crystal, polycrys
talline, anodic film); (2) bombardment times which are related to ion 
fluences as well as to (3) the nature of the bombarding particle (Ar + vs. 
H + ) . There probably are additional, as yet undiscovered, parameters that 
affect the nature of the sputtered products. The sputtering process involv
ing aluminum oxide is very complicated indeed, and sputtering of binary 
targets generally may turn out to be a very complex phenomenon. 
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2. F I N N E T A L . Aluminum Oxide Sputtering 59 

To apply collision theory to sputtering of binary substances, it appears 
that the surface binding energies for each sputtered species have to be 
known, and these wi l l in general be functions of surface composition. The 
surface composition of a binary target changes during ion bombardment 
because of either preferential loss of one of the components or because of 
implantation and subsequent reaction ( in the case of reactive energetic 
projectiles) with the lattice (65, 66, 67). The chief material-dependent 
quantity controlling S, the sputtering yield, is E b , the surface binding 
energy which enters collision theory (3) in the forms « 1/Eb. It has 
been proposed (4) to identify £ b with the heats of atomization of the 
oxides. However, in view of the results of Coburn et al. (5) and those 
presented here which show not only that major fractions of the sputtered 
product are molecular in nature but also that the abundances among the 
products depend on target and bombardment conditions, a more realistic 
approach is to associate a distinct E b with each sputtered species to be 
used in turn in calculating the sputtering yield for that particular species 
from collision theory. 

We propose that the surface binding energy of a given sputtered 
species be identified with the partial molar enthalpy of vaporization of 
the species from a freely vaporizing surface whose composition is to be 
taken at that prevailing at the time of a particular sputtering event. Since 
vaporization enthalpies are commonly obtained from Knudsen cell vapori
zation data, the experimental values have to be corrected for application 
to a freely vaporizing surface. It must also be kept in mind that the data 
which refer to bulk compositions are not necessarily characteristic of 
surface and near-surface region compositions. Furthermore, vaporization 
data, on oxides for example, are usually obtained at high temperatures 
(1000°-3000°K) while the temperature of a surface undergoing sputter
ing is a quantity which is very difficult to specify under the highly 
nonequilibrium conditions associated with a sputtering event. Nonethe
less, it seems that in view of the rudimentary state in which the application 
of collision theory to binary targets finds itself, the introduction of the 
concept of partial molar enthalpies of vaporization associated with indi 
vidual sputtered species could well be a useful point of departure. 

To explore the implications of this concept for understanding the 
sputtering of oxides, a brief qualitative discussion of vaporization proc
esses in binary oxides is given first. Finally, it is shown how the concept 
of partial molar enthalpies of vaporization can help to rationalize the 
sputtering results obtained with aluminum oxide. 

Sublimation processes in oxides have been under intensive study for 
many years (68, 69, 70), and a great deal of thermodynamic data on 
enthalpies and free energies of vaporization is available. Trends in the 
total vapor pressures and in the vaporization of refractory oxides to the 
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60 R A D I A T I O N E F F E C T S O N S O L I D S U R F A C E S 

gaseous elements and to metal oxide molecules are reasonably well 
established as a function of atomic number (69). In most of the work that 
has been done however, it has been assumed that the subliming composi
tion is stoichiometric. However, the situation with most oxides is that 
compositions, even if they start near stoichiometry, become non-stoichio-
metric as a result of vacuum sublimation. To illustrate the effect which 
non-stoichiometry has on the partial pressures and therefore on the partial 
molar enthalpies of vaporization of various gaseous species in equilibrium 
with a solid phase, let us consider, with Ackermann and Thorn (71), a 
system composed of the gaseous species M , M O , and M 0 2 in equilibrium 
with a condensed phase, M 0 2 _ x . If the stoichiometric oxide M 0 2 is 
heated in a Knudsen cell in a vacuum to a temperature sufficiently high 
that sublimation occurs, a preferential loss of oxygen and a decrease in 
total effusion rate is observed in most cases. Quite small changes in 
composition (x = 0.01) can lead to changes in the free energy of forma
tion of the oxide phase of several fcj/g-atom at high temperatures which 
in turn can sensitively affect the abundances of the various gaseous species 
in equilibrium with the solid. A n attempt to sketch the variation of total 
and partial pressures with changing composition of the solid phase has 
been made for the hypothetical oxide M 0 2 (see Figure 11) which 
qualitatively describes the behavior observed, for example, for zirconium 
dioxide (71). Relative to the partial pressure of the triatomic species 
M 0 2 , which remains fairly constant over the composition range M 0 2 -
MO1.94, the partial pressures of diatomic M O and atomic M increase 
drastically with decreasing oxygen content of the solid phase. By com
parison with the changes in Ο, M , and M O partial pressures, the changes 
in total pressures as a function of the composition of the solid phase are 
relatively minor. 

Molecular species are found in equilibrium with most refractory 
oxides, and so the minimum in the free energy curve of the solid phase 
as well as the congruently subliming composition are determined princi
pally by the stabilities of the solid phase and the gaseous monoxide. These 
factors are such as to result in a minimum vaporizing composition close 
to the stoichiometric compound. For oxides such as T i 0 2 , Z r 0 2 , W 0 3 , 
and the actinide oxides U 0 2 , N p 0 2 , and P u 0 2 , the departures from stoi
chiometry of the minimum vaporizing compositions are large enough to 
be measured by relatively straightforward techniques, amounting to be
tween one and a few percent of the total oxygen content. For other oxides, 
often referred to as line compounds, departures from stoichiometry are 
very small, amounting in the case of aluminum oxide, for example, to 
probably less than 0.1%. It w i l l therefore be very difficult to obtain data 
on the partial molar enthalpies of vaporization of the various species in 
equilibrium with A 1 2 0 3 as a function of the O / A l ratio of the condensed 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

6 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
6-

01
58

.c
h0

02



2. F I N N E T A L . Aluminum Oxide Sputtering 61 

phase. It is instructive nonetheless to see how the partial pressures of the 
various gaseous species can be expected to vary with composition. A l 
though the actual minimum O / A l ratio is not known, it is expected to 
occur at the phase boundary between solid A 1 2 0 3 and l iquid A l metal. 

Using the J A N A F (72) thermochemical tables, one can construct the 
diagram shown in Figure 12 which graphs the partial pressures of O, A l , 
A l O , and A 1 2 0 in equilibrium with stoichiometric A 1 2 0 3 (right-hand side 
of Figure 12) and in equilibrium with a mixture of l iquid A l metal and 
solid A 1 2 0 2 . , at 1800°K (left-hand side of Figure 12). The increase by a 
factor of 10 7 in the partial pressure of atomic A l is of course caused by the 
presence of l iquid A l and represents the vapor pressure of A l metal at 
1800°K. Even more striking is the increase in the partial pressure of A 1 2 0 
relative to A l O . While the A l 2 0 / A 1 0 pressures are in the ratio 1:10 for 
stoichiometric A 1 2 0 3 , the ratio is 10 e :1 at the l iquid phase boundary. A 
very small change in stoichiometry therefore results in a remarkable 
enhancement of A 1 2 0 over A l O molecules in the equilibrium vapor. 

The results of the thermodynamic calculations discussed above can 
be correlated qualitatively with the sputtering results on aluminum oxide. 

194 1 95 1 96 1 97 1 98 1 99 
Oxygen-to-metal atomic ratio in MO2-* 

Figure 11. Schematic of the vaporization rates of 
various species in equilibrium with an M02 phase 

of variable composition 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

6 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
6-

01
58

.c
h0

02



62 RADIATION E F F E C T S ON SOLID SURFACES 

Figure 12. Partial pressures of Al, O, Al20, 
and AlO in equilibrium with solid Al2Os and 

with liquid Al- solid Al2Os at 1800°K 

High fluence A r + bombardment and particularly bombardments with H + 

enhance the yield of A l atoms and A1 2 0 molecules relative to the A l O 
molecules as shown by numerous experiments done in the course of the 
present work. Ion bombardment of A 1 2 0 3 and, in particular, energetic H + 

bombardment appears to deplete surface and near-surface regions of 
oxygen leading to a slightly hypostoichiometric surface composition which 
may approximate the limiting phase boundary composition characteristic 
of A 1 2 0 3 in equilibrium with l iquid A l metal. The change in the partial 
molar enthalpies of vaporization of A l , A1 2 0 , and A l O accompanying 
subtle but distinct departures of aluminum oxide from stoichiometry 
could then be the key parameters leading to the observed changes in the 
ratios of sputtered products. 
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Neutron Sputtering of Solids 

P. DUSZA, S. K. DAS, and M. KAMINSKY 

Argonne National Laboratory, Argonne, Ill. 60439 

Experiments on fast neutron (0.1-14.1 MeV) sputtering of 
solids have been performed using various neutron sources 
and techniques to determine sputtering yields. The yields 
for the same material irradiated with neutrons having com
parable energy spectra vary greatly for several possible 
reasons. For 14.1-MeV neutron bombardment of cold
-worked niobium with a coarse surface finish, some authors 
have observed deposits of chunks of the target material on 
collectors facing irradiated targets in addition to a fractional 
atomic layer while other authors have observed only the 
latter. The ejection of chunks appears to depend strongly 
on the stresses and the degree of roughness in the surface 
regions. Theoretical estimates of neturon sputtering yields 
and of a recent model of neutron impact-induced chunk 
emission are discussed. 

he phenomenon of "sputtering," i.e., ejection of material from solid 
surfaces under bombardment with energetic projectiles, has been 

studied widely for charged particle irradiation. For reviews on this 
subject see Refs. 1-7. Much less experimental and theoretical work has 
been done on sputtering of solid surfaces with neutrons. The cross 
section σά for the production of displaced lattice atoms from collisions 
with neutrons is low compared with that typical for a charged particle 
such as a proton for the same energy. If 14.1-MeV neutrons interact, for 
example, with the nuclei of niobium lattice atoms, the displacement cross 
section (only the elastic scattering contribution is considered) has a 
value of approximately 2 barns (8). The corresponding displacement 
cross section for a 14.1-MeV proton is ~ 1 Χ 105 barns. This value is 
calculated using Rutherford nuclear scattering cross section (9) for 
transfer of energies > 50 eV, which is sufficient for the displacement of 
lattice atoms. O n the other hand, the average energy of a primary 
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66 RADIATION E F F E C T S ON SOLID SURFACES 

knock-on atom ( P K A ) of niobium under 14.1-MeV neutron irradiation is 
nearly three orders of magnitude larger than for 14.1-MeV protons. The 
release of sputtered particles is proportional to the number of displaced 
lattice atoms ν per primary knock-on atom and according to Kinchin 
and Pease, (JO) ν ~ E/2Ed, where Ε is the energy of the primary knock-
on atom and Ed is the displacement energy of a lattice atom. Therefore, 
one would expect that the sputtering yield, which is proportional to 
(σάν(Ε)\ w i l l be of the same order of magnitude for both 14.1-MeV 
proton and neutron sputtering. Since neutron sputtering yields have 
generally low values their measurements are relatively difficult. 

Recently, there has been a great interest in measuring neutron 
sputtering yields for materials of importance to controlled thermonuclear 
fusion devices. In fusion reactors burning deuterium and tritium, large 
fluxes of 14.1-MeV neutrons wi l l be produced. These neutrons w i l l 
penetrate the vacuum vessel containing the plasma, commonly referred 
to as the "first wal l . " In addition, backstreaming neutrons from the 
blanket region [e.g. neutrons from (n, 2n) reactions, backscattered neu
trons] with energies less than 14.1 M e V wi l l also penetrate the first wall. 
Such high fluxes of energetic neutrons, especially the 14.1-MeV com
ponent, make this neutron energy spectrum substantially different from 
that of a fission reactor. This bombardment wi l l contribute to first-wall 
erosion, and the material sputtered from the first wal l may reach the 
plasma and contaminate it (11, 22,13,14). 

In this paper we wi l l first discuss aspects of the experimental tech
niques used to measure neutron sputtering yields, review and critically 
analyze some of the existing data on neutron sputtering yields, and 
discuss some of the theoretical models used to describe the release of 
particulate matter induced by neutron impact. The sputtering by fission 
fragments formed during thermal neutron irradiation of fissile materials 
wi l l not be reviewed in detail. 

General Experimental Considerations 

Many of the experimental techniques used for neutron sputtering 
are similar to those used for ion sputtering. Collectors are placed close 
to the target material being investigated so that the sputtered species 
w i l l deposit on them. The range of energetic neutrons is generally much 
longer than the target dimensions commonly used. Therefore, for the 
case of a disc-shaped target, for example, sputtered species leave not 
only the large surface facing the neutron source (backward sputtering) 
but also the large surface on the opposite (exit) side (forward sput
tering). In many neutron sputtering experiments collectors face the 
large front and back surfaces of target samples. Of course, the collectors 
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3. D U S Z A E T A L . Neutron Sputtering of Solids 67 

themselves become sources of sputtered species. Since in many experi
ments (15,16,17,18) the thickness of targets and collectors are small, 
the attenuation of the neutron flux is small for a given target-collector 
set. Several experimenters (15,16,17,18) have irradiated a stack of 
several target-collector sets simultaneously. Of course in these types of 
experiments the flux decreases rapidly with distance away from the 
neutron source. For example, for the 14.1-MeV rotating target neutron 
source ( R T N S ) at Lawrence Livermor^ Laboratory ( L L L ) (19, 20) 
and for a point located on the axis of the deuteron beam striking the 
tritiated target, the neutron flux ψ at a distance Ζ from the source is 
given by integration over the deuteron-irradiated (neutron) target spot 
(diameter 2r) as (19,20): 

where Y is the total neutron emission rate over the 4ττ solid angle in 
neutrons/sec. For r/Z < 1 one can expand the last term in Equation 1 
into a power series: 

One can readily see that, at large distances where Ζ > > r, higher order 
terms in the power series expansion can be neglected, and this expression 
reduces to the well known form φ = Υ/4πΖ 2 for a point source. 

Since the amount of material deposited on collector surfaces can 
be very small for practical fluence levels attainable in existing neutron 
sources, great care is required in handling targets and collectors and in 
analysis. The following seven factors appear to be important. 

Target and Collector Preparation and Characterization Prior to 
Neutron Irradiation. In many of the earlier experiments (e.g., Refs. 21, 
22,23,24,25) the characterization of the collector surface prior to irradi
ation was not reported. Only recently several experimental groups (15 -
18, 26, 27, 28) have reported the characterization of both target and col
lector surfaces prior to neutron irradiation by such techniques as ion 
microprobe analysis, scanning electron microscopy, and neutron activa
tion analysis. Very small amounts of contamination of the collector 
surfaces by the target material to be collected can affect the results 
significantly. The use of ultrahigh purity collector materials, such as 
99.999% pure monocrystalline silicon (111) (15) and the removal of 
surface impurities and inclusions by electropolishing and by chemical 
etching can alleviate the contamination problem to some extent. 

(1) 

(2) 
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68 RADIATION E F F E C T S ON SOLID SURFACES 

Assembly of Targets and Collectors. This should be done under 
clean laboratory conditions prior to irradiation to avoid contamination, 
and the equipment should be shipped to the neutron source preferably 
under vacuum. This was done, for example, in the work described in 
Refs. 15,16,17. 

The Neutron Irradiation Conditions. Such parameters as target 
temperature, neutron energy spectrum, and dose need to be known to 
determine the sputtering yields. A variety of fast neutron sources [e.g., 
neutrons from fission reactors from the (d, t) reaction and from the 
(d, Be) reaction] can provide neutrons with different energy spectra 
and angular distributions. Different experimenters have used techniques 
and instruments such as foil activation, proton recoil counters, and 
ionization chambers to determine the total neutron dose. 

The Vacuum in the Chamber Containing the Target-Collector 
Assemblies during Irradiation. This factor affects the deposition of the 
material ejected from the target surface on the collector surface, for 
example, by changes in the sticking probability (2). In many of the 
earlier experiments poor vacuum conditions prevailed, and only recently 
have experiments been performed under ultrahigh vacuum (15,16, 
17,18,26). 

The Handling of the Targets and Collectors between Irradiation 
and Analysis. Often it is necessary to store the collectors before analysis 
because of high activation levels. The collectors should be stored under 
ultrahigh vacuum to avoid significant contamination of the deposits 
because some of the analytical techniques used, such as Auger spectros
copy, are very sensitive to contamination buildup. For example, if ex
tensive oxidation and carbon buildup occurs on the sputtered deposits 
prior to Auger analysis, the signals typical for the sputtered deposits 
can be completely masked by such contamination. The requirement 
for keeping the deposits on the collector surfaces free of contamination 
does not imply that the target surfaces need to be free of contamination. 

Blank Experiments. In order to ascertain that the collector surfaces 
have not been contaminated with the target material during the handling 
procedures it is essential to conduct blank experiments with unirradiated 
target-collector assemblies that have been handled similarly to the 
irradiated ones. 

Analysis of the Sputtered Deposits on the Collectors. This can be 
done by various sensitive analytical techniques such as neutron activation 
analysis ( N A A ) (17,18,21,26). Although this technique can give 
accurately the total amount of material deposited on the collector, it is 
difficult to determine if the deposits exist as atoms, atom clusters, or 
particulate matter (chunks). Recently, surface analytical techniques 
such as Rutherford backscattering ( R B S ) , ion microprobe mass analysis 
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3. DUSZA E T A L . Neutron Sputtering of Solids 69 

( I M M A ) , Auger electron spectroscopy ( A E S ) , and scanning electron 
microscopy ( S E M ) in conjunction with x-ray spectrometry have been 
used to analyze sputtered deposits (15,16,27,28). 

In considering the neutron sputtering results, it is necessary to 
distinguish between those experiments which have used neutrons with 
different energy spectra. Neutron sputtering results according to the 
type of neutron sources used are reviewed below. 

Neutrons from Fission Reactors 

The random flux of neutrons present in fission reactors has been used 
by several investigators for neutron sputtering experiments (21,24,25, 
29-32). The neutron energy distribution depends on the reactor design 
but generally ranges from thermal energies to several MeV. 

"Fission," i.e., reactor spectrum neutron sputtering yields of gold 
have been measured by Norcross et al. (21), Verghese (24), and Kirk 
et al. (25). Norcross et al. (21) used a target of polycrystalline gold 
foil together with an aluminum collector foil. The assembly was irradi
ated in the Battelle research reactor in a vacuum of ~ 10"5 torr to a 
fast ( > 0.1 M e V ) neutron fluence of 4 Χ 10 1 7 neutrons/cm 2. The amount 
of gold deposited on the aluminum collector foil was determined by N A A 
by measuring the 0.412-MeV gamma radiation from the decay of 1 9 8 A u . 
A sputtering yield of (1.0 ± 0 . 3 ) Χ 10"4 atom/neutron was reported (21). 

Verghese (24) made neutron sputtering yield measurements of gold 
using three types of spectra—well thermalized, predominantly fast ( > 1 
M e V ) , and both thermalized and fast neutrons, using the Oak Ridge 
National Laboratory Bulk Shielding Reactor. The aluminum collector 
foils and the gold target foils were sealed in a quartz tube at < 10' 5 

torr pressure. The gold deposits were analyzed by N A A and by auto
radiography to determine the uniformity of deposits. The gold was found 
to be deposited uniformly over the collector area. The fast neutron ( > 
1 M e V ) sputtering yield was [1.83 ± 0.56] Χ 10"6 atom/neutron. 

Recently Kirk et al. (25) irradiated monocrystalline gold samples 
which were placed in the cryogenic irradiation facility of the CP-5 
reactor at Argonne National Laboratory ( A N L ) . The collector was a 
cylindrical-shaped high purity aluminum foil. The encapsulated target-
collector assembly was pumped to a seal-off pressure of ~ 1 Χ 10"5 

torr. The capsule was cooled to l iquid helium temperature during the 
irradiation. The total fast neutron fluence (E > 0.1 M e V ) ranged from 
2.1 χ 10 1 7 to 5.5 Χ 10 1 7 neutrons/cm 2. The amount of sputtered gold 
deposits was determined by N A A . The detection sensitivity of gold by 
their technique was quoted as 10 1 0 gold atoms/cm 2 . The neutron sput
tering yields originally reported (25) ranged from 1 Χ 10"3 to 6 Χ 10"3 
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atom/neutron, that is about three orders of magnitude higher than that 
reported by Verghese (24) and more than an order of magnitude higher 
than those by Norcross et al. (21). However, this sputtering yield has 
been revised to 1.8 Χ 10"5 atom/neutron (32). 

None of the experimenters cited above (21,24,25) have charac
terized their targets with respect to surface roughness and the degree 
of cold rolling in the case of the polycrystalline gold samples. Such 
target parameters, however, can affect neutron sputtering yields, as 
shown in experiments using 14.1-MeV neutrons (12) to be discussed 
later. Furthermore, there is no indication to what degree the collector 
surfaces were free of contaminants, especially from the target material, 
prior to irradiation. In addition, there is no indication of any blank 
experiments. For these reasons it is difficult to assess which of the above-
listed neutron sputtering yield values for gold (polycrystalline, mono-
crystalline ) with fission neutrons can be considered reliable. 

Garber et al. (29) also studied fast neutron ( > l M e V ) sputtering 
of polycrystalline and monocrystalline targets of many elements ( Be, A l , 
Si, T i , Cr , Fe, Co, C u , Zn, Ge, Zr, Nb , Mo , Ag , C d , Sb, Ta, W , A u , Pb, 
and Bi ) using the V V R - M reactor of the Institute of Physics, Academy 
of Sciences, Ukrainian USSR. They monitored a collector current (col
lector facing the target) which was caused only in part by the ions 
sputtered from the target. The collector currents were related to the 
intensity of the positive ions sputtered from the target. However, from 
their paper it is not clear how additional currents contributing to the 
total collector current [e.g., caused by secondary electrons and sputtered 
ions leaving the collector] have been taken into account. They found 
that the collector current was larger for monocrystalline targets than for 
polycrystalline targets by a factor of 1.5-2.5. Moreover, a periodic 
dependence of the collector current on the atomic number of the target 
element was observed. There were maxima in the collector currents 
for C u , Zn, Ag , and A u . No sputtering yields for the elements studied 
were given. 

Baer and Anno (30) studied neutron sputtering of iron using "fission" 
(reactor spectrum) neutrons from the Batelle Research Reactor. The 
target was a 1-mil thick iron foil of 1-cm2 exposed area, and the collectors 
were quartz plates with a 500-A aluminum coating. The target-collector 
assembly was placed in a quartz tube, sealed at 1 X 10' 6 torr, and 
irradiated to a total neutron fluence (for neutrons with Ε > 0.1 M e V ) of 
2 Χ 10 1 8 neutrons/cm 2. The aluminum coating together with the sput
tered iron deposits were removed from the quartz collectors by an acid 
bath. The iron was then precipitated out and dried. Subsequently, the 
amount of the iron deposit was estimated from 1.29- and 1.10-MeV 
a- decay of 5 9 F e after applying corrections for counter efficiency and 
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3. D U S Z A E T A L . Neutron Sputtering of Solids 71 

the time between the end of the irradiation and the counting. A fast 
neutron sputtering yield for iron of S n = (5.7 ± .8) Χ 10"3 atom/neutron 
was reported (30). This value was later revised (31) to S„ = (4.5 =t 
0.7) Χ 10"3 atom/neutron after correcting for the effects of thermal 
sputtering ( ^ 1% of S n ) , for the contribution of direct recoils from the 
5 8 F e (n,y) 5 9 F e reaction («=* 20% of S n ) , and for the thermal desorption 
( < 0.1% of S n ) . These authors also measured fast neutron sputtering 
yields of iron (average neutron energy ^ 2 M e V ) at 200°-340°C and 
obtained values ranging from 3 X 10' 3 to 8 Χ 10"3 atom/neutron with 
no uniform variation with temperature (31). These sputtering yield 
values are larger than theoretical estimates would indicate, as discussed 
later. These experimenters do not report the characteristics of their 
targets (e.g., surface stresses, surface roughness), the cleanliness of the 
collector surfaces, or the conduction of blank experiments. 

Neutrons from the (d>t) Reaction 

Since the neutron energy spectrum in a D - T fusion reactor w i l l 
have a strong 14.1-MeV component, several sputtering measurements 
have been performed using the 14.1-MeV neutrons from the (d, t) reac
tion (15-18, 23, 27, 28, 33-38). A D - T neutron source usually consists of 
a tritiated metal target that is bombarded with high energy deuterons 
from an accelerator. The angular distribution of the emitted neutrons is 
to a good approximation isotropic. At present, one of the most intense 
14.1-MeV neutron sources available for neutron sputtering measurements 
is at Lawrence Livermore Laboratory, a source which has been described 
in detail elsewhere ( 19,20,39). In this source the neutrons are produced 
in a thin tritiated titanium target which is bombarded with 400-keV D + 

ions, and typically a total neutron emission rate (over the 4π solid angle) 
of 3 Χ 10 1 2 -5 Χ 10 1 2 neutrons/sec can be obtained. This D - T neutron 
source has been used by several investigators (13,15-17,34-38). 

Keller (23) attempted to measure sputtering yields of A u , W , C u , 
and In by 14.1-MeV neutrons. Plastic collectors were placed in front and 
in back of each target foil and were placed in a glass bell jar which was 
pumped continuously to ~ 10"5 torr. The 14.1-MeV neutron dose at 
the target foils ranged from 1.46 Χ 10 1 3 neutrons/cm 2 to 2.4 Χ 10 1 3 neu
trons/cm 2 . The collectors were analyzed by N A A , and no sputtered 
atoms were detected. However, upper limits of sputtering yields were 
estimated, based on the minimum detectable amount of sputtered de
posits. These upper limits ranged from 6 Χ 10"4 atom/neutron for gold 
to 3.9 Χ 10"2 atom/neutron for copper. For fast-neutron sputtering of 
gold (using ~ 4-MeV neutrons from a P u - B e source) Keller and Lee 
(22) had reported earlier a high yield value of 0.5 atom/neutron. The 
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72 RADIATION E F F E C T S ON SOLID SURFACES 

authors later suggested (23) that there may have been large systematic 
errors in those observations. 

Garber et al . (33) studied 14.1-MeV neutron sputtering of a 2500-Â 
monocrystalline gold foil irradiated to a total dose of 2.32 Χ 10 1 3 neu
trons/cm 2 . The gold foil and an aluminum-coated glass screen which 
served as a collector were placed in a glass ampule and sealed off at 

Figure 1. Niobium deposited on an aluminum substrate when a niobium tar
get at ambient temperature (estimated to be near room temperature) was 
irradiated with 14-MeV neutrons to a total dose of 4.6 X J O 1 5 neutrons/cm2, 
(a), scanning electron micrograph (backscattered electron images) of a niobium 
chunk deposited on an aluminum surface; (b), a x-ray energy spectrum of the 
niobium chunk in (a); (c), Nb L x-ray image of the same areas as in (a); (d), 
secondary ion (93Nb+) micrograph of the same area as in (a). The secondary ion 

micrograph was taken at much lower magnification than (a) and (c) (16). 

1 Χ 10"6 ton*. From neutron activation analysis of the sputtered deposits 
on the collector, a sputtering yield of 3 Χ 10"3 atom/neutron was esti
mated, a value that is five times the upper limit given by Keller and 
Lee (22). In addition, the angular distribution of sputtered atoms was 
determined by autoradiography. Preferential sputtering along low index 
crystallographic directions was reported. 

Extensive measurements have been conducted by Kaminsky et al. 
(13,15,16,27,28,34,35) on the erosion of surfaces of cold-rolled and 
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3. D U S Z A E T A L . Neutron Sputtering of Solids 73 

annealed polycrystalline metals (e.g., N b and V ) and of SiC with various 
surface finishes under 14.1-MeV neutron bombardment. The samples 
were irradiated at ambient temperature with 14.1-MeV neutrons from the 
R T N S at L L L to total doses ranging from 1.7 Χ 10 1 5 to 1.5 Χ 10 1 β 

neutrons/cm 2 , values that were more than two orders of magnitude 
higher than those used in the experiments by Keller (23) and by Garber 
et al. (33). The samples were kept in an ultrahigh vacuum of ~ 2 X 
10" 9-5 X 10" 1 0 torr during irradiation. The type and the amount of the 
material deposited on collector surfaces were determined with the aid 
of RBS ( ~ 0.0005 M L ) , I M M A ( ~ 0.001 M L ) , A E S ( ~ 0.01 M L ) , and 
S E M in conjunction with an pnergy dispersive x-ray spectrometer al l of 
which had been calibrated with standards prepared by vapor deposition. 
The detection sensitivities of some of these techniques are listed in 
brackets as fractions of a monolayer ( M L ) of niobium deposited on a 
silicon substrate. Ten independent neutron irradiation runs were per
formed, and for each type of cold-rolled target at least two independent 
irradiations were made. The observations reveal several striking and 
important results. 

Forms of Deposits. The deposits of such materials as N b (13,15,16, 
34), V (13), stainless steel (15), Si (15, 16), and SiC (13, 28) appear 
in two forms. One form covered the substrate surface in atomic form 
as a fractional atomic layer as is commonly observed in ion sputtering. 
The other form was discovered (13, 15, 16) as chunks of various sizes 
and irregular shapes. Figure 1 shows an example of a niobium chunk 
on a silicon (111) substrate. The scanning electron micrograph in Figure 
l a shows a niobium chunk. A secondary ion ( 9 3 N b + ) micrograph of the 
chunk (Figure Id) confirms that it is niobium. Figure l b shows an 
x-ray energy spectrum of the chunk, where only N b L and Si Κ peaks 
can be identified and Figure l c shows a N b L x-ray image, further con
firming that the chunk is niobium. 

Distribution of Deposits. Both types of deposits are not uniformly 
distributed over the collector area but sometimes are clustered along 
streaks or appear in patches. For example, as illustrated in the secondary 
ion micrograph in Figure 2, the deposits can appear as wide streaks 
(e.g., the width > 40 μτη, and the lengths > 400 μτη) which are not 
associated with the microstructure of the substrate structure. The direc
tion of the streaks appears to be parallel to the direction of the grinding. 
Figure 3 shows the surface structure of a cold-rolled sample with a coarse 
surface finish of 5-10 μΐη. The finish of these surfaces was intentionally 
kept rough, since plasma-wall interactions in future fusion reactors can 
cause surface roughening by blistering, physical and chemical sputtering, 
and other surface erosion processes. The patches containing high con
centrations of niobium sometimes contain chunks, but sometimes only a 
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74 RADIATION E F F E C T S ON SOLID SURFACES 

Figure 2. Secondary ion (93Nb+) micrographs of niobium deposits on (a) an 
aluminum substrate and (b) a silicon substrate. Niobium released from cold-

rolled niobium target under 14.1-MeV neutron impact (16). 

high concentration of atomic niobium can be found. "ΜΐηΓ-chunks of 
£ 100 A diameter could not be resolved in the S E M studies. The appear
ance of streaks and patches is much more pronounced for the cold-rolled 
niobium sample than for the vacuum-annealed samples. 

Concentration of Deposits. Measurements of the concentration pro
file of the fractional atomic layer deposit by RBS (beam diameter ~ 300 
ftm) and I M M A (beam diameter ~ 25 /an) reveal that the deposit 
concentration varies from < 5 Χ 10"4 M L to ~ 5 X 10' 2 M L in patch and 
streak regions near chunks. Even for the case with the maximum number 

Figure 3. Scanning electron micrographs of surfaces of cold-rolled 
niobium (a) after optical polish ana a light chemical etch (target 
type A) and (b) same surface at higher magnification, the arrow 

points to a protrusion (34) 
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3. DUSZA E T A L . Neutron Sputtering of Solids 75 

of deposited chunks, areas of 10-30 m m 2 can be found on the collector 
surface with an ' average" deposit concentration of < 5 X 10" 4 ML. 

Size, Shape, and Density of Chunks. As early as 1974 it was pointed 
out (13) that the number, the size, and the shape of the chunks depend 
very strongly on the tensile stresses in the surface regions (e.g., from 
cold rolling) and on the degree of microstructure of the irradiated surface 
(e.g., microprotrusions and microcracks). More recently, some improved 
values for the chunk deposit density (chunks/cm 2 ) and the chunk size 
distribution have been reported (34), and these are listed in Table 
I for niobium targets with total neutron fluences of 1.69 Χ 10 1 5-1.5 X 
10 1 β neutrons/cm 2 . Since the chunk deposits are not uniformily dis-

Engineering Problems of Fusion Research 

Figure 4. Scanning electron micro
graphs of niobium chunks of differ
ent sizes deposited on Si( 111) col
lector surfaces when cold-rolled 
niobium targets were irradiated at 
ambient temperature with 14.1-
MeV neutrons to total doses rang
ing from 4.6 Χ 1015-1.5 Χ 1016 

neutrons cm'2 (35) 
tributed over the collector area but are sometimes clustered along streaks 
or in patches, only ranges for the chunk deposit density have been 
quoted. The ranges indicate the smallest and largest number of chunks 
which can be found more typically on a contiguous surface area of 1 c m 2 

within the total collector area. The chunk deposit densities in the repeat 
runs fall within the ranges listed; some extreme values are listed in 
brackets. The listed values illustrate the fact that chunk ejection is a 
relatively rare event compared with the total number of primary knock-on 
events produced by 14.1-MeV neutrons in near-surface regions (40). 
No chunks could be observed for monocrystalline niobium targets. 
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76 RADIATION E F F E C T S ON SOLID SURFACES 

Table I. Distribution of Size and Density 
Observed in 14.1-MeV Neutron 

Surface Conditions 

Total collector area 
investigated (cm2) 

Neturon dose (n/cm 2) 
Ranges for chunk 

deposit density 
(chunks/cm 2 ) β 

Ranges for average 
chunk diameters 
(/*m) 

Distribution of chunk 
size 

Cold-rolled, lightly 
chemically etched 
targets (Type A)d 

(~ 5—ΙΟμΐη micro-
finish) 

12 

5 Χ 10 1 5-1.5 Χ 10 1 β 

5-25 (250) b 

0.3-1 
(some cylindrical 

chunks up to 5/xm 
long and 1.5μ.ηι dia.) 

Cold-rolledf lightly 
electropolished targets 
(Type B)d (~5hm 
microfinish) 

8 

4.6 Χ 10 1 5 

0-30 (1000) b 

0.3-5 
(cylindrical chunks 

up to 15/xm long 
and 3/xm dia.) 

4 5 % : 
4 5 % : 
10%: 

0.3-0.5fim 
0.5-1.0/Ltm 
> 1/xm 

3 5 % : 
50%: 
15%: 

0.3-1/xm 
1—5/im 
> 5/im 

< 2 X 10"4-6 Χ 10"4 

(a few areas near 
streaks had 8 Χ 10"3) 

0-1.1 Χ 10"3 

(3.6 Χ 10" 2) 6 

< 2 Χ 10"4-1.7 X 10~3 

(3.7 Χ 10" 2) b 

[2.5 Χ 10" 1] 0 

'Smallest and largest number of chunks that can be found on a contiguous 
surface of 1 cm 2 on the collector. 

* Highest values observed in a run. 
0 Sn values reported earlier {15,16) for an estimated larger value for the average 

chunk size. 

Ranges of S a for atomic < 2 χ 10"4-6 X 10"4 

layer deposits 
(atom/neutron) 

Ranges of Sc from 
chunk deposits 
(atom/neutron) 

Total Sn from chunk 
and background 
(atom/neutron) 

5 Χ 10"5-1.6 Χ 10"4 

(1.6 X HT 3 )* 

< 2 Χ 10"4-7.6 Χ 10"4 

(2.2 Χ 10" 3) b 

In order to estimate the contribution of the niobium chunks to the 
total deposit, it is also necessary to know the distribution of chunk sizes. 
Since only relatively few chunks are observed for the various types of 
niobium surfaces, the size distribution of the chunks is poorly known. 
Table I lists some ranges for the average chunk diameters which are 
typically observed. Some extreme values reported earlier (13) are 
indicated in the parenthesis. Since the chunks are irregular in shape, 
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3. DuszA E T A L . Neutron Sputtering of Solids 77 

of Chunk Deposits and Sputtering Yields 
Irradiation of Nb (34) 

Surface Conditions 

Annealed for 2 hr 
at 1200°C in high 
vacuum, electropolished targets (TypeD) 

Annealed for 2 hr 
at 1200e C in high Monocrystalline 
vacuum, electropolished Nb (111) 

targets (Type C) 
( ~ 2pm micro finish) 

( ~ 0.5ym micro-
finish) 

electropolished targets 
(Type Ε) (~ 0.5μΜ 
microfinish) 

4.6 Χ ΙΟ 1 5 

0-20 (100) b 

4.3 Χ ΙΟ1 5 

0-10 (40) 6 

1.69 Χ ΙΟ1 5 

0 

0.3-1 0.05-1 

100% : 0.3-1/im 100% : 0.05-1/tm — 

< 2 Χ 10" 4-5 Χ 10"4 < 2 Χ 10" 4-5 Χ ΙΟ"4 < 2 Χ ΙΟ"4 

0-2 χ ΙΟ"5 

(1 Χ ΙΟ" 4) 5 

0-7 Χ ΙΟ"6 

(2.8 Χ ΙΟ"4) * 

< 2 χ 10"5-5.2 Χ ΙΟ"4 

(6 Χ ΙΟ" 4) 6 

[5 Χ ΙΟ" 2] 0 

< 2 Χ 10"4-5.1 Χ ΙΟ"4 

(7.8 Χ ΙΟ" 4) b 

[ ΐ χ ι ο - 2 ] β 

< 2 Χ ΙΟ"4 

d The targets denoted here as types A and Β were erroneously reversed in Table 
II in Reference 13. For these two types of targets the inclusions (e.g., SiC, AI2O3 
particles) on the surface left from optical polishing are not completely removed by 
light etching or electropolishing. 

Journal of Nuclear Materials 

the average diameter of either a roughly spherical or cylindrical chunk 
is defined as the diameter of a circle whose area is equal to that of the 
projection of the chunk onto the surface plane. The chunks vary from 
~ 0.5/on to 5/i.m in average diameter (for example, see Figure 4) , the 
larger size chunks ( ~ 1 μΐη) being observed for the cold-worked samples 
having the roughest surface finish. Even small changes in the average 
radius of such chunks wi l l drastically influence the calculated volume 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

6 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
6-

01
58

.c
h0

03



78 R A D I A T I O N E F F E C T S O N S O L I D S U R F A C E S 

( oc r 3 ) and thereby the total number of atoms per chunk. Since both the 
chunk deposit density and the size distribution are poorly known, only 
crude estimates of the contribution by chunks to the total neutron sput
tering yield S n have been made. Table I lists ranges of neutron sputtering 
yield S c from chunk deposits alone. These values were obtained from the 
upper and lower limit values for the chunk deposit density and the chunk 
size distribution. The yield values listed in parenthesis were obtained 
from the extreme values for the chunk deposit density listed in paren
thesis and from the average chunk diameters. 

Table I also lists ranges for the contributions of fractional atomic 
layer deposits to the neutron sputtering yield. For the niobium targets 
listed, the estimated neutron sputtering yield S a from atomic deposits 
ranges from < 2 X 10~4 to 6 X 10~4 atom/neutron, but near streaks and 
patches, values as high as 8 X 10~3 atoms/neutron have been observed 
(15,16). To what extent this relatively high yield could have been 
caused by the deposition of atomic clusters and "mini" chunks with sizes 
below the detection ability ( ~ 100 A ) of the S E M is difficult to assess. 

Table I also lists ranges for the total yield S n from chunk deposits 
and atomic deposits. The upper and lower limits for the total yields were 
obtained by adding the upper and lower limit values for S c and S a , 
respectively. The yields marked by an asterisk were estimated for the 
extreme value of the chunk deposit contribution. The values in the 
brackets were quoted recently by Kaminsky et al. (14,15), in which a 
higher average chunk size value than the one used in Table I for the 
lower and upper limit values had been assumed. 

Estimate of Chunk Velocity. The average velocity ν of the chunks 
has been estimated (16) to be < 10 cm/sec. For chunks with a mass 
~ 8 χ 10" 1 1 g and ν = 10 cm/sec, the value of the kinetic energy Ε is 4 X 
10"9 ergs, a value which would correspond to about 0.5% of the energy 
deposited by a 600-keV recoiling niobium atom or about 1% of the dam
age energy. As pointed out earlier (13, 15, 16), the stored energy per 
volume of chunk (e.g., from cold rolling) can be several orders of magni
tude higher (the order of 10"4 ergs/chunk volume) than the energy de
posited by the primary recoil. 

Discussion of Additional Results. The results of Kaminsky et al. 
(13, 15, 16, 34) discussed above indicate that chunk emission from nio
bium under 14.1-MeV neutron irradiation is a rare event and that it 
appears to depend upon stresses and certain surface microstructures (e.g., 
microprotrusions ) on the surface. A model for chunk emission that 
explains these observations qualitatively w i l l be discussed i n "Model 
for Chunk Emission," below. In order to ensure that the phenomenon 
of chunk emission is caused by D - T neutron irradiation and not by any 
contamination or mechanical handling, blank experiments were per-
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3. D U S Z A E T A L . Neutron Sputtering of Solids 79 

formed by Kaminsky et al. (16, 34). Blank samples of cold-worked 
niobium and cold-worked vanadium of the type used in these experi
ments, together with highly polished silicon (111) collectors, were 
mounted in the ultrahigh-vacuum transfer chamber (used for the 
transport from L L L to A N L ) in the same way as the actual target-
collector assembly. These blank samples were transported, together with 
the irradiated samples, under identical conditions. For several irradiation 
runs an accelerometer was attached to the support frame of the transfer 
chamber to register possible shocks and vibrations to which the assembly 
might be exposed during transport. For a typical transport from L L L to 
A N L only 39 shocks of 0.5-2.5 g acceleration (vertical direction) and 71 
shocks of 0.5-2.5 g acceleration (horizontal direction) were measured. 
The sensitivity of the accelerometer was such that shocks of 0.25-g accel
eration with frequencies up to 100 H z in both the vertical and the hori
zontal direction could be detected. It was determined in independent 
experiments using cold-rolled niobium and vanadium samples and silicon 
(111) collectors mounted in a chamber which was held at ultrahigh 
vacuum that shocks of the number and magnitude listed above did not 
release any chunks. 

Behrisch et al. (18) also measured D - T neutron sputtering yields 
for cold-rolled niobium and gold with an unspecified surface finish. 
Silicon collectors were placed on either side of the target foils and the 
target-collector assembly was irradiated with D - T neutrons at the U n i 
versity of Mainz, West Germany. The vacuum in the chamber containing 
the target-collector assembly was in the 10"9-torr range, and the total 
neutron doses were 1.9 Χ 10 1 4 neutrons/cm 2 for gold and 1.0 Χ 10 1 4 

neutrons/cm 2 for niobium. These doses are two orders of magnitude 
lower than the maximum dose used by Kaminsky et al. (34). Neutron 
activation analysis of the sputtered gold deposits gave sputtering yields 
of 3.3 Χ 10"4 atom/neutron and 2.6 X 10' 4 atom/neutron for forward and 
backward sputtering, respectively. For niobium, only the 9 2 N b isotope 
from the (n, 2n) reaction deposited on the collector was measured, and 
a yield for niobium from the (n, 2n) reaction, sometimes referred to as 
sputtering yield from radioactive recoil atoms (38), of 7.8 X 10' 8 atom/ 
neutron was reported (18). The collectors were examined only in S E M 
(magnification and area scanned were not specified), and no chunks 
were detected. However, since the surface condition of the niobium 
target used in the experiments was not reported (e.g., the degree of 
surface finish and the extent of microprotrusions present on the surface), 
it is difficult to know whether one should expect chunk emission from 
such a surface. Moreover, since the neutron fluence was very low com
pared with the experiments conducted in Ref. 34, the probability of 
chunk emission would be correspondingly low. 
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80 RADIATION E F F E C T S ON SOLID SURFACES 

Harling et al. (17,36) also investigated D - T neutron sputtering of 
niobium targets with different surface finish and of annealed gold targets. 
The targets and high purity silicon collectors were irradiated with the 
R T N S at L L L to total fluences ranging from 5 Χ 10 1 4 neutrons/cm 2 to 
2.6 X l O 1 6 neutrons/cm 2 , the vacuum in the target-collector chamber 
being in the range ΙΟ^-ΙΟ^ torr range. Sputtered deposits on most of the 
collectors were analyzed by N A A . For several collectors containing nio
bium deposits, S E M analysis was also carried out. A total area of 1 cm 2 

was scanned at 300X on two separate collectors which faced the cold-
worked niobium targets, and the authors failed to detect any niobium 
chunks larger than ~ 0.5 μΐη. The authors quote ranges for total sputter
ing yields for different types of niobium targets, for forward and back
ward directions. For example, for their niobium I target (Marz grade, 
cold-worked niobium, mechanically polished and electropolished, surface 
roughness 1-5 fim), they quoted ranges of sputtering yield of 1.1 Χ 10" 5 -
5.9 Χ 10"4 atom/neutron (forward direction) and of 1.5 Χ 10"5-1.3 Χ 10"3 

(backward direction). For a cold-rolled, chemically etched (~ 10μχη 
removed per surface) niobium target (niobium I I ) , the sputtering yields 
ranged from 6.4 Χ 10"5 tb < 2.3 Χ 10"4 atom/neutron for forward sput
tering and from < 4.4 Χ 10"5 to < 1.0 Χ 10"3 atom/neutron for backward 
sputtering. A niobium target of type A (see Table I) used in the experi
ments by Kaminsky et al. (13, 34) was also included in their runs; no 
niobium chunks were observed by S E M analysis ( 1.2 cm 2 collector area 
scanned at 1000X), and a value of < 6 Χ 10* atom/neutron was reported 
for backward sputtering. 

More recently, the emission of chunks from cold-rolled niobium 
surfaces (of type A in Table I used by Kaminsky et al. ( 13, 34) ) under 
14.1-MeV neutron irradiation has been confirmed in observations made 
by Cafasso et al. (37) and Meisenheimer (38). Meisenheimer later 
reported (41) the observation of 39 niobium chunks/cm 2 with an aver
age diameter of 2μτη for niobium target which would correspond to 
a type A target in Table I. A total neutron sputtering yield of 1.45 X 
10' 4 atom/neutron was given. Both the values for the chunk density 
and the total neutron sputtering yield fall within the ranges of values 
given in Table I for type A targets. Both authors used I M M A in addition 
to S E M analysis to detect chunks. Meisenheimer (38) also observed 
nonhomogeneous deposits of niobium on a silicon collector (i.e., patches 
containing a high concentration of niobium) similar to those observed 
by Kaminsky et al. (15). The failure to observe niobium chunks from 
type A target in Table I in the experiments by Harling et al. (17) may 
in part be caused by the detection techniques used. Neutron activation 
analysis without autoradiography allows one to determine the total 
amount of sputtered deposits but not to determine the spatial distribu-
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3. DUSZA E T A L . Neutron Sputtering of Solids 81 

tion and the type of such deposits (chunks or atomic). While it should 
be possible to detect ^0.5-ftm diameter chunks in S E M at 1000X 
magnification, a few chunks of this diameter present on the entire col
lector surface may be readily overlooked during scanning because of 
their small size. A t this magnification the chunk diameter w i l l appear 
as 0.5 mm. On the other hand, in I M M A one can readily obtain sec
ondary ion images of very small chunks (~ 0.2 μτη), even if one scans 
at a much lower magnification ( ~ 250X), as shown earlier in Figure Id. 

The absence of chunk emission from heavily etched cold-rolled 
niobium targets used by Harling et al. (17, 36) is not very surprising in 
the light of the results of Kaminsky et al. (13, 34), since as the surfaces 
become smoother and less stressed the chunk emission disappears. From 
the results on D - T neutron sputtering of niobium described above, it 
appears that chunk emission is very likely limited to stressed surface 
regions having protrusions. As is discussed later, such surface conditions 
appear necessary for chunk emission according to a model of chunk 
emission. 

Neutrons from the (àJBe) Reaction 

The 9 Be (d, n) reaction has been used as a fast neutron source. A 
cyclotron is generally used to produce high energy deuterons which 
then strike a beryllium target. Unlike the D - T neutrons, the D-Be 
neutrons have a broad neutron energy distribution which depends on 
the incident deuteron energy. Furthermore, the D-Be neutrons have an 
anisotropic angular distribution which is strongly peaked parallel to the 
direction of the incident beam. 

Jenkins et al. (26) used D-Be neutrons [using 40-MeV deuterons 
from the Oak Ridge cyclotron ( O R I C ) ] for sputtering from monocrystal-
line niobium, from discharge-machined monocrystalline niobium and 
from two types of gold targets, one type in the as-rolled condition, the 
other electropolished. The neutron energy spectrum had an intensity peak 
at ~ 15 M e V , and the targets received an integrated fluence of 2.4 X 
10 1 6-3.5 χ 10 1 6 neutrons/cm 2 for niobium and 2.3 Χ 10 1 6-4.0 Χ 10 1 6 neu
trons/cm 2 for gold. High purity silicon discs were used as collectors, and 
the vacuum in the target chamber was in the 10"9-torr range. The 
sputtering yields for both types of gold were measured by N A A , and 
only upper limits of the total sputtering yield values were given. The 
yield values for both types of gold targets were < 7 Χ 10"5 atom/neutron 
for forward sputtering and < 3 X 10"5 (for electropolished gold) and 
< 1.3 Χ 10~4 (for cold-rolled gold) for backward sputtering. The collec
tors facing the niobium targets were examined by mass spectroscopy and 
by backscattering using 36.7-MeV argon ions, and no niobium deposits 
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82 RADIATION E F F E C T S ON SOLID SURFACES 

were detected. The upper limit for sputtering yields has been estimated 
from the neutron fluence and from the detection sensitivities of the tech
niques used and is given as < 3 χ 10"5 atom/neutron for both forward 
and backward sputtering. They examined the collectors for niobium 
chunks by optical and electron microscopy and did not observe any 
chunks. Neither the magnification nor the area scanned were reported. 
The absence of chunk emission from monocrystalline niobium surfaces 
irradiated with D-Be neutrons is similar to the results obtained by Kamin
sky et al. (13, 34) on D - T neutrons. In the case of discharge-machined 
monocrystalline niobium it is difficult to assess whether the surface 
stresses and the surface roughness (e.g., existence of protrusions) are 
high enough for chunk emission or not. 

More recently, Jenkins, et al. (42) reported (d, Be)-neutron sput
tering yields for type A niobium targets (see Table I) of < 5.6 Χ 10"5 

atom/neutron (forward direction) and < 4.0 Χ 10"5 atom/neutron 
(backward direction). Chunk deposits were not observed. 

Table II. Fast Neutron Sputtering Yields for Different Metals 

Neutron 
Source 

2 3 5 U Battelle Research Reactor 
Fission Bulk Shielding Reactor, 

O R N L 
C P - 5 , A N L 
Battelle Research Reactor 

Target Metal* 

A u 
A u 

A u (monocrystal) 
Fe 
Fe 

(at 200°-340°C) 

Neutron 
Energyb 

spectrum 

P u - B e 

D - B e (40-MeV D + , cyclotron) 

(average 
~ 2.0 MeV) 

mean ~ 4.2 

spectrum 
[0-35 M e V 

peak ~ 15 M e V ] 

A u 

A u 
(electropolished) 

A u 
(cold-rolled) 

Nb 
(monocrystalline) 

Nb 
(discharge 
machined) 

β All targets are polycrystalline unless stated otherwise. 
6 Only neutrons with energies larger than 0.1 M e V were considered as contribut

ing to sputtering and accounted for in the total dose value quoted. The maximum 
neutron energy can go up to 7 MeV, but the fluence at the high energy tail is 2-3 
orders of magnitude smaller than at 0.1 MeV. 

c Revised to 1.8 X 10~5 atom/neutron {32). 
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3. D U S Z A E T A L . Neutron Sputtering of Solids 83 

Summary of Experimental Neutron Sputtering Yields 

The sputtering yield values for metals irradiated with neutrons 
having a broad energy spectrum are summarized in Table II, whereas 
those for nearly monoenergetic D - T neutrons are listed in Table III. 
The scatter in the experimental sputtering yields S n for gold, one of the 
most widely studied metals, is very large. For example, for neutrons 
from fission reactors total sputtering yields for gold range from 1.8 X 
10"6 atom/neutron (24) to 6 Χ 10"3 atom/neutron (25). Since many of 
the earlier experiments may have suffered from collector contamination 
with the target material (no blank experiments were reported), the 
more recent experiments are considered more reliable. The most prob
able forward sputtering yield for gold with 14.1-MeV neutrons is in the 
range 1.2 Χ 10' 5-4.5 Χ 10"4 atom/neutron ( 17). For 14.1-MeV neutron 
sputtering of niobium, there is a somewhat better agreement between 
the reported S n values for targets of comparable surface finish and micro-
structure. For example, for a cold-rolled, lightly etched, niobium surface 

Irradiated with Neutrons from Fission Processes and the (dfie) Reaction 

Neutron Dose Sputtering Yield S„ 
( neutrons/cm2) (atom/neutron) Reference 

4 Χ 10 1 7 (1.0 ± 0.3) Χ 10"4 21 
not stated (1.83 ± .56) X 10"e η 

2.1 χ 10 1 7-5.5 Χ 10 1 7 1 Χ 10"3-6 X 10" 3 ' 25 
2 χ 10 1 8 (5.7 ± 0.8) Χ 10"3 SO 

4.5 ± 0.7 Χ ΙΟ" 3 4 31 
7.8 Χ 10 1 8-1.4 Χ 10 1 9 3 Χ 10"3-8 Χ 10"3 31 

3.6 Χ 10 n -7.3 Χ 10 1 1 0.5* 22 

4 Χ 10 1 6 < 7 X 10" 5 ' , < 3 X 10" 5 ' 

2.5 X 10 , e < 7 X 10" 5 ' , < 1.3 X 10- 4 ' 

3.5 X 10 1 6 < 3 X 10" 5 ' 

3.3 Χ ΙΟ 1 6 < 3 X l O " 5 ' - ' 
d Revised value of the one in Ref. 30. 
' T h e same authors later suggested {23) that there may have been large sys

tematic errors in this value. 
1 Forward sputtering yield. 
* Backward sputtering yield. 
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84 RADIATION E F F E C T S ON SOLID SURFACES 

Table III. Summary of (d,t) Neutron 
Neutron Dose 

Target Metal* (neutrons/cm2) 

A u (monocrystalline) 2.3 Χ 10 1 3 

A u 2.4 Χ 10 1 3 

A u 1.9 Χ 10 1 4 

A u (annealed) 5 Χ 10 1 4-2.6 Χ 10 1 6 

N b (cold-rolled, lightly etched, 5-10 μτη micro- 5 Χ 10 1 5-1.5 Χ 10 1 6 

finish) 
5 Χ 10 1 5 

N b (cold-rolled, lightly electropolished, ~ 5 ^m 4.6 Χ 10 1 5 

microfinish) 
N b (annealed, electropolished) 4.3-4.6 Χ 10 1 5 

N b (monocrystalline) 1.7 Χ 10 1 5 

N b (cold-rolled, electropolished, 1-5 /am micro- 5 Χ 10 1 4-2.6 Χ 10 1 6 

finish) 
N b (cold-rolled, heavily etched, 1-4 μτη micro- 5 Χ 10 1 4-2.6 Χ 10 1 6 

finish) 
N b (cold-rolled, lightly etched, 1-4 μνη micro- 5 Χ 10 1 4-2.6 Χ 10 1 6 

finish) 
β The mean energy of neutrons is 14.1 MeV. 
6 All targets are polycrystalline metals unless stated otherwise. 
c Backward sputtering yield. 

( ~ 5-10μχη microfinish) values of S n ranging from < 2 Χ 10"4 to 7.6 X 
10"4 atom/neutron (34) and < 6 X 10' 5 atom/neutron (17) have been 
reported. For the case of cold-rolled, electropolished niobium, values of 
S n ranging from < 2 X 10 - 4 to 1.7 Χ 10"3 atom/neutron (34) and 1.1 X 
10"5 to 5.9 Χ 10"4 atom/neutron (17) have been reported. In the fol
lowing section the experimental sputtering yield values w i l l be compared 
with some theoretical estimates. 

Theoretical Estimates of Fast Neutron Sputtering Yields 

Most of the theoretical treatments of neutron sputtering are based 
on the concept of neutron-induced displacement collision cascades, a con
cept which has also been used for the treatment of ion sputtering. The 
existing theories (43, 44, 45) used to describe neutron sputtering do not 
take into account the surface topography, such as surface roughness or 
microprotrusions on the surface and the nature and amount of stresses 
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3. DUSZA E T A L . Neutron Sputtering of Solids 85 

Sputtering Yields for Different Metalsα 

Reference 
Sputtering Yield S n (atom/neutron) 

3 X 10' 3 33 

< 6 Χ 10"4 23 

3 . 3 X l 0 " 4 % 2 . 6 X l 0 - 4 e 18 

2.5 Χ 10"5-4.5 X 10" 4 e , 1.2 χ 10"5-2.0 X 10" 4 e 17 

< 2 X l (r 4 -7 .6 X 1 0 4 (2.2 Χ 10" 3) c [includes contribution 34 
from chunk deposits of 5 Χ 10"5-1.6 Χ 10"4 (1.6 Χ 10" 3) c] 

< 6 Χ 10"5 17 
< 2 Χ 10 4 -1.7 Χ 1 0 3 (3.7 Χ 10 ' 2 ) d [includes contribution 15,16,34 

from chunks of 0-1.1 Χ 10"3 (3.6 Χ 10" 2) d] 
< 2 χ 10"4-5.2 X lO ' 4 (6-8 Χ 10" 4) d [contribution 17 

from chunks, 0-2 Χ 10"5 (1-3 Χ 10" 4) d] 
< 2 Χ 10"4 

1.1 χ 10"5-5.9 X 10"4% 1.5 Χ 10"5-1.3 X l O ' 3 0 17 

6.4 χ 10" 5 - < 2.3 X 10" 4 e , < 4.4 Χ 10" 5 - < 1.0 X 10" 3 c 17 

< 3 . 6 X l 0 - 5 e , 8 . 5 X l 0 " 4 c 17 

d These are highest values observed in a run. 
β Forward sputtering yield. 

in near-surface regions, which can significantly influence the neutron 
sputtering process as shown experimentally (34). Only very recently 
has the surface topography been considered in ion sputtering theories 
(46). W e wi l l first consider some of the neutron sputtering theories 
which are based on the concept of displacement collision cascades and 
discuss some of the deficiencies of these theories. 

Taimuty (43) provided one of the earliest theoretical estimates of 
fast (fission) neutron sputtering yields by adapting the theory of sput
tering by high energy ions developed by Goldman and Simon (47). The 
neutron sputtering yield S n was given as: 

Q 017 ν , Λ ΑΕΛ 
^ - 7 & ^ * A \ } ~ T E ; ) ( 3 ) 

where ν is the average number of secondary displacements per primary 
knock-on atom, σ<ι is the average fast neutron scattering cross section 
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leading to displacements, A is the atomic weight of the irradiated mate
rial, E<i is the threshold energy for an atomic displacement, R is the 
distance of closest approach in hard sphere collisions between displaced 
atoms and lattice atoms at rest, and En is the average neutron energy. 
W i t h certain assumptions about the value of the various parameters 
Taimuty (43) estimated a sputtering yield value of 1.4 Χ 10"6 atom/ 
neutron for copper irradiated with fission neutrons. Taimuty's estimate 
agrees within a factor of 10 with the one (45) based on Sigmunds 
sputtering theory, (44) as wi l l be discussed in the following. 

In a theory for ion sputtering Brandt and Laubert (48) suggested 
that the number of sputtered atoms is proportional to the number of 
secondary displaced atoms formed by primary knock-on atoms and is 
also proportional to the ratio of the mean range of the displaced atoms 
to the depth of penetration of the particle at which the primary knock-on 
event occurs. Subsequently, Sigmund (44) developed an ion sputtering 
theory which also used the concept that the release of sputtered particles 
is a result of the formation of atomic collision cascades. He applied 
transport theory to describe the formation of such cascades. His theory 
was extended to include sputtering of a target by energetic neutrons via 
sufficiently energetic recoil atoms in collision cascades. The primary 
recoil atoms are produced by elastic collisions between energetic neutrons 
and lattice atoms. The energy deposited into damage μ (Ε) in a thin 
region near the target surface is calculated. The energy lost by electronic 
excitation is excluded. Then the sputtering yield S n for fast neutrons is 
given by the formula (44) : 

where α is a constant which takes into account the fact that part of the 
energy is not deposited inside the target surface, Λ is a parameter de
pendent on the property of the target material and the state of the 
surface, Ν is the atomic density (number of atoms/cm 3) of the target, 
σ ( E n ) is the total cross section for the production of displaced atoms by 
neutrons with energy E n , and (μ(Ε)) is the average of the energy 
deposited into damage over the spectrum of recoil energies. The 
parameter Λ is given by: 

where the constant C c (which depends on the interaction potential of 
the target atoms ) is given by: 

Sn — aANa(En)fr(E)) (4) 

J 1 _ 
(5) 

ο 

C 0 — 2 Λ<>ΰ2 (6) 
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3. D U S Z A E T A L . Neutron Sputtering of Solids 87 

which for λ 0 = 24 and a — 0.219 À yields: 

C 0 — 1.8 [ A ] 2 (7) 

The parameter U0 is the surface binding energy, which for metals can be 
taken to be equal to the cohesive energy or equal to the heat of sublima
tion. The terms σ(Εη) and (μ(Ε)) have often been combined into 
one parameter (σΕΌ) called "specific damage energy" (8) or "damage 
energy cross section" (49, 50), where the "damage energy" E D is the 
energy available for displacements and has been estimated by several 
authors (8, 49, 50) for different materials and for different neutron 
energies using available neutron cross section data from E N D F / B files. 
(Evaluated Nuclear Data Fi le , National Neutron Cross Section Center, 
Brookhaven National Laboratory, Upton, N.Y., available on magnetic 
tapes.) Thus, we can write: 

The values of the factor a have been given by Sigmund (44) as follows; 
for forward sputtering a 1, for backward sputtering a « 0.06, and for 
sputtering with random neutrons (e.g., a target immersed in an isotropic 
flux of neutrons in the core of a reactor) « « 2 . Table I V lists some 
theoretical sputtering yields for several metals for 14-MeV neutrons, 

Table IV. Fast Neutron Sputtering Yields for Some Materials 
Calculated Using Sigmund's Theory 

Sputtering Yields Sw (atom/neutron) 
(σΕο)" Random S„ 

for 14-MeV for23STJ 
Neutrons Fission 

Target U0° (ev — cm2 Forward S„ for Neutron 
Metal (ev/atom) X 10*°) 14-MeV Neutrons' Spectrum* 

C 7.4 4.26 (2.8) 2.4 X 10"e (1.6 Χ 10"e) — 
A l 3.36 16.4 (17.5) 2.1 X 1 0 s (2.2 Χ 10"5) 2.4 Χ 10"5 

T i 4.89 19.8 1.7 X Iff* — 
V 5.33 23.7 1.9 Χ 10"5 — 
C u 3.52 (25.3) (3.0 Χ 10"5) 1.9 Χ 10"5 

N b 7.59 27.3 (24.5) 1.5 Χ 10"5 (1.4 X 10'5) 8.9 Χ ΙΟ"6 

A u 3.80 (18.2) (2.0 Χ 10"5) 1.1 χ ΙΟ"5 

" F r o m Ref. 61. 
6 Values from Parkin et al. (60) ; values in parentheses from Robinson (8). 
e Values in parenthesis were calculated using the <σΕτ>> values given by Robin

son (8) ; others were calculated using <*2?D> values given by Parkin et al. (SO). 
* Calculated by Robinson in Ref. 45. 
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88 R A D I A T I O N E F F E C T S O N S O L I D S U R F A C E S 

using Equation 6 together with published data on specific damage energy 
(8, 50) and the heat of sublimation (51 ) at 298°K. The sputtering yields 
for fission neutrons listed in Table I V were calculated by Robinson (45) 
for a spherical target immersed in an isotropic flux of neutrons. 

It can be seen from Table IV that theoretical estimates of neutron 
sputtering yields using Sigmunds theory for 14-MeV neutrons and 2 3 5 U 
fission neutrons are generally lower than the experimental values listed 
in Tables II and III. For example, for 14.1-MeV neutron sputtering of 
gold the forward S n value (3.3 Χ 10"4 atom/neutron) reported by Beh-
risch et al. ( 18) and the upper limit of the range in S n (4.5 Χ 10"4 atom/ 
neutron) reported by Harling et al. (17) are more than an order of 
magnitude higher than the theoretically estimated value in Table I V 
(2.0 Χ 10"5 atom/neutron). The fission (reactor spectrum) neutron sput
tering yield for gold of 1 Χ 10~M> X 10~3 atom/neutron reported by Kirk 
et al. (25) is more than two orders of magnitude higher than the esti
mated theoretical sputtering yield of 1.1 Χ 10"5 atom/neutron (Table 
I V ) . Kirk et al. suspected an error in their values and tried to improve 
the accuracy of their values. The more recent value reported by Kirk 
(32) et al. is 1.8 Χ 10"5 atom/neutron. In the case of 14.1-MeV neutron 
sputtering of gold, the reported lower limit on S n values agrees somewhat 
better with the theoretical estimate. Similarly, for niobium the reported 
(16, 34) lower limit on sputtering yields agrees more closely with the 
theoretical estimate, whereas the upper limit values are more than one 
order of magnitude higher than estimated. Another theoretical estimate 
(11, 52) of S n for 14.1-MeV neutron sputtering of niobium, using a modi
fied theory of Pease (53), gave a value of S n « 6 χ 10"5 atom/neutron, 
which is a factor of four higher than estimated in Table I V using 
Sigmunds theory but is lower than the experimental values quoted in 
Ref. 34 for both cold-rolled and annealed niobium samples. 

Since the experimental values of S n are higher than the theoretical 
estimates based on the collision cascade concepts discussed above, the 
application of a "thermal spike" concept (see Ref. 54) to estimate neu
tron sputtering yields has been considered (18, 45). It has been shown 
(18, 45) that use of thermal spikes can yield values of S n that are greater 
than those obtained, for example, by Sigmunds theory. For fission-
neutron sputtering of gold (assuming a mean neutron energy of 2 M e V 
(45)), the use of a thermal spike theory yields a value of S n as large as 
3 X 10~4 atom/neutron (cf. 1.1 X 10' 5 atom/neutron in Table I V ) . 

Sigmunds theory predicts a backward sputtering yield that is ~ 
l / 17 th of the forward sputtering yield, whereas the experimental yield 
values listed in Table III do not show any significant difference. In fact, 
in one case a higher yield value has been reported (17) for backward 
sputtering (see Table III for niobium) than for forward sputtering. The 
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3. DUSZA E T A L . Neutron Sputtering of Solids 89 

surface condition of the target (e.g., microprotrusions or surface stresses 
in annealed vs. cold-worked targets) is not considered in Sigmund's 
theory. Moreover, the inhomogeneity observed in the spatial distribution 
of sputtered deposits of niobium ( e.g., patches, streaks ) on the collector 
surfaces cannot be explained by the sputtering theories based on dis
placement collision cascade concepts. The phenomenon of chunk ejection 
from niobium surfaces during 14.1-MeV neutron irradiation also cannot 
be explained by these theories. Dynamic interference between cascades 
has been considered by Robinson (45), but his estimates show that one 
cannot account for the ejection of chunks by such interference. 

Model for Chunk Emission 

Kaminsky et al. suggested (15) that the energy deposited by 14.1-
M e V neutrons could lead to localized thermal spikes which in turn 
could cause the generation of shock waves. These shock waves in near-
surface regions could set up stresses large enough to release stored 
energy by initiating submicroscopic cracks or by propagating already 
existing microcracks, and thus cause the emission of chunks. J . Beeler 
(55) and J . E . Robinson (56) suggested independently that the existence 
of shock waves in near-surface regions of rough and stressed ("technical") 
surfaces could lead to chunk ejection. Guinan (40) investigated theo
retically to what extent shock waves and transient thermal stresses 
generated by 14.1-MeV neutron impact-induced collision cascades can 
account for the phenomenon of chunk emission. He found that substan
tial transient thermal and shock stresses can be generated by collision 
cascades initiated by primary knock-on atoms ( P K A ) with maximum 
energies of 600 keV and mean energies of 180 keV for the case of 
14.1-MeV neutron impact on niobium. However, the energy available in 
transient thermal stresses and the duration («=* 10' 1 2 sec) of the radiating 
shock pulse are insufficient to create micron-size cracks and the release 
of large size chunks. In a later publication Weertman (57) also assessed 
the possibility of creating microcracks by the energy supplied by the 
collision cascades. His calculations showed that the growth of an existing 
crack in a stress free surface would be very limited if one assumed that 
the energy needed for crack growth would be supplied by the collision 
cascades alone. 

Guinan (40), however, pointed out that a collision cascade resulting 
from a single 14.1-MeV neutron collision event can produce large enough 
local stresses and nucleate a penny-shaped crack of the size of the 
cascade by fulfilling the Griffith criterion: 

a2L = C (9) 
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90 RADIATION E F F E C T S ON SOLID SURFACES 

where σ is the tensile stress, L is the crack length, and C is a constant. The 
cascade size w i l l depend on the P K A energy, and in niobium for P K A 
energies above 150 keV, the predicted cascade volume is ~ 60% of a 
sphere with diameter R p (i.e., projected range R p of P K A ) . Guinan (40) 
showed that if such a penny-crack is nucleated near (within 100-200 À ) 
the head of a dislocation group having a long range stress field, (e.g., 
unstressed single-ended dislocation pile-ups or a dislocation climb con
figuration at a discontinuous subboundary) the crack can grow almost 
as long as the size of the dislocation group, provided that the Griffith 
criterion is initially satisfied. In other words, the collision cascade pro
vides a trigger for the release of stored internal energy, as was speculated 
earlier (15). Figure 5 illustrates schematically how crack growth can 
occur in the presence of an unstressed single dislocation pileup and lead 
to chunk emission, for example, from a protrusion. In cold-rolled samples 
the presence of macroscopic tensile stresses can help to extend the crack 
considerable distances towards the surface. Thus, the size of the chunk 
w i l l vary depending on where the crack nucleated in a protrusion on the 
surface (Figure 5b). More recently, Robinson, et al. (58), have extended 
Guinan's model to provide arguments for the dependence of chunk emis
sion on protrusions or steps on the surface. They also suggested oxide 
intrusions as an alternative source for large internal stresses. 

The development of shock waves and thermal stresses w i l l depend 
strongly on the damage energy density (i.e., the damage energy/unit 
volume) of the cascade. Guinan (40) estimated the magnitude of radial 
and tangential stresses as a function of cascade radius for different initial 
damage energy densities. From linear elastic analysis it was shown that 
the combination of developing thermal stresses and outgoing shock waves 
could produce a penny-crack with a diameter slightly larger than the 
cascade for energy densities > 0.5 eV/atom. In the presence of exter
nally aided stresses the required energy density reduces to ~ 0.25 e V / 
atom. Guinan (40) showed that such damage energy densities can 
indeed be obtained readily in the case of 14.1-MeV neutron irradiation 
of niobium ( e.g., for a P K A energy of 100 keV, the energy density is 0.33 
eV/atom for a random collision cascade). 

In order to account for the more typical number of chunks, for 
example 30 /cm 2 observed for cold-rolled niobium in Table I, a minimum 
of 30 dislocation groups/cm 2 would be required within approximately 
3 μτη of the surface (taking a 3-μτη diameter chunk). A density of 1 Χ 105 

groups/cm 3 containing a total dislocation density of 4 Χ 102 l ines /cm 2 

would be adequate. Assuming 40 dislocations/group with a length of 
each dislocation of 1 /mi, a dislocation spacing of 250 A gives a length of 
1 μτη for the dislocation group. Such dislocation density appears highly 
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3. DuszA E T A L . Neutron Sputtering of Solids 91 

plausible, since it represents only a small fraction (4 Χ 10"9) of the total 
dislocation density of ~ 10 1 1 l ines /cm 2 in cold-rolled niobium and a frac
tion of (~ 4 Χ 10"6) of the dislocation density of ~ 10 8 l ines /cm 2 for 
annealed niobium. 

14 MeV 
NEUTRON 

(a) 

PRIMARY 
RECOIL 

Nb atom 
(-600 keV) 

+ W _ SHOCK 
) WAVES 

• VACANCY 
+ INTERSTITIAL 

[COLD-ROLLED POLYCRYSTALLINE NIOBIUM 

Figure 5. Schematic diagrams showing (a) generation of shock waves in a 
collision cascade formed near the end of the range of PKA and (b) nucleation 
of a penny-crack at the head of an unstressed single dislocation pileup present 
in a protrusion on the niobium surface. The penny-crack can grow, and the 

protrusion can be ejected. 

Another important consideration deals with the momentum required 
for a chunk to reach the collector surface. Guinan (40) pointed out that 
the energy stored in a dislocation group could be released as surface free 
energy during crack propagation, and as much as one fourth of the 
stored energy could be converted directly to kinetic energy normal to the 
direction of the crack. For a crack covering an area of 10"8 cm 2 , this 
could amount to a momentum transfer of 10~8 g cm/sec. For a niobium 
chunk of 1-μτη diameter this would give a velocity of 2.2 Χ 103 cm/sec— 
a velocity which is several orders of magnitude higher than the one 
estimated from experimental observations ( £ 1 0 cm/sec) (16). In other 
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92 RADIATION E F F E C T S ON SOLID SURFACES 

words, there is more than enough momentum available for the transfer of 
the chunk from the target to the collector. 

For the same type of cold-rolled and rough niobium surfaces (e.g., 
target types A and Β in Table I ) , chunk emission should also be observ
able under ion irradiation which simulates the P K A spectrum of 14.1-
M e V neutrons for the higher P K A energy region. The P K A spectrum 
induced by 16.4-MeV protons in niobium is very similar to that for 
14.1-MeV neutrons for the high energy region (E £ 80 keV) of the P K A 
spectrum (60). 

Attempts have been made by Logan et al. (61) and Robinson et al. 
(62) to observe chunk emission from niobium under 16-MeV protons. 
These authors failed to observe chunk emission, but the proton sput
tering yields for niobium reported by them were < 10"4 atom/proton, 
which are close to the lower limit values of the ranges of 14.1-MeV 
neutron sputtering yields given in Table III. To what extent differences 
in irradiation conditions and detection techniques in the proton sput
tering experiments and in the 14.1-MeV neutron sputtering experiments 
in which chunk emission was observed are responsible for the difference 
in the results in the two types of experiments is difficult to assess at 
this time. 

In this connection the emission of atom clusters and chunks from 
uranium and uranium dioxide, respectively, during passage of fission 
fragments which can form during irradiation with thermal neutrons 
should be mentioned. Rogers and Adam (63) and Rogers (64, 65, 66) 
observed atom clusters containing up to a few thousand atoms ejected 
by the fission fragments from uranium metal and thin films of U O 2 . 
Subsequently, Nilsson (67, 68) reported ejection of uranium atoms by 
the fission fragments from sintered U O 2 and electropolished uranium 
metal, but he did not observe clusters. Later on Verghese and Piascik 
(69) provided evidence for ejection of uranium atom clusters by fission 
fragments from uranium metal. More recently Biersack et al . (70) re
ported ejection of chunks of ~ 0.5 μτη in diameter from a U 0 2 film by 
fission fragments. Blewitt et al . (71) investigated sputtering by fission 
fragments of niobium doped with 0.1 at % 2 3 5 U and irradiated with 
thermal neutrons. These authors did not observe ejection of particles 
with sizes larger than 0.1 μία. They feel that with their detection tech
niques, they should have been able to detect particles of such sizes. It 
has been argued by Blewitt et al. (71 ) that since the energy of the fission 
fragments (167 M e V divided between two fission fragments) and the 
number of fission events is higher in their experiments than the corre
sponding maximum P K A energy and the number of primary knock-on 
events during 14.1-MeV neutron irradiation of niobium, one should be 
able to observe emission of niobium chunks in their experiments. H o w -
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3. DUSZA E T A L . Neutron Sputtering of Solids 93 

ever, puinan pointed out (40) that it is not the initial energy of the 
primary recoil, but the damage energy density (energy deposited into 
damage/unit volume) that is important for nucleation of cracks and sub
sequent chunk emission. For the case of fission fragments from uranium 
moving in niobium, preliminary estimates by Guinan (72) indicate that 
the energy deposited into damage is ~ 7 M e V , and that only towards 
the end of the range of the fission fragment the niobium recoil atom 
spectrum is similar to that induced by 14.1-MeV neutron irradiation 
of niobium. In the initial portion of the path of the fission fragment most 
of the energy loss w i l l result from electronic excitation and low angle 
collisions without causing any displacements. Some recent calculations 
by Marwick (73) for 33-MeV niobium (its mass is comparable with that 
of one of the fission fragments) irradiation of niobium, the P K A spectrum 
near the end of the range ( at depth of 4 /im, the range of 33-MeV niobium 
ion in niobium being ~4Αμΐη) is very similar to that expected from 
14.1-MeV neutron irradiation of niobium for high recoil energies ( > 10 
keV) . Because these recoil spectra are similar only near the end of the 
range of such heavy projectiles in niobium, one can expect damage 
energy densities comparable only in this range with those formed by 
14.1-MeV neutrons. 

Conclusions 

The upper limit values of 14.1-MeV neutron sputtering yields for 
gold and niobium surfaces of different microstructures quoted by several 
authors are about one to two orders of magnitude ( ~ 10" 4-10' 3 atom/ 
neutron) larger than calculated values (~ 10"5 atom/neutron) based on 
theories using the concept of displacement collision cascades. In turn, 
several of the lower limit values are of the same order of magnitude as 
such theoretical estimates. These findings indicate the existing uncer
tainty in the experimentally determined yields and the difficulty in 
assessing the validity of the theoretical estimates. The yield values 
reported for fission neutron sputtering of gold and iron surfaces with 
different microstructures are also one to two orders of magnitude higher 
than the theoretically estimated ones. Some of the earlier reported yields 
with values of > > 10"3 atom/neutron for both fission and (d, t)-neutron 
sputtering may have suffered from contamination of the collectors with 
the target material. 

In recent studies of 14.1-MeV neutron sputtering of cold-rolled and 
annealed niobium surfaces with coarse surface finishes (technical sur
faces), two types of deposits were discovered on collector surfaces facing 
the irradiated targets. One type appeared as a fractional atom layer 
covering the surface, the other in the form of chunks. The observation 
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that the number of chunks/unit collector area and the average chunk 
size was larger for cold-rolled samples than for annealed ones and that 
no chunks were observed for a monocrystalline sample suggested that 
stresses in the surface regions affected chunk emission. In addition, a 
comparison of the sputtering results for samples with different surface 
roughness revealed that those with a coarser surface finish emitted more 
chunks. The chunk emission appears to be a relatively rare phenomena 
compared with the total number of neutron events occurring in near-
surface regions. The contribution of chunks to the total neutron sput
tering yield can range from being insignificant to being larger than the 
contribution from atomic layer deposits. 

Chunk emission has been observed by several different authors for 
14.1-MeV neutron irradiation of rough and stressed niobium surfaces. 
However, it has not been observed by other authors using either 14.1-
M e V neutrons, neutrons from the (d, Be)-reaction, or 16-MeV protons for 
niobium surfaces with similar or different microstructures. A model for 
the emission of chunks has been offered by Guinan. He showed, that 
stressed surfaces which contain sufficient concentrations of certain types 
of defects (e.g., unstressed single-ended dislocation pile-ups) can emit 
chunks by triggering the release of stored internal energy by propagation 
of penny-cracks nucleated by collision cascades at the head of a alloca
tion group. From the fluence levels used in the experiments in which 
chunk emission was observed and from an estimate of such defect 
densities in both cold-rolled and annealed niobium, the observed num
ber of chunks/unit area appears plausible according to Guinan. The 
observation of no chunk emission from monocrystalline niobium targets 
appears plausible on the basis of this model. The contribution of neutron 
sputtering to the surface erosion of fusion reactor components is not 
considered to be significant, but the effect of chunk emission on plasma 
contamination needs to be assessed. 
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Helium and Hydrogen Implantation of 
Vitreous Silica and Graphite 
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Sandia Laboratories, Livermore, Calif. 94550 

B. GRANOFF 
Sandia Laboratories, Albuquerque, N.M. 87115 

The effects of 150-300-keV helium and hydrogen implanta
tion have been studied by a number of techniques—optical 
and scanning electron microscopy, gas reemission measure
ments, and microtopography—on two materials which have 
potential C T R applications, graphite and vitreous silica. In 
graphite, changes in surface structure were observed over 
the entire implant temperature range of —160° to 1200°C. 
At higher temperatures, there was evidence for hydrogen
-carbon chemical reaction. Vitreous silica was stable under 
helium and hydrogen implantation, with no surface defor
mation at any implant temperature from ~ 100° to ~ 
800°C. Volume compaction measurements were made at 
high dose levels, and evidence was found for chemical 
bonding during hydrogen implantation. 

/ C o n t r o l l e d thermonuclear reactor ( C T R ) components, including the 
^ first wal l assembly, limiters, and divertors, w i l l be subjected to 
bombardment by helium and hydrogen isotope atoms. Because of the 
limited range of these particles, only the surface and near-surface regions 
of exposed materials w i l l be affected. In metals ( I ) gas implantation 
causes blistering and other surface deformation which can lead to rapid 
surface erosion and plasma contamination. This phenomenon is related 
to the insolubility of helium or low solubility of hydrogen and the 
radiation-induced production of point defects. 

Nonmetallic materials such as glasses, ceramics, and graphite w i l l 
also be used in several C T R applications. For example, diagnostic feed-
through assemblies and optical ports w i l l require insulating or trans-
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98 RADIATION E F F E C T S ON SOLID SURFACES 

parent substances which can withstand the radiation environment. As 
an extreme example, the theta-pinch reactor w i l l use an insulating first 
wall which must survive direct exposure to the fusion plasma (2). Low 
atomic number materials such as graphite (3) and SiC (4) have recently 
been proposed for use in Tokamak reactors to isolate metallic first wall 
structures from the plasma. 

In this paper, recent experimental results on helium and hydrogen 
implantation of graphite and vitreous silica are discussed. These mate
rials were studied because they represent two distinct types of nonmetals 
which may be used as conducting (graphite) and insulating (glass) 
liners. Gas reemission measurements, microtopography, and scanning 
electron microscopy ( S E M ) were used to examine implanted samples of 
bulk, composite, and oriented pyrolytic graphites and several types of 
commercial grade and high purity synthetic vitreous silica. In contrast 
to metals, the effects of particle bombardment appear to be complex in 
these materials. In graphite the formation of blisters is inhibited by the 
reemission of implanted gas by processes which may be determined by 
porosity and other structural features. Surface erosion, however, may be 
enhanced by beam-induced chemical reactions which produce volatile 
hydrocarbons. 

Blistering has been observed in a number of ceramic materials 
including M g O , spinel, and sapphire following H + and H e + irradiation at 
room temperature (5). In these studies interference microscopy was 
used to deduce blister cross sections and exfoliation depths. More 
recently (6) , scanning electron microscopy techniques have shown blis
tering in thin coatings of barium aluminosilicate glass following 100-keV 
and 250-keV H e + implantation at room temperature. However, vitreous 
silica has shown no indication of beam-induced blistering (7) , presum
ably because of the relatively high values of solubility and diffusivity of 
hydrogen and helium. Although surface deformation was not observed, 
near-surface properties were affected by an increase in density (radiation-
induced compaction) (8, 9, JO, 11) and the production of high concen
trations of hydroxyl (7). 

In the next section, the experimental results of helium and hydrogen 
implantation of graphite are presented, and in the following section the 
silica data are described. 

Graphite 

Low Temperature Implantations. Graphite can be fabricated in 
many forms. Some physical and crystallographic properties which were 
measured on the three different graphite materials used in the present 
study are summarized in Table I. Briefly, A T J is a molded, fine grain 
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4. THOMAS E T A L . Helium and Hydrogen Implantation 99 

Density 
(g/cm3) 

Porosity Permeability 
(%) (Darcy) 

Basai 
Interplanar 

Spacing 
(Λ) 

Crystal 
Length 

(Λ) 

1.74 
1.73 
2.25 

14 0.015 
16 0.05-0.1 

~ 0.5 ^ 10"4 

3.371 
3.381 
3.358 

200 
335 
250 

Table I. Properties of Graphite Samples 

Material 

A T J 
STC-10 
Pyroid 

material fabricated by Union Carbide, the STC-10 material is a com
posite of carbon-felt and pyrolytic carbon matrix, and the pyroid is a 
highly oriented bulk pyrolytic graphite. Both basal-oriented and edge-
oriented (basal planes perpendicular to the surface) samples of pyroid 
were implanted. From Table I it is seen that the physical parameters 
of the A T J and STC-10 materials are similar in most respects. The higher 
permeability of STC-10 indicates somewhat greater interconnection of 
voids. The pyrolytic material closely approaches single crystal graphite 
in density (2.266 maximum density) and interplanar spacing (3.354 A 
minimum i W ) . 

Gas reemission and surface deformation during 300-keV helium 
implantation of these materials were examined at implantation tempera-

RE-EMSSI0N OF HE IN CfiRBON 

6.24 X j o j i OTOHS/SO CH-SEC 
6.24 X 1 0 Î ! RT0ftS/S0 CH-SEC 
6.24 X 10 Î ATOMS/SO CH-SEC 
6.24 X 1 0 Î ! OT0MS/SO CH-SEC 
6.24 X 1 0 I # RT0riS/S0 CM-SEC 

8 10 12 
FLUENCE (X10 E17 RTOMS/SQ CM) 

Figure 1. Helium reemission as a function of dose for various implantation 
temperatures in ATJ graphite. Beam energy was 300 keV, and a flux of 6 X 

1014 He*/cm2 sec was used in all cases. 
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100 RADIATION E F F E C T S ON SOLID SUBFACES 

β 10 12 
FLUENCE ( Χ Ι Ο Ε 1 7 ATOMS/SO CM) 

Figure 2. Helium reemission as a function of dose for several implantation 
temperatures in STC-10 graphite. The same beam parameters were used as 

for ATJ, Figure 1. 

tures ranging from —160° to 1200°C. The low temperature ( < 400°C) 
data are discussed first. The experimental arrangement for helium re
emission measurements has been described previously ( I ) . Reemission 
results from A T J at sample temperatures from —160° to 400°C are 
shown in Figure 1. These plots represent the fraction of the incoming 
beam which is not retained during implantation. The behavior of this 
material is in sharp contrast to the characteristic helium reemission found 
in most metals in this temperature range. Generally, the initial reemission 
i n metals is quite low until a critical dose is reached, at which time the 
reemission abruptly increases. This onset of gas release has been corre
lated with the appearance of surface deformation ( J ) . In the present 
case, however, the reemission smoothly increases with dose, with greater 
reemission at higher implantation temperatures. By 400°C, the steady 
state reemission is approximately 100%, indicating that the flux of gas 
leaving the sample is equal to the implanted flux. A similar smoothly 
varying behavior with increasing dose was found in STC-10, shown in 
Figure 2. However, the reemission at 25°C is greater in STC-10 than 
A T J and does not increase significantly at 400°C. The low temperature 
behavior (— 160°C) in the A T J appears to be anomalously high and 
is not understood at this time. 
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4. T H O M A S E T A L . Helium and Hydrogen Implantation 101 

The surface structural changes following implantation in both A T J 
and STC-10 samples were small and nearly identical. Scanning electron 
micrographs of as-polished STC-10 and samples implanted at —160°, 
25°, and 400°C are shown in Figure 3. No gross structural changes could 
be discerned at any implant temperature after doses to 2 Χ 10 1 8 H e / c m 2 , 
although a slight surface roughening may have occurred. Measurements 
of the surface topography by a Gould microtopographer, a stylus instru
ment used in the compaction measurements described in the next section, 

Figure 3. Scanning electron micrographs of STC-10 graphite prior to im
plantation and after implantation at —160°, 25°, and 400°C to a dose of 2 X 

1018 He*/cm2. All micrographs are at the indicated scale. 
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102 RADIATION E F F E C T S ON SOLED SURFACES 

showed that the implanted region was raised slightly ( ~ 0.5 μία) relative 
to the unimplanted surface. Thus any surface erosion or sputtering 
which may have occurred was more than offset by a volume expansion. 
The lack of blisters or flaking in these materials is consistent with the 
smooth reemission characteristics. 

The pyroid graphite exhibited similar smooth reemission behavior 
at room temperature, with a high dose ( 2 X 1 0 1 8 H e / c m 2 ) value of 
~ 10% reemission for the basal orientation and ^ 40% reemission in 
the edge-oriented case. However, surface structures were strikingly 

Figure 4. Scanning electron micro-
graphs of basal-oriented pyrolytic 

fraphite, as-polished and after 300-
eV He* imputation at room tem

perature to a dose of 2 Χ 1018 He*/ 
cm2. All micrographs are at the 
same scale. Two regions of the 
implanted area indicate the observed 

variation in peeled layer size. 
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4. THOMAS E T A L . Helium and Hydrogen Implantation 103 

Figure S. Scanning electron micrographs of edge-oriented pyrolytic graph
ite, as-polished ana after 300-keV He* implantation at room temperature 

to a dose of 2 Χ 1018 He*/cm2 

different, as seen in Figures 4 and 5. Different magnifications were used 
in both sets of micrographs. The edge-oriented material contained a 
series of parallel cracks running perpendicular to the surface, whereas 
flaking was produced in the basal-oriented materials. The thicknesses 
of some of the peeled layers were as much as an order of magnitude 
greater than the expected penetration range of 300-keV H e + ions. It 
appears from the S E M and reemission results that deformation occurs 
mainly by separation along basal planes and is not directly associated 
with helium agglomeration into bubbles. 

S E M surface observations were also made during implantation using 
an in-situ irradiation facility (12). In all cases, changes occurred slowly 
with increasing dose, rather than abruptly as in the case of metals. No 
evidence was found for emission of particles (e.g., blister lids) from A T J 
or STC-10, as might be expected from results on brittle materials (12). 
Similarly, the peeling in basal-oriented graphite occurred gradually, 
suggesting that stress accumulation or a volume change, rather than 
accumulated gas pressure, was responsible for the deformation. Several 
woven graphite fibers also were examined in the in-situ facility, but these 
broke readily from heating effects upon exposure to the ion beam. 

H i g h Temperature Implantations. Chemical effects appear to play 
an increasingly important role during helium and hydrogen implantation 
at 800°C and above. Before describing these results, however, certain 
negative aspects of the presence of graphite in high vacuum systems, 
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104 RADIATION E F F E C T S ON SOLID SURFACES 

RE-EMISSION OF HELIUM FROM CARBON 

PYR Θ4 BAS 25 C 
PYR-C4-BAS800 C 
PTR-Ca-BAS 1200 C 

300 KEV 6.24 X 10 ! AT0HS/SQ CH-SEC 
300 KEV 6.24 X 10 ? ATOMS/SO CH-SEC 

6.24 Χ 10 1 ATOHS/SO CH-SEC 

12 16 20 24 

FLUENCE ( Χ Ι Ο Ε 1 7 ATOMS/SO CM) 

Figure 6. Helium reemission as a function of dose for three implantation 
temperatures in basal-oriented pyrolytic graphite. The same beam parameters 

were used as described for Figure 1. 

particularly at high temperatures, should be mentioned. It was found 
that carbonaceous materials were released into the vacuum during high 
temperature irradiations causing a large increase in residual gas pressure 
and impairing the utility of the system. In fact, subsequent implantation 
of glass in the same chamber used in these experiments resulted in a 
thick ( ~ 10 nm ) layer of carbon contamination on the surface. Clearly, 
the possibility of contamination must be considered if graphite materials 
are used in C T R systems. 

The helium reemission from basal-oriented pyrolytic graphite for 
three different implant temperatures is plotted in Figure 6. At 800°C, 
the reemission rises immediately and remains essentially constant to a 
dose of 4 Χ 10 1 8 H e / c m 2 . The 1200°C data, however, exhibit a well 
defined peak which exceeds 100% reemission prior to attaining a 100% 
steady state value. This indicates that some of the helium retained at 
the beginning of the implantation is released at a dose level centered 
at about 5 Χ 10 1 7 H e / c m 2 . 

S E M examination of the surface after helium implantation at 1200°C 
reveals the structure shown in Figure 7. The white features could be 
interpreted as evidence for blistering. However, they appear to emanate 
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4. T H O M A S E T A L . Helium and Hydrogen Implantation 105 

predominantly from existing voids or cracks and may be growth features 
or redeposition of volatilized material. 

In addition to determining helium reemission, the residual gas spec
trum was monitored up to mass 60 during helium implantation of pyroid 
at 1200°C. A portion of a spectrum in Figure 8 shows the complexity 
of the ambient vacuum near irradiated graphite. Analysis of the peaks 
indicates that in addition to gases normally found in vacuum systems, 
significant amounts of methane and its derivatives as well as propane 
were present. Similar measurements were made during H + implantation 
at 470°, 640°, and 850°C. Qualitatively, the spectra were similar, except 
for the helium peak, to that shown in Figure 8. Absolute determinations 
of the hydrogen reemission under these conditions are extremely difficult. 
However, crude estimates of the relative amounts of some components 
were made by comparing residual gas spectra obtained with the H + beam 
on the graphite and on a heated M o flag. A t low temperatures 
450°C), some hydrogen was retained, while at intermediate temperatures 
( ~ 6 5 0 ° C ) , significant amounts of methane and its derivatives were 
produced in addition to molecular hydrogen release. At higher tempera
tures ( > 800°C), much of the hydrogen was released in the form of 
propane and its derivatives. It appears, therefore, that radiation-
enhanced chemical reactivity was important at temperatures between 
800° and 1200°C with the implantation conditions used during these 
experiments. 

Figure 7. Scanning electron micrograph of the surface of pyrolytic graphite 
after 300-keV He* implantation at 1200°C to a dose of 4 Χ 1018 He*/cm2 
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106 RADIATION EFFECTS ON SOLID SURFACES 

2 9 

il L u w J Ul 

16 

15 , 1 2 

M A S S S P E C T R U M D U R I N G 

H e I M P L A N T A T I O N O F 

G R A P H I T E A T 1 2 0 0 ° C 

MASS NUMBER 

Figure 8. Residual gas spectrum obtained during helium im
plantation of pyrolytic graphite. The mass number of selected 

peaks are indicated. The vertical scale is not calibrated. 

Implantations in Vitreous Silica 

The effects of energetic (150-300-keV) H e + and H + implantation on 
vitreous silica have been examined as a function of fluence ( < 2 X 
10 1 9 / cm 2 ) on several varieties of natural and synthetic vitreous silica. 
A hot filament electron source flooded the sample surface during implan
tation to enhance conductivity. Irradiated samples were studied using 
optical and scanning microscopy, gas reemission, and microtopography. 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

6 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
6-

01
58

.c
h0

04



4. T H O M A S E T A L . Helium and Hydrogen Implantation 107 

Sample temperatures at the implanted surface were monitored by an 
infrared thermometer designed to operate near 5 μΐη. A t this wavelength 
vitreous silica is sufficiently opaque and the sapphire window in the 
sample chamber is sufficiently transparent for accurate measurements. 
Implanted region temperatures ranged from ~ 100° to ~ 1000°C. 

One of the most striking features found in all types of vitreous silica 
is the complete lack of surface deformation attributable to gas agglomer
ation. No indication of surface deformation attributable to implantation 
was found after doses as much as two orders of magnitude greater than 
necessary to cause blistering and exfoliation in a variety of structural and 
refractory metals. These results are in direct contrast to the helium 
blistering found by Kaminsky et al. ( 6 ) on barium aluminosilicate glass 
and may be accounted for by the relatively large values of helium dif-
fusivity in vitreous silica. Shelby (13) has measured helium permeation 
in both materials in the temperature range ~ 200-300°C. Extrapolation 
of his data to lower temperatures indicates that the permeation rate may 
be as much as five orders of magnitude greater in the silica than in the 
barium aluminosilicate glass at the lowest implant temperature. In 
addition, his data indicate that the difference in permeation rate is 
greatly reduced at 300 °C, lending support to the interpretation by 
Kaminsky et al. (6) concerning reduced blister densities at higher 
temperature. 

Prior to implantation, samples ~ 1-2 mm thick were mechanically 
polished to an optically flat finish. This preparation enabled the topog
raphy of the implanted surface to be measured with a Gould micro-
topographer, a stylus instrument which can detect surface variations as 
small as ~ 10 nm. By means of an automated drive system, repeated 
scans can be made to produce a complete topographical map of a sample 
surface. A n example is shown in Figure 9, obtained from a sample 
implanted with 1 X 10 1 8 300-keV H + / c m 2 . The slight circular indentation 
corresponds to the implanted region while the deep ridges in the upper 
right hand corner indicate a fiducial mark scribed onto the sample 
surface. As indicated on the figure, the implanted region is depressed 
by about 40 nm. A number of samples were implanted with 150-keV 
and 300-keV H + and H e + to doses ranging from 1 X 10 1 6 / cm 2 to 1 X 
10 1 8 / cm 2 at a temperature of ~ 150°C. 

The observed depressions can be caused by two processes—radiation 
compaction and physical sputtering. The magnitude of the depressions 
as a function of dose and particle energy cannot be accounted for 
satisfactorily with present models for physical sputtering. Primarily, the 
sputtering ratios necessary to describe the data are approximately two or 
three orders of magnitude larger than are reasonable. It is believed, 
instead, that the depressions result from a volume compaction of the 
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HORIZONTAL: X20 VERTICAL: 0.1 inch « 130 nm 

40 nm 

Figure 9. Surface microtopograph of an SiOt sample 
implanted with 1 Χ 1018 300-keV H+/cm2. The im
planted area corresponds to the circular indentation, and 
the feature in the upper right corner is a fiducial mark. 

The depth of the indentation is indicated. 

silica throughout the implanted layer. Primak (JO) and co-workers have 
studied volume compaction in silica for several years, beginning as early 
as 1953. Recently, EerNisse and Norris (11) have measured compaction 
in silica at low doses using ions and at high doses using electron irradia
tion. In these studies, volume change was calculated from the magnitude 
of induced lateral stress, measured by a cantilever beam technique. 

In Fijgure 10, our high dose data points determined by microtopog-
raphy are plotted with results published by Primak (10,14) and EerNisse 
(11). The present values of A V / V and deposited energy density were 
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4. THOMAS E T A L . Helium and Hydrogen Implantation 109 

calculated using LSS range values. A V / V was set equal to ΔΖ/Ζ, where 
Al is the measured indentation, and I is the calculated ion range. For 
consistency with previous analyses (JO, J J ) , the H + data are plotted vs. 
ionization dose, whereas the H e + results are given as a function of dose 
into atomic processes. Our measured compaction, plotted in Figure 10, 
agrees well with the saturation value of isotropic compaction observed 
in vitreous silica after an extensive neutron irradiation (12). The com
paction after H + implantation is consistently less than that produced 
after H e + implantation for comparable particle fluences. This effect may 
result from alteration of the silica network by the formation of a large 
concentration of hydroxyl, a point which w i l l be discussed below. It 
should be mentioned, however, that somewhat anomalous results have 
been reported (8, 9) on HMmplanted samples and that the low fluence 
hydrogen implant data of Figure 10 (at 10 2 2 k e V / c m 3 ) appear to differ 
from the electron irradiation curve by more than reasonable experi
mental error. Additional measurements are necessary to resolve these 
discrepancies. 

Gas reemission measurements were also made during H e + and H + 

implantations. A t temperatures < 200°C, the H e + reemission rose to 

DOSE INTO ATOMIC PROCESSES (keV/cnr3) 

IO23 

I I I I N i l 1 1 I I I I III 1—I I I I I III 

He+ (EERNISSE-19741 

ELECTRONS (EERNISSE -1974) 

π—I I I I III 

ο < 

ο . 
° ιο " 3 

ο > 

•ISOTROPIC NEUTRON COMPACTION 
(PRIMAK -1957) 

- 1 - ^ - H 4 " (PRIMAK-1964) 

THIS WORK - He* (USE UPPER SCALE) 
THIS WORK - H + (USE LOWER SCALE) 

I I I I I 111 I I I I INI I I I I I I III I I I I I III 1 

IO23 IO24 IO25 IO26 

DOSE INTO IONIZING PROCESSES (keV/cm3) 

Figure 10. Plot of volume compaction A V / V as a function of deposited 
energy density in vitreous silica. The solid curves are from EerNisse and Norris, 
while the present helium and hydrogen results are plotted as data points. The 
vertical bar on the hydrogen implant at 1022 keV/cm3 indicates the estimated 

uncertainty for that point only. 
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110 RADIATION EFFECTS ON SOLID SURFACES 

essentially 100% release within the response time of the system (~ 1 sec). 
These data indicate a lower limit to helium diffusivity in this material of 
D ~ 10' 8 cm 2 /sec, consistent with permeation data. Estimates of hydro
gen diffusivity from the reemission are also in substantial agreement with 
hydrogen permeability values. In the case of H + implantation to a fluence 
of 2 Χ 10 1 8 H V c m 2 at temperatures ~ 100 °C, a small but experimentally 
significant amount of gas retention ( ~ 3% ) was observed. The quantity 
of retained hydrogen agrees with the observation of O H formation in 
the implanted layer by optical absorption measurements (7, 8, 9) . More
over, in a series of irradiations, the growth of the O H peak near 2700 nm 
could be correlated with H + dose (7,8, 9). 

Summary 

The main points of this chapter may be summarized as follows. 
(1) Hel ium release characteristics and surface erosion and defor

mation in graphite implanted at low temperatures ( < 400°C) are believed 
to result from cracking and other stress effects, rather than from helium 
bubble formation. Deformation in highly oriented graphite appears to 
be more severe than in fine-grained material. 

(2) Evidence for radiation-induced hydrocarbon formation was 
observed in residual gas spectra during helium and hydrogen implanta
tion in graphite at 800°-1200°C. 

(3) Vacuum system contamination by graphite at high temperature 
may be a serious problem with respect to C T R applications. 

(4) From the standpoint of stability under H e + and H + implantation, 
vitreous silica appears to be an ideal material for C T R applications. 

(5) A saturation in the amount of volume compaction from high 
doses of H e + and H + irradiation was determined. H + irradiation produced 
approximately one half as much compaction compared with He* or elec
trons at high fluences. 
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Radiation Blistering in Metals and Alloys 

S. K. DAS and M. KAMINSKY 

Argonne National Laboratory, Argonne, Ill. 60439 

Radiation blistering in solids leads to damage and erosion of 
irradiated surfaces. Major parameters governing the blister
ing process in metals and some metallic alloys include the 
type of projectile and its energy, total dose, dose rate, target 
temperature, channeling condition of the projectile, orienta
tion of the irradiated surface plane, and target material and 
microstructure. Both experimental results and models pro
posed for blister formation and rupture are reviewed. The 
blistering phenomenon is important as an erosion process 
in applications such as fusion reactor technology (plasma
-wall interactions) and accelerator technology (erosion of 
components and targets). There are several methods for 
reducing surface erosion caused by blistering. 

he irradiation of metal surfaces with energetic particles causes a 
variety of surface phenomena such as physical and chemical sputter

ing, secondary electron emission, x-ray emission, optical photon emission, 
release of absorbed and adsorbed gases, backscattering of particles, 
trapping and reemission of trapped particles, and radiation damage. For 
recent reviews, see Refs. 1,2, 3, 4 and related articles in this volume. If 
such energetic particles penetrate a metal lattice, they may displace 
lattice atoms from their sites and create vacancies and interstitials. When 
the incident particles have slowed down sufficiently, they may be trapped 
i n the lattice either interstitially or substitutionally. 

Depending on the type of both implanted particle and the surround
ing lattice atoms and on the impact parameters, the interaction between 
them may be either physical, or chemical, or both. For example, during 
the irradiation of titanium with hydrogen isotopes, metal hydrides were 
formed (5,6,7) leading to partial trapping of the incident particles. Such 
chemical trapping processes are discussed in Chapter 2 (8). In other 
cases the interaction between the implanted atoms and the lattice atoms 
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5. DAS AND KAMINSKY Blistering in Metals and Alloys 113 

may not lead to strong chemical bonds and compound formation, but is 
more physical in nature. For example, when the implanted particles are 
inert gas atoms, they can combine with the vacancies created by lattice 
displacements and nucleate as gas bubbles. 

The formation of gas bubbles has been observed by Barnes et al. 
(9-11) after annealing of copper and aluminum which had been irradi
ated with 38-MeV α particles to total doses of 7 Χ 10 1 β-1.7 Χ 10 1 7 « 
particles cm" 2. These gas bubbles were observed in the bulk material. If 
the gas bubbles form in near-surface regions and the gas pressure is high 
enough, bubbles may plastically deform the surface layers above them, 
and when the deformation is extreme, the surface layers may rupture. This 
phenomenon of surface deformation associated wtih gas bubbles formed 
because of irradiation has been called radiation blistering (12, 13, 14). 
It is of historical interest to note that an early indication of this phenom
enon was obtained by Stark and Wendt (15) in 1912, when irradiating 
insulating materials such as calcite and calcium fluoride with ~ 10-keV 
hydrogen ions. However this work went unnoticed, and in the early 
1960s Primak (14, 16) and Kaminsky (12) first reported experimental 
evidence for blister formation in insulators irradiated with 100-140-keV 
protons and helium ions and in metals irradiated with 125-keV deuterons, 
respectively. Primak et al. (17) first observed flat-bottomed pits in silicon 
irradiated with 100-keV protons, using optical interferometry for surface 
examination. The pits were caused by ruptured blisters. Kaminsky (12, 
13) first reported mass spectrometric observations of gas bursts from 
ruptured blisters during irradiation of copper with 125-keV deuterons. 
H e also observed pitting of surface regions where blisters had exploded, 
using surface replica techniques in conjunction with transmission electron 
microscopy. The number of gas bursts correlated well with the number 
of pits observed on the surface, indicating that the pits were indeed 
caused by the rupture of gas bubbles. 

After the early work by Kaminsky and Primak et al. the effect of 
space radiation on materials was studied because a major component of 
space radiation consists of energetic protons from cosmic rays and solar 
winds (18). During the last five years the interest in the radiation 
blistering phenomenon has increased greatly because of its importance 
in the operation of controlled thermonuclear fusion devices and reactors 
(19,20,21). In a fusion reactor having D - T plasma, energetic D , T, and 
He particles (formed by the D - T fusion reaction) can leak out of the 
confining magnetic field either as charged particles or as neutrals (formed, 
for example, by charge exchange near the plasma edge) and strike the 
surfaces of reactor components and form blisters. More recently, interest 
in radiation blistering has also developed in connection with other appli
cations such as possible erosion of containers of short-lived transuranic 
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114 RADIATION E F F E C T S ON SOLID SURFACES 

nuclides (e.g., 2 4 2 C m or 2 5 2 C f ) caused by exposure to high alpha radiation 
fluxes over extended periods of time (23). 

The radiation blistering phenomenon should be distinguished from 
other types of blistering phenomena observed in metals which are caused 
by entirely different processes. For example, blistering is quite common 
in aluminum castings (24), and it arises from exposing molten aluminum 
to a gaseous environment containing hydrogen. This is caused by the 
relatively high solubility of hydrogen in molten aluminum and the low 
solubility in the solid aluminum resulting in the precipitation of excess 
hydrogen from the metal lattice. The ratio of solubility in the l iquid 
phase to that in the solid phase at the freezing point is approximately 
20 to one (25). Blister formation has also been observed in silver annealed 
first in an environment containing a high partial pressure of oxygen and 
then in an environment containing high partial pressures of hydrogen 
(26). In hydrogen embrittlement studies, blisters have been observed 
in iron electrolytically charged with hydrogen (27,28). 

W e discuss first some of the general aspects of the experimental 
techniques used in radiation blistering studies. Experimental results 
obtained for various target-projectile systems under different irradiation 
conditions are described. However, the description w i l l be limited to 
metals and alloys. Radiation blistering in nonmetals is discussed in 
Chapter 4 (29). Data reported after October 1975 are not included. 

General Aspects of Experimental Techniques 

To detect even small changes in the surface topography caused by 
radiation blistering, it is often desirable to start with a high degree of 
optical finish on the surface by mechanical polishing (30,31), electro-
polishing (32), chemical polishing (33), or by some combinations of these 
three processes. Irradiations of the targets are normally done under high 
or ultrahigh vacuum conditions to avoid serious surface contamination 
(30,32,33). Various types of ion accelerators have been used to irradiate 
the targets. Duoplasmatron sources have been used for the low energy 
range (1-30 keV) (30), Cockroft-Walton generators for the medium 
energy range (25-500 keV) (14,16,17), and Van deGraaff accelerators 
for high energy (100-2000 keV) (11,12,16,18) irradiations. The facili
ties used to produce and manipulate ion beams for implantation studies 
have been the subject of many recent reviews (2,3) and w i l l not be 
discussed here. 

In certain blistering studies the gas released from irradiated targets 
has been measured by mass spectrometry by Kaminsky (12), Daniels 
(34), Bauer et al. (31, 35, 36), and Erents and McCracken (37). There 
are also other studies, not connected with radiation blistering studies, on 
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5. DAS AND KAMINSKY Blistering in Metak and Alloys 115 

gas release from surfaces during ion irradiation and during high tempera
ture annealing after ion implantation. Reviews of these studies can be 
found elsewhere (2,4). 

The surface topography after irradiation can be examined by various 
techniques; however no attempt is made here to review all the available 
ones. In the early work on radiation blistering the irradiated surfaces 
were examined by optical microscopy (14,17), interferometric techniques 
(14,17), and by using surface replicas in transmission electron micro
scopes (12, 18). More recently, and in most of the studies to be re
viewed here, scanning electron microscopy has been used. Transmission 
electron microscopy ( T E M ) has been used (38,39,40,41) to study gas 
bubble and blister formation in near-surface regions. Most examinations 
of the blistering of irradiated surfaces have been done after irradiation. 
Blewer and Maurin (42) used a hot stage in a scanning electron micro
scope to make in situ observations of blister formation during heating of 
thin films of rare earth metals after helium ion implantation. Thomas and 
Bauer (43) have recently constructed a scanning electron microscope 
facility to observe surfaces undergoing ion bombardment. However, in 
such in situ observations the secondary electron emission during ion 
bombardment constrains one to use backscattered electrons for imaging, 
and this limits the resolution. 

Roth et al. (33,44) have used Rutherford backscattering techniques 
to study blister formation in monocrystalline niobium surfaces. They 
derived information about the thickness of the misaligned region, which 
they equate with the thickness of the blister skin, from dechanneling 
measurements. 

To understand the basic mechanism of blister formation, it is impor
tant to know the depth profile of the implanted gas. Backscattering 
techniques have been usçd (45-50) to depth profile low-Z implanted 
gases in metals, and this technique is reviewed in Chapter 11 (50). 
Nuclear reaction techniques have been used (51,52,53,54) to measure 
the depth profiles of implanted gases in metals, and discussions on this 
topic can be found in the chapters by Overley et al. (55) and Terreault 
et al. (56). More recently, a very good depth resolution in the 20-30-A 
range has been claimed for 3 H e implanted in niobium using the d ( 3 He, 
p) 4 H e reaction (57). 

Blistering Parameters 

For a description of the various features of radiation blistering the 
following terms are commonly used: 

( 1 ) The "blister diameter" and the "distribution of blister diameters," 
in cases where the blisters are irregular in shape an "average blister 
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diameter' is given (32) which is defined as the diameter of a circle 
having approximately the same area as the blister. 

(2) The "blister height" and the "distribution of blister heights." 
(3) The number of blisters which are visible per unit irradiated area, 

often called "blister density." This number depends strongly on the 
resolution of the instrument used for surface examination, e.g., whether 
a scanning electron microscope or an optical microscope is used. 

(4) The fraction of the total irradiated area occupied by blisters, 
often called "degree of blistering." 

(5) The b l i s ter shape." 
(6) The "blister skin thickness." 
( 7 ) The amount of blister skin material lost from exfoliation of blister 

skin. This quantity has been often expressed as "erosion yield" which is 
equal to the number of target atoms lost from blister skin exfoliation 
per incident projectile ion. 

Table I. Major Parameters That Can Affect Radiation Blistering 
Target-Related Parameters 

type of target metal or alloy 
target temperature 
target microstructure 

grain size 
initial defect density (e.g. cold-worked vs. annealed structures) 
effects of precipitates—size distribution, volume fraction, and 

type of precipitates 
yield strength and rupture strength of target material 
crystallographic orientation of irradiated surface 
target surface finish 

Projectile-Related Parameters 
type of projectile 
projectile energy 
total dose (fluence) 
dose rate (flux) 
channeling condition of projectile 
angle of incidence of projectile 

Parameters Affected by Target-Projectile Combinations 
diffusivity and solubility of projectile in metals and alloys 
critical dose for blister appearance 

Some authors (58, 59) distinguish between "surface bubbles," which 
refer to more circular surface features, and "blisters," which refer to 
irregular surface features. In this discussion no such distinction w i l l be 
made, and all types of surface features, irrespective of their shape or size, 
resulting from surface deformation from gas bubbles w i l l be referred 
to as blisters. 

Many studies have been conducted to determine how one or several 
of the blistering features listed above depend on various parameters 
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5. DAS AND KAMINSKY Blistering in Metab and Alloys 117 

which are related to the target material and to the irradiation conditions 
chosen. Table I lists some of the major parameters which appear to affect 
radiation blistering. Some of the parameters are more target related, 
some are more projectile related, and some depend on the target-projec
tile combinations chosen. Many of the parameters in Table I are inter
dependent with the other parameters. For example, the yield strength 
of the target strongly depends on the type of target, target temperature, 
and the microstructure. At this time, the relative importance of many 
of the parameters listed in Table I on the blistering of metals and alloys 
has not been fully established. 

Projectile—Target Systems 

Most of the blistering studies on metals and alloys have been con
ducted with light projectiles such as H , D , and He ions, mainly because 
of the recent strong interest in the blistering effect in connection with 
the controlled thermonuclear fusion program (19,20,21,22). Many of 
the target materials that have been investigated in recent years are 
materials proposed for use in controlled thermonuclear fusion devices. 
Very little data are available for materials irradiated with heavier ions 
such as A r + , Xe + , etc. A list of radiation blistering studies for various 
target metals and alloys which have been irradiated with hydrogen 
isotope ions (e.g., H + , H 2

+ , D + ) is given in Table II. A similar list is given 
in Table III for various target materials which have been irradiated with 
helium ions. In both tables some of the irradiation conditions are also 
listed. More metals and alloys have been investigated for helium ion 
irradiation than for hydrogen-isotope ion irradiation. One notices that 
for irradiations with hydrogen isotope ions, the ion energies range from 
10 keV for certain metals ( A l and N b ) to 3.8 M e V for monocrystalline 
Sn (100). For helium ion irradiations the ion energies range from 1 keV 
(for N b and Nb (100)) to 5.8 M e V (for Pd ) . Two additional studies 
are listed in Table II where type 304 stainless steel and platinum were 
irradiated with a particles from a 50% pure 2 4 2 cur ium oxide source with 
an energy of β M e V (23). The total dose values reported for both 
hydrogen-isotope ion and helium ion irradiations range from 1.4 Χ 10 1 β 

ions cm" 2 (for H e + on N b (100)) to 7 Χ 10 2 0 ions cm" 2 (for H e + on 
polycrystalline nobium). The target temperatures range from — 196°C 
(for H + on A l ) to 1327°C (for H e + on M o ) . 

Solubility and diffusivity of the implanted gas in metals are two of 
the important parameters affecting the blistering process (Table I ) . In 
general, hydrogen isotopes have higher solubility and diffusivity in many 
metals than inert gases such as helium, and thus differences i n blistering 
behavior for irradiation with hydrogen isotope ions and helium ions are 
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118 RADIATION E F F E C T S ON SOLID SURFACES 

Table II. Targets for Which Radiation Blistering Has 
Irradiation 

Irradiation Conditions 

Target Metal or Projectile Energy or 
Projectile Type Alloy' Energy Range (keV) 

Be 100 
H * A l 10-200 

T i 20 
V 150 

type 302 st. steel 20 
type 316 st. steel 20,150 
type 304 st. steel 5 

C u 70-140 
H 2 * N b (100) 10 
H * M o 15,150 

Sn (100) 2200,3800 
A u 50,100 

D* Be 15 
C u (100) 125 
C u (110) 125,800 

N i 150-400 
type 4301 st. steel 15 

N b 
250,300 

M o 15 
M o (100) 150 

° All targets are poly crystalline materials unless otherwise indicated. 

to be expected. A n example (60) of the difference in the blistering 
behavior of niobium for helium ion and deuteron irradiation is shown 
i n Figures l a and b. There are two sizes of blisters formed during 
irradiation at 700°C with 250-keV 4 H e + ions ( l a ) after a total dose of 
6.2 Χ 10 1 8 ions cm" 2. The larger size blisters have an average diameter 
of 5-8 μτη while the smaller size blisters have an average diameter of 
~ 0.5/an. The blisters formed during 250-keV D + ion irradiation at the 
same temperature after an even higher dose of 1.3 Χ 10 1 9 ions cm" 2 are 
also of two types but are much smaller ( l b ) than the helium blisters. 
The larger size deuterium blisters are more elongated, and their average 
length is 1-3 μΐη while the smaller size blisters have an average diameter 
of ~ 0.15ftm. The observation of different blister shapes in F ig . l a and b 
can be related to the orientation of the grains with respect to the ion 
beam, as discussed in the section on channeling conditions, below. Most 
of the deuterium blisters are unruptured ( l b ) , whereas some of the large 
helium blisters have ruptured. The observation that blister size for deu
teron irradiation is smaller than for helium ion irradiation under nearly 
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5. DAS A N D KAMINSKY Blistering in Metals and Alloys 119 

Been Investigated for Hydrogen Isotope Irradiation with the 
Conditions 

Irradiation Conditions 

Dose or Dose Range Irradiation 
(ions cm'2) Temperature (°C) References 

2 Χ 10 1 9 room temp. 154 
5 χ 10 Ι β-3.5 X 10" - 1 9 6 to 200 18,119 
5 Χ 10 I 8 -5 Χ 10 1 9 45 to 150 155 

1.5 Χ 10 1 9-2.5 X 1 0 1 9 - 1 0 5 to 115 65,66 
1 χ 10 1 9-2 Χ 10 2 0 . 75 to 150 155 
1 χ 10 I 9 -2 Χ 10 1 9 - 9 3 to 350 65,66,155 

4.9 Χ 10 1 8-9.9 Χ IO 1 9 room temp. 22 
1.5 Χ 10 1 8 -8 Χ 10 1 9 room temp. 14,154,156 

2 X 1 0 1 9 room temp. 83 
2 Χ 10 I 8 -6 Χ 10 1 8 - 1 1 5 to 100 64,65,66 

6.3-6.8 X 10 " room temp. 157 
not known room temp. 119 

1 X 10 1 8 room temp. 64 
1.8 Χ 10 1 9 room temp. 12 

— room temp. 158 
6 Χ 10 1 8-1.3 Χ 10 1 9 - 1 5 3 71 
5 Χ 10 1 8 -6 Χ 10 1 8 27 and 343 64 

550 to 700 60,61,107,159, 
1 Χ 10 1 9-1.9 Χ 10 1 9 160,161 

8 Χ 10 1 8 room temp. 64 
room temp. 64 

Figure I . Scanning electron micrographs (SEMs) of annealed polycrystaUine 
niobium surfaces irradiated at 700°C (a) with 500-keV He* ions to a total dose 
of 6.2 Χ 1018 ions cm'2, (b) with 250-keV D* ions to a total dose of 1.25 Χ 1019 

ions cm'2 (60) 
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120 RADIATION E F F E C T S ON SOLID SURFACES 

Table III. List of Targets for Which Radiation Blistering Has 
Irradiation 

Irradiation Conditions 

Projectile Energy or 
Target Metal or Alloy ' Energy Range (keV) 

Be and sintered Be powder 100 
A l and sintered A l powder 100-1000 
V 100-1000 

V ( l l l ) 500 
V - 2 0 % T i 500 
Type 4301 stainless steel 15 
Type 304 stainless steel 100-1500 Type 304 stainless steel 

6000 
(α-particles from 2 4 2 C m oxide) 

Type 316 stainless steel 300 
N i 36 

40-140 
N i (110) 500 
C u 140 
Zr — 
N b 1-15 

100-1500 

N b (100) 1-15 

N b (100), (110), (111) 500-1500 
M o 7-80 

15 
300 

M o (100) 150 
P d 300 

4800-5700 
Sn (100) 1500-3800 
E r 160 
E r D ^ E r D i . g 160 
W — 
Re 20 
P t 36 

6000 
(α-particles from 2 4 2 C m oxide) 

A u 100-1500 
• All target metals and alloys are polycrystalline unless otherwise indicated. 

comparable irradiation conditions (the dose for deuteron irradiation was 
higher) has been related (60,61) to the fact that the gas buildup is 
greatly reduced for deuterium in niobium, since the deuterium permea
bility (determined by the solubility and diffusivity) is many orders of 
magnitude larger than that of helium. For example, the diffusion coeffi-

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

6 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
6-

01
58

.c
h0

05



5. DAS AND KAMINSKY Blistering in Metals and Alloys 121 

Been Investigated for Helium Ion Irradation Together with 
Conditions 

Irradiation Conditions 

Dose or Dose Range Irradiation 
(ions cm'2) Temperature (°C) References 

3.1-6.2 Χ 10 1 8 room temp, to 600 153 
3.1-6.2 χ 10 1 8 room temp, to 400 67,150,151 

~ 1 χ 10 1 7-6.2 Χ 10 1 8 room temp, to 1200 38,39,60,65,69, 
107,111,139 

6.2 χ 10 1 7-6.2 Χ 10 1 8 650 to 750 39 
6.2 Χ 10 1 8 room temp, to 900 111 
3 Χ 10 1 8 27 64 

6.2 χ 10 1 7-6.2 Χ 10 1 8 room temp, to 550 21,60,70,112 

3 Χ 10 1 8 room temp. 23 
4 Χ 10 1 8 - 1 7 0 to 700 65,66,113 

— room temp. 37 
u p t o 4 X l 0 1 8 — 14 

6.2 Χ 10 1 8 500 to 950 72 
u p t o 4 X l 0 1 8 — 14,37 

— — 37 
3.1 Χ 10 1 7 -7 Χ 10 2 0 room temp, to 700 22,30,108,109,137 

6.2 χ 10 1 β-6.2 χ 10 1 8 - 1 7 0 to 1200 33,35,38,39,60,61, 
69,75,107,110,118 

1.4 χ 10 1 6-4 χ 10 1 7 - 1 1 0 to 1000 33,44,52, 76,108, 
137,162 

6.2 χ 10 1 7-6.2 Χ 10 1 8 room temp, to 900 61,73,118,120 
1 χ 10 1 β-1 Χ 10 1 8 room temp, to 1327 37,40,41,100 

2.5 Χ 10 1 8 room temp. 64 
~ 1 Χ 10 1 7 -4 Χ 10 1 8 400 to 1200 38,65,66 

— room temp. 64 
7.5 Χ 10 1 7 -2 Χ 10 1 8 - 1 8 0 to 200 31,163 

~ 1 Χ 10 1 7 room temp. 36,164 
6.2 χ 10 1 7-1.8 Χ 10 1 8 room temp. 157 
5 Χ 10 1 β-1.5 Χ 10 1 8 room temp. 42,58,59 

3 Χ 10 1 7 room temp. 58 
— — 3 7 

9 Χ 10 1 β -3 Χ 10 1 8 27 165 
— room temp. 37 

5 Χ 10 1 7 room temp. 23 
3.1 Χ 1 0 1 8 - 9.4 Χ 10 1 8 room temp. 166 

cient of deuterium in niobium (62) is D D = 1.3 Χ 10" 4 cm 2 sec - 1 at 8 0 0 ° C 
while that for helium in nobium (63) is ΙΟ^-ΙΟ ' 1 4 cm 2 sec"1 between 
6 0 0 ° and 1 2 0 0 ° C . 

A difference in blistering behavior has also been observed by Verbeek 
and Eckstein (64) in molybdenum for D + and He* ion irradiations. 
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122 RADIATION E F F E C T S ON SOLID SURFACES 

Figures 2a and b show some of their results on blistering in molybdenum 
after irradiation at room temperature with 15-keV D + ions to a dose of 
2 Χ 10 1 8 ions cm" 2 and with 15-keV H e + ions to a dose of 2.5 Χ 10 1 8 ions 
cm" 2. The number of blisters per unit area (blister density) is higher 
for helium ion irradiation (2a) than for deuteron irradiation (2b). They 
also observed more exfoliation of the blisters for helium ion irradiation 
(inset, 2a) than for deuteron irradiation (inset, 2b). However, the total 
dose for helium ion irradiation was slightly higher than for deuteron 
irradiation. 

Thomas and Bauer (65,66) studied proton and helium blistering in 
type 316 stainless steel. For irradiation with 150-keV protons to a dose of 
1 Χ 10 1 9 ions cm" 2 at — 93 °C, they observed blisters with an average 
diameter of 5 /an. For proton irradiation at temperatures of — 78°, 70°, 
270°, and 350°C no blisters were observed even after irradiation to total 
doses of 1.3 Χ 10 1 9 -2 Χ 10 1 9 ions cm" 2. For 300-keV helium ion irradia
tion to a lower dose of 4 Χ 10 1 8 ions cm" 2 , large blisters with severe 
exfoliation of the blister skin were observed for the range —170°C to 
500°C. 

No blisters were observed (65) for vanadium irradiated at 115°C 
with 150-keV protons to a dose of 1.5 X 10 1 9 ions cm" 2 and at — 105°C 
to a dose of 2.5 Χ 10 1 9 ions cm' 2 . In contrast, blisters have been observed 
in vanadium during helium ion irradiation for much lower dose ranges 
(2 χ 10 1 8-6.2 Χ 10 1 8 ions cm" 2) over a wide energy range of 10&-1000 
keV (67,68) and a wide temperature range (38,39,60,65,69,70). 

Primak and Luthra (14) d id not observe any blisters on nickel which 
had been irradiated with protons for total doses up to approximately 4 X 
10 1 8 ions cm' 2 , but they observed blisters after irradiation with H e + ions 
up to the same total dose values in the energy range 40-140 keV. More 

Figure 2. Optical micrographs of annealed polycrystalline molybdenum sur
faces irradiated at room temperature (a) with 15-keV He* ions to a dose of 2.5 X 
1018 ions cm'2, (b) with 15-keV D* ions to a dose of 2 Χ 1018 ions cm'2. The 
insets in (a) and (b) are SEMs showing enlarged views of some of the blisters 

(64). 
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5. DAS AND KAMINSKY Blistering in Metals and Alloys 123 

Figure 3. SEMs of (a) monocrystalline Ni (110) surface irradiated at room 
temperature with 500 keV 4He* ions to a dose of 6.2 X1018 ions cm'2, (b) poly-
crystalline nickel surface irradiated at —153°C with 400-keV D+ ions to a dose 
of 1.25 Χ 1019 ions cm'2 (71). The blisters in (b) were observed at room tem

perature after irradiation at —153°C. 

recently, blisters have been observed in nickel irradiated with 400-keV 
D + ions to total doses above 8 Χ 10 1 8 ions cm" 2 at a low temperature of 
— 153°C (71). For this low temperature deuteron irradiation the average 
blister diameter was the same order of magnitude as the blister diameter 
observed for 500-keV 4 H e + ion irradiation of a N i ( 110) surface to a dose 
of 6.2 Χ 10 1 8 ions cm" 2 at room temperatures (72) as can be seen i n 
Figures 3a and b. In these irradiations one large blister appears to cover 
most of the irradiated area. 

Several of the examples cited above illustrate the difference in the 
blistering behavior of a given target material to the implantation of 
hydrogen isotope ions and helium ions under otherwise nearly identical 
irradiation conditions. Some of the major parameters affecting the radia
tion blistering process are described below. 

Projectile Energy 

The depth at which the ions are implanted in a solid depends on the 
projectile energy. In fact both the depth profile of the implanted ions 
and the energy deposited into damage are functions of the projectile 
energy and affect the gas bubble and subsequent blister formation 
significantly. 

Several of the features which describe the blistering phenomena such 
as blister diameter, blister density, blister skin thickness, and critical dose 
for blister appearance increase with increasing projectile energy i n a 
number of target projectile systems. Figures 4a-d illustrate this effect for 
vanadium irradiated at room temperature with helium ions i n the energy 
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124 RADIATION E F F E C T S ON SOLID SURFACES 

Figure 4. SEMs of annealed polycrystalline vanadium surfaces irradiated at 
room temperature (a) with 100-keV 4He+ ions to a dose of 3.1 X1018 ions cm'2 

(the inset shows an enlarged view of some of the blisters), (b) with 250-keV 
4He* ions to a dose of 3.1 X J O 1 8 ions cm'2, (c) with 500-keV 4He+ ions to a 
dose of 6.2 Χ 1018 ions cm'2, (d) with 1000-keV to a dose of 6.2 X1018 ions cm'2 

range 100-1000 keV. For irradiation with 100-keV 4 H e + ions to a dose of 
3.1 Χ 10 1 8 ions cm*2, the blisters are barely resolvable in the micrograph 
i n 4a, but at higher magnifications (see inset) blisters with average 
diameters of 1-8 /on were observed. Irradiation with 250-keV 4 H e + ions 
to the same dose showed slightly larger blisters with diameters of 3-40 
μία (4b). For 500-keV irradiation to a larger dose of 6.2 Χ 10 1 8 ions cm" 2 

the average blister diameters range from 15 to 350 μτη (4c). O n further 
increasing the projectile energy to 1000 keV, only one large blister occu-
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5. DAS A N D KAMINSKY Blistering in Metals and Alloys 125 

pied the entire bombarded area (4d), and this blister had already rup
tured, and a second blister had formed. 

Similar results have been obtained on niobium irradiated at room 
temperature with helium ions for an even larger energy range of 2 k e V -
1.5 M e V . Figure 5 is a plot of the available data (30,32,33,37,60,73) 
on average blister diameters as a function of helium ion energy. The bars 
indicate the smallest and the largest average blister diameter observed at 
a given energy. In general a range of blister diameters is observed in a 
given irradiated area, and Figure 6 shows an example (32) of the distri
bution of blister diameters for polycrystalline niobium irradiated at room 
temperature with 500-keV 4 H e + ions to a dose of 6.2 Χ 10 1 8 ions cm" 2. 
In this particular example, the average blister diameters range from 9 /an 
to as large as 500 μτη, and the largest fraction of blisters has an average 
diameter of ~ 12μτη. For the cases where such blister diameter distribu-
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Figure 5. Blister diameter as a function of projectile 
energy for niobium and molybdenum irradiated at room 

temperature with helium ions 
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126 RADIATION E F F E C T S ON SOLID SURFACES 

rions are known, the average blister diameter corresponding to the peak 
i n the distribution has been indicated i n Figure 5. Even though there is 
a large range of average blister diameters observed at a particular projec
tile energy, Figure 5 shows that the average blister diameters increase 
with increasing projectile energy for niobium irradiated at room tempera
ture with helium ions. A t energies above 500 keV very large blisters 
covering nearly the entire bombarded area have been observed as indi 
cated by the arrows. A n increase i n blister diameter i n molybdenum 
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Journal of Applied Physics 

Figure 6. Histogram of the blister diameter distribution in cold-
worked polycrystaUine niobium irradiated at room temperature with 

500-keV He* ions to a dose of 6.2 Χ 1018 ions cm'2 (32) 

irradiated with helium ions was observed by Erents and McCracken (37) 
with increasing ion energy from 7 keV to 80 keV (Figure 5) . For nickel 
irradiated at — 153°C with deuterons in the energy range 150 keV-400 
keV, a similar dependence was observed by Moller et al . (71). 

The increase in the average blister diameter with increase in projectile 
energy may be understood (60,73) qualitatively as follows. One can 
express the gas pressure ρ inside a blister as (32) : 
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5. DAS A N D KAMINSKY Blistering in Metals and Alloys 127 

<p = ±v7ht/(r2 + h2) (1) 

where σ7 is the yield strength of the material, t is the blister skin thickness, 
r is the radius of the blister, and h is the height of the blister. This 
equation was originally derived by H i l l (74) for spherical bulging by 
plastic deformation caused by the gas pressure applied to one side of a 
circular metal diaphragm firmly clamped around its perimeter. It has 
been observed that the blister skin thickness t is a strong function of ion 
energy Ε and increases with increasing projectile energy as discussed 
below. If one assumes that the blister height h and pressure ρ are only 
weak functions of E, and σ7 does not depend on E, a higher projectile 
energy (and correspondingly higher skin thickness t) w i l l result i n a 
larger blister radius r (see Equation 1). The value of σγ in an irradiated 
sample may differ from the value for an unirradiated material because 
of radiation damage and may be a weak function of the projectile energy. 

The blister skin thickness in al l metals studied increases with increas
ing projectile energy over a wide range of energies. Figure 7 shows an 
example for vanadium irradiated at room temperature with helium ions 
of energies ranging from 100 keV to 1000 keV (68). It illustrates the 
increase of blister skin thickness for increasing helium ion energies of 100 
keV, 250 keV, 500 keV, and 1000 keV. For helium ion irradiation of 
niobium the blister skin thicknesses have been measured (32,33,60,75— 
77) for a much larger energy range ( 1 keV-1500 keV) , and the measured 
skin thickness for different projectile energies have been compared with 
corresponding calculated projected ranges of 4 H e + ions incident on nio
bium. Figure 8 is a plot of projected ranges of helium ions in niobium 
for different energies calculated according to the method formulated by 
Schi0tt (78). The dotted curve represents calculations using Thomas-
Fermi nuclear stopping cross sections together with the electronic stop
ping cross sections of Lindhard et al. (79), which are proportional to 
projectile velocities. This latter assumption of velocity proportional elec
tronic stopping is strictly true for velocity ν smaller than v0Zp

2/s (here 
v0=e2/ti, Zp = atomic number of projectile), which corresponds to 
helium ion energies less than 250 keV. The solid curve was calculated 
using Thomas-Fermi nuclear stopping cross sections together with Brice's 
(80) expression for electronic stopping which uses the semi-empirical 
values of stopping power from Ziegler and C h u (81). The available data 
on measured blister skin thickness values for niobium irradiated with 
helium ions of different energies are plotted in Figure 8. The measured 
skin thickness values for the energy range of 250 keV-1500 keV (75) 
agree within 15% with the calculated projected range values according 
to Brice. For the energy range 60-80 keV (77) the agreement is better 
with the calculated projected range values according to Schi0tt. For H e + 
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128 RADIATION E F F E C T S ON SOLID SURFACES 

ion energies below 40 keV the blister skin thickness values (33,76,77) 
are higher than the projected range values, the difference increasing with 
decreasing ion energy. For 15-keV He* ion value obtained by Behrisch 
et al . (76) agrees closely with the one obtained by St.-Jacques et al. (77). 
Blister skin thickness values of Roth et al . (33) for the low energy range 
were indirectly obtained from Rutherford backscattering measurements, 
whereas values of Kaminsky et al. (75) and of St.-Jacques et al. (77) 

Figure 7. SEMs of blister skins in polycrystalline vanadium irradiated at room 
temperature with 4he* ions with energies of (a) 100 keV, (b) 250 keV, (c) 500 
keV, and (d) 1000 keV. The total dose in (a) and (b) was 3.1 Χ 1018 ions cm'2 

and in (c) and (d) was 6.2 Χ 1018 ions cm'2. 
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5. DAS A N D KAMINSKY Blistering in Metals and Alloys 129 

ENERGY (keV) 

Figure 8. Projected ranges of 4He* ions in nio
bium as a function of projectile energy. The 
dotted curve marked "LSS" was calculated using 
Thomas-Fermi nuclear stopping and the velocity 
proportional electronic stopping cross sections 
of Lindhard, et al. solid curve marked "Brice" 
was calculated using Thomas-Fermi nuclear 
stopping and Brice's semiempincal expression 
for electronic stopping. The data points with 
error bars are measured blister skin thicknesses 
for niobium irradiated at room temperature with 

He* ions, as measured by various authors. 

were directly measured from the scanning electron micrographs of blister 
skins. 

In the unfolding of Rutherford backscattering data for a determina
tion of blister skin thickness, however, uncertainties in the values for 
differential energy losses are reflected in corresponding uncertainties i n 
the thickness values. Figure 9 shows a typical example of energy distri
butions of backscattered protons from which the estimates of skin thick
ness were made by Roth et al. (33, 44) for blisters resulting from 4-keV 
helium ion irradiation of N b (100) surface in random direction. The 
backscattered spectra were taken in < 1 0 0 > / < 1 1 1 > double alignment 
with 150-keV protons before and after bombardment at room temperature 
with different doses of 4-keV H e + ions. A random backscattered spectrum 
is also shown in Figure 9. The backscattered energy distributions have 
been transformed into a depth distribution as shown by assuming a 
differential energy loss. One can see that for a dose of 1.4 Χ 10 1 7 ions 
cm" 2 , a surface layer about 500 A thick becomes misaligned. This thick-
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130 RADIATION E F F E C T S ON SOLID SURFACES 

Journal of Nuclear Materials 

Figure 9. <100>/<111> double aligned backscattered energy 
distribution of 150 keV protons from a niobium single crystal 
after irradiation at room temperature with 5-keV He* ions in a 
random direction (incident at 12° off the surface normal) for 

different doses as indicated (33) 

ness of the misaligned region has been interpreted by Roth et al . (33) to 
equal the thickness of the blister skin. 

The fact that the observed blister skin thickness for niobium irradi
ated with low energy helium ions ( 1-15 keV) was higher than the theo
retical projected range was initially attributed (33,44) to channeling of 
a large fraction of incident helium ions along close-packed lattice direc
tions or planes. Subsequently the same authors (76) explained this 
difference between the blister skin thickness and the calculated projected 
range as being caused by the blister skin separation at the end of the 
range. A n alternative explanation suggested by other authors (77) is that 
the observed difference may in part be caused by the more uniform 
distribution of helium bubbles for a large portion of the implant depth 
leading to volumetric changes (swelling from helium bubbles) of that 
region for sufficiently high doses, as is discussed under "Models for Blister 
Formation, , , below. 
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5. DAS AND KAMINSKY Blistering in Metals and Alloys 131 

The measurements of blister skin thicknesses on vanadium (Figure 
7) irradiated at room temperature with helium ions in the energy range 
100-1000 keV also show a good correlation with the calculated projected 
ranges (68). In contrast, for aluminum irradiated at room temperature 
with helium ions for the same energy range, the same authors obtained 
blister skin thickness values that were slightly lower than the calculated 
projected ranges (67). 

It is interesting to determine whether the blister skins separate from 
the bulk closer to the region of maximum lattice damage or the region 
where the concentration of the implanted ions is at a maximum. Recent 
studies by Kaminsky et al. (68,75) and Das et al. (67) have provided 
some insights here. Figure 10 compares blister skin thickness values for 
aluminum, vanadium, and niobium with the corresponding damage 
energy distributions and projected range distributions for the energy 
range above 100 keV (67). The data points marked a - d in Figures 10a, 
b, and c are blister skin thickness values for aluminum, vanadium, and 
niobium, respectively. The solid curves in Figures lOa-c are calculated 
damage energy distributions, and the dashed curves are projected range 
distributions for the helium ion energies indicated. The distributions 
were obtained using the tabulated projected range, straggling, and 
damage energy values for helium ions according to Brice (82). These 
tabulated values for damage energy distributions were calculated using 
an intermediate method developed by Brice (83) which includes the 
spatial distribution of the energy transferred by primary recoil atoms. 
The total error in the calculation of the projected range distribution and 
the damage energy distribution was estimated to be 12% (67,68,75). 
The results in Figure 10a show that the average skin thickness values for 
aluminum correlate more closely with the maxima in the damage energy 
distributions than with the maxima in the projected range distributions. 
O n the other hand, for vanadium (10b) and niobium (10c) the average 
blister skin thickness values correlate more closely with the maxima in 
the projected range distributions than with the maxima in the damage 
energy distributions. In this connection, one should consider the possi
bility that for a ductile metal like aluminum, the blister skin thickness 
could be lower because of the uniform elongation of the skin during 
plastic deformation and possible necking during rupture. However, meas
urements of blister skin thickness in aluminum made near the base of a 
blister and near a blister top by Das et al. (67) showed no significant 
differences in the thickness values within the experimental error. 

More recently, blister skin thicknesses have been measured in nickel 
irradiated at — 153°C with D + ions in the energy range 200-400 keV by 
Moller et al. (71). They compared the blister skin thickness values with 
experimental projected ranges, which were obtained from depth profile 
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0.3 0.4 0.6 0.8 
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Applications of Ion Beams to Materials 
Figure 10. Plots of projected range probability distributions ( ) as a June-
tion of depth into (a) Al target, (b) V target, and (c) Nb target for different 
energies of the incident 4He* -ions. The solid curves are plots of energy de
posited into damage as a function of depth into the targets for 4He* ions with 
various projectile energies. The data points with error bars are measured 
blister skin thicknesses for helium ion energies of (a) 100 keV, (b) 250 keV, 

(c) 500 keV, (d) 1000 keV, and (e) 1500 keV (67). 
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5. DAS A N D KAMINSKY BlisteHng in Metals and Alloys 133 

measurements (54) and calculated maxima in the damage energy distri
butions, which were computed with a Monte-Carlo program, taking into 
account primary events only. The blister skin thickness values were closer 
to the maxima in the damage energy distribution than the maxima in the 
projected range distribution, a result similar to those described above 
for aluminum (67). 

Critical Dose for Blister Formation 

In considering the effect of dose on blister formation a distinction 
should be made between the critical dose C b needed for the formation of 
gas bubbles in the bulk of the material during irradiation and the critical 
dose C b l for the appearance of blisters on the surface of an irradiated 
material. The determination of both of these parameters depends strongly 
on the sensitivity and the resolution of the detection technique used. For 
example, the more commonly used transmission and scanning electron 
microscopic techniques used to detect gas bubbles and blisters on the 
surface, respectively, often use commercially available instruments with 
resolutions ranging from 5-10 A and 50-100 A , respectively. Other tech
niques such as Mossbauer effect (see Ref. 84) and positron annihilation 
techniques (see Réf. S5,86) have been used to study vacancy clusters i n 
metals and may be used to detect gas bubbles. It is to be expected that 
the critical dose for gas bubble formation w i l l depend on several param
eters such as the concentration of the gas in the implant region, the initial 
and the radiation-induced defect concentrations, the type of lattice impu
rities and their concentration, target temperature, and the permeability 
of the implanted gas. While systematic studies of the critical dose for 
bubble formation are lacking, some information about the existence of 
gas bubbles in different metals after irradiation with noble gas ions is 
available. For example, helium bubbles have been observed in many 
metals such as aluminum (87,88,89), vanadium (90,91,92,93), stainless 
steel (94, 95, 96), copper (9-11, 97, 98), niobium (38, 39, 69, 99), molyb
denum (40,41,100), silver (101), and gold (98,102,103) after helium 
ion irradiation for total doses ranging from ~ 1 Χ 10 1 4 ions cm" 2 to ~ β X 
10 1 8 ions cm" 2. The helium concentrations range from ~ 10 ppm (96) to 
several atomic percent (39). In a few studies (40,100) the bubbles were 
observed after room temperature irradiation while in other studies (8-11, 
38,39,69,87-103) either the irradiations were done at higher tempera
tures, or the targets were annealed at high temperatures to observe 
bubbles. In vanadium irradiated with 240-keV H e + ions, C b for bubbles 
with diameters > 40 A was observed using T E M to be 1 Χ 10 1 7 ions cm ' 2 

for 500° C irradiation, and it decreased markedly to 7 Χ 10 1 4 ions cm" 2 

for a higher target temperature of 600°C (93). Evans et al. ( 100) could 
not resolve gas bubbles ( the resolution in their observation was ~ 15-20 
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134 RADIATION E F F E C T S ON SOLID SURFACES 

A ) in molybdenum implanted at room temperature with 36-keV He* ions 
to a dose of 1 X IO 1 6 ions cm" 2. However, at a dose of 3 Χ 10 1 7 ions cm" 2 

bubbles became readily visible in T E M which aligned themselves on a 
bcc superlattice exactly analogous to the void lattice (104). For irradia
tion with low energy (5-keV) Ar* ions, bubbles of ~ 20 A in diameter 
have been observed in gold after irradiation to a dose as low as 1.5 Χ 10 1 5 

ions cm" 2 (105). Gas bubbles can contribute to volume swelling, and for 
niobium irradiated at 800°C with 300-keV He* ions to a dose of 5 Χ 10 1 7 

ions cm' 2 , a fractional volume increase A V / V of ~ 1% has been meas
ured (69). 

The critical dose for blister appearance C b i depends also on several 
parameters, such as the concentration of the implanted gas in the implant 
region, the projectile energy, permeability of the implanted gas in the 
solid, target temperature, initial defect concentration, and yield strength 
of the material. Systematic studies of the dependence of Cbi is very 
limited. 

Even though gas bubbles have been observed (93) in metals at doses 
as low as 7 Χ 10 1 4 ions cm ' 2 for 240-keV He* on V at 600°C as mentioned 
above, the value for the critical dose for blister appearance has been 
observed to be approximately two orders of magnitude higher. Only a 
few data are available on the dependence of C b i on the projectile energy. 
For example for helium ion irradiation of niobium and molybdenum, 
Figure 11 shows a plot of available data (32,33,37,52,106) on critical 
dose for blister appearance as a function of helium ion energy. One 
notices a general trend—with increasing projectile energy the C b i values 
increase for the type of metals and the energy ranges studied. The range 
of C b l values shown in Figure 11 (Chi > 1 Χ 10 1 7 ions cm' 2 ) is generally 
larger than the dose ranges mentioned above for which gas bubbles have 
been observed. A similar trend of increasing C b i values with increasing 
projectile energy has also been observed in nickel irradiated at — 153°C 
with D* ions for the energy range 200-400 keV (71). This trend appears 
plausible since with increasing projectile energy the blister skin thickness 
increases. The critical pressure pCT in a gas bubble needed to deform the 
surface can be written as (18,31,32): 

ν = - y - (2) 
P e r - W 

where the symbols have the same meaning as in Equation 1. This ex
pression is slightly different from the one given in Equation 1 and w i l l be 
derived later under "Models for Blister Formation," below. For a bubble 
with a given radius r and for a given yield strength of the material σ 7, 
a larger skin thickness t resulting from an increase in projectile energy 
requires a larger p c r , and this can be obtained at larger doses. However, 
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5. DAS A N D KAMINSKY Blistering in Metah and Alloys 135 

there are other complicating microstructural effects that may invalidate 
this simple relationship between critical dose and projectile energy. For 
example, the critical dose for blister appearance in niobium at room 
temperature has been found to depend on the initial dislocation density 
(32). In Figure 11 the Chi value for 500-keV H e + ion irradiation of 
annealed niobium at room temperature is ~ 2 Χ 10 1 8 ions cm" 2 while 
for cold-worked niobium, only an upper limit value of 6.2 Χ 10 1 7 ions cm" 2 

can be given. This lowering of C b i may (32) be caused by easier nuclea-
tion of helium bubbles on the more numerous dislocations in cold-worked 
samples. 
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Figure 11. Critical dose for blister appearance Cbl as a function of 
projectile energy for niobium and molybdenum irradiated at room 

temperature with 4He* ions 

For 20-keV ion irradiation of molybdenum at room temperature, 
Erents and McCracken observed C M ^ 5 X 10 1 7 ions cm' 2 , a value which 
is close to the interpolated one for annealed niobium for comparable 
irradiation conditions. For gases like hydrogen which have high permea
bility in metals, C b i is generally higher than for inert gases like helium. 
For example, for cold-worked polycrystalline niobium irradiated at room 
temperature with 500-keV D + , no blisters were observed (61 ) after a dose 
of 6.2 Χ 10 1 8 ions cm" 2, whereas for helium ion irradiation under identical 
conditions, C w was less than 6.2 χ 10 1 7 ions cm ' 2 (Figure 11). 
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136 RADIATION E F F E C T S ON SOLID SURFACES 

Dependence of C w on irradiation temperature has been observed. 
For example, for 500-keV H e + ion irradiation of niobium at room tem
perature, C b l is ~ 2 Χ 10 1 8 ions cm" 2 , and it decreases to < 6.3 Χ 10 1 β 

ions cm" 2 for irradiation at 900°C (61). However, for 4-keV H e + ion 
irradiation, the decrease in C M with increasing irradiation temperature is 
not so large (see Figure 12). This trend can be understood since with an 
increase in temperature the yield strength σγ of most metals decreases, 
and thus for constant values of r and t i n Equation 1, the value for pCT 

w i l l decrease correspondingly. 

τ r τ 
I4keV He* on Nb <I00> 

[,*500keV He* on Annealed Nb 
τ 

Ί Γ 

61,106 

J I I I L 
200 400 600 800 1000 1200 1400 

IRRADIATION TEMPERATURE (°K) 

Figure 12. Critical dose for blister appearance as a function of 
target temperature for niobium irradiated by helium ions 

Effect of Total Dose 

In this section we consider the effect of the total dose values which 
are above the critical dose C w on the blistering phenomenon. Once the 
C b i values have been exceeded, the dose values w i l l affect such features 
as blister diameter, blister density, and the exfoliation of the blister skin. 

The ranges of average blister diameters depends strongly on the 
projectile energy (as described above), but less strongly on the total dose. 
For example, for cold-worked niobium irradiated at room temperature 
with 500-keV H e + ions, the average diameters of most of the blisters range 
from 10 to 30 μτη for both total doses of 6.2 Χ 10 1 7 ions cm" 2 ( ~ 64% of 
total number of blisters) and 6.2 Χ 10 1 8 ions cm" 2 ( ~ 7 5 % of total 
number of blisters (32). For annealed poly crystalline vanadium irradi-
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5. DAS AND KAMINSKY Blistering in Metah and Alloys 137 

ated at 900°C with 500-keV H e + ions, as the dose is increased (107) by 
one order of magnitude from 6.2 Χ 10 1 7 ions cm" 2 to 6.2 Χ 10 1 8 ions cm" 2 , 
the range of the values of average blister diameters does not change 
appreciably, but the mean value of the average blister diameters shows 
a small increase from 6.2 to 7.4 μτίϊ. Similar results have been obtained 
( 107) for niobium irradiated at 900°C with 500-keV H e + ions, where the 
range of average blister diameters does not change appreciably for doses 
of 6.2 χ 10 1 7 ions cm" 2 and 6.2 Χ 10 1 8 ions cm' 2 . For 125-keV D + irradia
tion of C u (100) surface, the pits formed by blister rupture do not 
increase in size appreciably as the total dose is increased to above 1.9 X 
10 1 9 ions cm" 2 (19,20). 

The blister density, i.e., the number of blisters per unit irradiated 
area, has been observed to increase with total dose. For palladium 
implanted at with 300-keV H e + ions Thomas and Bauer (31) observed 
an increase in blister density by a factor of five by increasing the total 
dose from 1 Χ10 1 8 ions cm' 2 to 2 Χ 10 1 8 ions cm" 2, but the values for 
the blister diameters did not change. For molybdenum irradiated at 
room temperature with 36-keV H e + ions, Erents and McCracken (37) 
observed an increase in blister density by about a factor of four when 
the total dose was increased by a factor of two from 6 Χ 10 1 7 ions cm" 2 

to 1.2 Χ 10 1 8 ions cm" 2. For higher temperature irradiation (at 900°C) 
of niobium with 500-keV H e + ions, Das and Kaminsky (107) observed 
an increase in the blister density from ~ 6 Χ 104 blisters cm ' 2 to ~ 1.5 
Χ 105 blisters cm" 2 with an increase in total dose from 6.2 Χ 10 1 7 ions 
cm" 2 to 6.2 Χ 10 1 8 ions cm" 2. 

The increase in blister density with increasing total dose is observed 
only when there are numerous small blisters over the irradiated area. 
However, when there are only a few large blisters covering most of the 
irradiated area (as observed for high projectile energies, for example see 
Figures 4c, d ) , there is an increase in blister skin exfoliation with 
increase in total dose. Figures 13a-c illustrate this effect for type 304 
stainless steel irradiated at 450°C with 500-keV H e + ions to a total doses 
of 6.2 Χ 10 1 7, 3.1 Χ 10 1 8, and 6.2 χ 10 1 8 ions cm" 2, respectively (60). 
For a dose of 6.2 Χ 10 1 7 ions cm" 2 a large portion of the irradiated area 
is occupied by a single blister with an average diameter of ^ 700 μία 
(13a) which has ruptured. At a higher dose of 3.1 Χ 10 1 8 ions cm" 2 

three exfoliated skin layers are observed (13b) as compared with one 
for a dose of 6.3 Χ 10 1 7 ions cm ' 2 (13a). For an even higher dose of 
6.2 χ 10 1 8 ions cm" 2 the number of exfoliated skin layers increases to 
five in some regions (13c). One can estimate the erosion yields (see 
"Blistering Parameters," above) for these cases by measuring the area 
from which the blister skin has fallen off and the blister skin thick
ness. The estimated erosion yields for the three doses 6.2 Χ 10 1 7, 3.1 X 
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Journal of Nuclear Materials 

Figure 13. SEMs of surfaces of an
nealed type 304 stainless steel after 
irradiation at 450°C with 500-keV 
4He+ ions for total doses of (a) 6.2 X 
1017 ions cm'2, (b) 3.1 Χ 1018 ions 
cm'2, and (c) 6.2 Χ 1018 ions cm'2 

(60) 

10 1 8 , and 6.2 Χ 10 1 8 ions c m - 2 were 0.1 ± 0.05, 0.45 ± 0.1, and 0.8 db 0.2 
atoms per incident helium ion—an almost linear increase in erosion yield 
with total dose (60). 

For low energy ( < 15 keV) irradiations the successive exfoliation 
of blister skin with increasing total dose is not observed. Martel et al. 
(30) observed blisters appearing in niobium irradiated at room tempera
ture with helium ions for energies of 5 keV, 10 keV, and 15 keV for doses 
or dose ranges of 3.1 Χ 10 1 8 ions cm" 2 , 6.2 Χ 10 1 7 — 3.1 Χ 10 1 8 ions cm" 2 , 
and 6.2 Χ 10 1 7 — 9.4 Χ 10 1 8 ions cm" 2 for the respective energies. How
ever, when the dose values were increased to ~ 6.2 χ 10 1 8 ions cm" 2 , 
~ 6.2 Χ 10 1 8 ions cm" 2 , and 1.9 Χ 10 1 9 ions cm" 2 for 5-, 10-, and 15-keV 
helium ion irradiation, respectively, no blisters were observed. Figures 
14a and b show surfaces of niobium irradiated with 15-keV H e + ions 
to total doses of 3.1 Χ 10 1 8 ions c m - 2 and 6.2 Χ 10 1 9 ions " 2, respectively. 
Blisters are seen for the lower dose of 3.1 Χ 10 1 8 ions cm" 2 (14a) but 
are not observed at the higher dose of 6.2 χ 10 1 8 ions cm" 2 (14b). The 
upper dose limit beyond which no blisters are observed has been termed 
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5. DAS A N D KAMINSKY Blistering in Metals and Alloys 139 

*cut-off dose" and was found to be of the same order of magnitude as 
that was necessary to sputter off a thickness equivalent to the thickness 
of the blister skin. This behavior has been recently confirmed by 
Behrisch et al. (22, 108) for 9-keV H e + ion bombardment of niobium at 
room temperature. They bombarded niobium surfaces with total doses 
up to 7 Χ 10 2 0 ions cm' 2 , and observed formation of ridges and grooves 
on the surface at this highest dose after the blisters, observed initially at 
lower doses, had disappeared. Similar results have also been obtained 
(22) for type 304 stainless steel irradiated with 5-keV hydrogen ions, 
where blisters were initially observed-for a dose of 4.9 Χ 10 1 8 ions cm" 2 

but no blisters were observed at a dose of 4.9 Χ 10 1 9 ions cm' 2 . The 
cut-off dose for blister disappearance has recently been observed to de
crease with increasing irradiation temperature for helium ion irradiation 
of niobium (109). It has been suggested (30) that after a surface layer 
equivalent to the blister skin thickness has been sputtered off (e.g., for 
10-keV H e + irradiation of niobium a dose of 5.1 Χ 10 1 8 ions cm" 2 is 
needed, assuming a sputtering yield of 0.085 niobium atoms per helium 
ion and blister skin thickness of 800 A ) the resulting surface roughness 
and the damaged surface layers may increase the effective sputtering 
yield, and thus physical sputtering may prevent the formation of blisters. 
In addition, it has been suggested that the diffusion of the implanted gas 
through the highly damaged surface layers may contribute (108) to the 
observation of no blisters at high doses. Recently Evans (109a) suggested 
that the blister formation at these high doses of low energy ( < 15keV) 
helium ion irradiation may be prevented because of the increased surface 
roughness which hinders coalescence of small helium bubbles. 

Figure 14. SEMs of polycrystalline niobium irradiated at room temperature 
with 15-keV 4He+ ions to total doses of (a) 3.1 Χ 1018 ions cm'2, (b) 6.2 Χ 1019 

ions cm~2 (30). The target surface in (a) was annealed and eiectropolished, 
whereas in (b) it was cola-worked and mechanically polished prior to irradiation. 
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140 RADIATION E F F E C T S ON SOLID SURFACES 

Dose Rate 

The rate of gas buildup near the implant depth and the subsequent 
blister formation for a given irradiation temperature depend on the dose 
rate, i.e., the incident ion flux, and the rate of gas release from the 
surface. Depending on the balance of gas trapping and gas release, 
there may or may not be an effect of dose rate on blister formation. 
The blister density and the critical dose for blister appearance is affected 
by dose rate in some cases (107). 

Applications of Ion Beams to Metals 

Figure 15. SEMs of surfaces of an
nealed polycrystalline vanadium after 
irradiation at 900°C with 500-keV 
4He+ ions for a total dose of 6.2 Χ 1017 

ions cm'2 at fluxes of (a) 1 Χ 1013 ions 
cm'2 sec'1, (b) 1 Χ 1014 ions cm'2 

sec'1, and (c) 1 Χ 1015 ions cm'2 sec'1 

dor; 

For vanadium irradiated at 900°C with 500-keV helium ions, Das 
and Kaminsky (107) observed an increase in blister density with increas
ing dose rate. Figures 15a-c illustrate this for dose rates of 1 Χ10 1 3 , 
1 Χ 10 1 4, and 1 Χ 10 1 5 ions cm" 2 sec' 1, respectively. The total dose in al l 
three cases was the same, 6.2 Χ 10 1 7 ions cm" 2. There are two types of 
blisters observed in these micrographs, one type is very small in size, 
and the other is larger. The average diameters of blisters of both types 
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5. DAS A N D KAMINSKY Blistenng in Metals and AUoys 141 

do not seem to depend significantly on the beam flux. For the small size 
blisters the value for the average blister diameter ranges from ^ 0.1 μία 
to ~ 0.3 μτα, and for the large size blisters the average diameter ranges 
from ~ 3 μτα to ~ 15 μτα for all three dose rates. The blister density 
for the small size blisters is about the same [(5 ± 2) X 10 e blisters cm"2] 
for the three fluxes. For the larger size blisters, however, the blister 
density depends on the flux. The values increase from (1.0 ± 0 . 5 ) X 
104, to (3 ± 1) χ 104, and to (7 ± 2) Χ 104 blisters cm" 2 as the flux 
increases from 1 Χ 10 1 3, to 1 Χ 10 1 4, and to 1 Χ 10 1 5 ions cm" 2 sec' 1, 
respectively. For niobium irradiated at 900°C with 500-keV H e + ions 
to a dose of 6.2 Χ 10 1 7 ions cm" 2 , a similar increase in blister density has 
been observed (107) for the larger size blisters. Again, two types of 
blisters were observed, one type having smaller diameters (0.3-1.0 μτα) 
and the other type having larger diameters (3-15 μτα). The blister 
density for the large blisters increased from (3 ± 2) Χ 10 4 blisters cm" 2 

to (6 ± 3) Χ 10 4 blisters cm" 2 as the flux was increased from 1 Χ 10 1 3 

to 1 Χ 10 1 4 ions cm" 2 sec' 1, but a further increase in flux to 1 Χ 10 1 5 ions 
cm ' 2 sec"1 did not seem to change this value within the quoted error 
limits. However, for niobium irradiated at 700°C with 250-keV D + ions, 
Das and Kaminsky (107) observed an increase in blister size with 
increasing dose rate. Some of the blisters for these irradiations had 
"crow-foot" shape (as discussed under Channeling Condition, below), 
and the length of each of the three prongs of a particular blister increased 
by approximately a factor of three as the dose rate was increased from 
1 Χ 10 1 4 ions cm" 2 sec"1 to 1 Χ 10 1 5 ions cm ' 2 sec"1 at constant total dose. 

The dependence of the critical dose for blister appearance C b i on 
dose rate has been investigated for 15-keV ΡΓ irradiation of molybdenum 
at room temperature by Verbeek and Eckstein (64). Figure 16a shows 
a plot of C b i as a function of the dose rate. C b i decreases with increasing 
dose rate, ranging from 2.9 χ 10 1 4 ions cm" 2 sec' 1 (this is equal to the 
current density of 0.46 X 10' 4 A . cm ' 2 plotted in Figure 16a) to 2.4 X 
10 1 5 ions cm" 2 sec"1. This can be understood if one considers that during 
the irradiation, the loss of hydrogen from the implant depth by diffusion 
competes with the incoming flux. Thus, C w may be reached at a lower 
dose for a higher incident flux than for a lower incident flux. Recently, 
Moller et al. (71 ) studied the effect of dose rate for 300-keV and 350-keV 
deuteron irradiation of nickel at — 153°C. Their results show [see Figure 
16b] that C b i increases with increasing dose rate ranging from 3.7 Χ 10 1 5 

ions cm ' 2 sec"1 ( - 6 χ 10"4 A . cm" 2) to 1 Χ 10 1 β ions cm" 2 sec"1 ( « 16.9 
X 10' 4 A . cm' 2 ) . In Figure 16b, at low dose rates, the critical dose 
increases linearly and tends to level off at higher dose rates. These 
opposite trends, observed for the low energy proton irradiation of molyb
denum (16a) and for high energy deuteron irradiation of nickel (16b), 
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Figure 16. The dependence of critical dose 
for blister appearance C & 1 on the incident ion 
flux for (a) 15-keV H+ irradiation of molyb
denum at room temperature (64), (b) 300- and 
350-keV D* irradiation of nickel at -153°C 

(71) 

cannot be readily understood at this time. According to Môller et al. 
(71) if one assumes that an increase in dose rate w i l l increase the bubble 
density, and the volume of each bubble increases with increasing total 
dose, then for a given total dose the trapped gas w i l l be distributed into 
a fewer number of gas bubbles in the case of low dose rate than in the 
case of high dose rate. 

Target Temperature 

The target temperature is one of the most important parameters 
affecting the radiation blistering process. For example, the average 
blister diameter, blister density, and the exfoliation of blister skin (which 
determines the erosion yield) depend on target temperature. A n example 
(39,60,70) of the effect of irradiation temperature on these parameters 
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5. DAS A N D KAMINSKY Blistering in Metals and Attoys 

Figure 17. SEMs of annealed 
polycrystalline vanadium irradi
ated with 500-keV 4He* ions to a 
total dose of 6.2 Χ 1018 ions cm-2 

at (a) room temperature, (b) 
300°C, (c) 500°C, (d) 6O0°C, and 

(e) 900°C (60, 70) 
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144 RADIATION E F F E C T S ON SOLED SURFACES 

is illustrated in Figure 17 for vanadium irradiated with 500-keV H e + ions 
to a total dose of 6.3 Χ 10 1 8 ions cm" 2. For irradiation at room tempera
ture, blisters with average diameters ranging from 15 μτη to 350 μτη can 
be seen in 17a. There is exfoliation of blister skins in some areas. As 
the irradiation temperature is increased from room temperature to 300°C 
(17b), the average blister diameter increases, and most of the irradiated 
area is occupied initially by one large blister, which subsequently exfoli
ates, and a second blister is formed and starts to exfoliate. A third 
blister has also been formed in the area which was exposed by the 
exfoliation of the first two blister skin layers (17b). Irradiation at 500°C 
(17c) shows an even stronger increase in blister exfoliation since six 
exfoliated skin layers are observed in certain regions. O n further increas
ing the irradiation temperature to 600°C, there is still a large blister 
covering most of the irradiated area, but now the number of exfoliated 
blister skin layers decreases to three (17d). Increasing the irradiation 
temperature even higher to 800°C causes the average blister diameters to 
decrease significantly to only 10-20 /*m, and no large scale exfoliation 
is observed (17e). Similar results have been obtained by Bauer and 
Thomas (38,65,69) for a slightly lower energy (300 keV) helium ion 
irradiation of vanadium to a lower dose of 2-4 Χ 10 1 8 ions cm" 2. For 
irradiation at 400°C to a dose of 4 Χ 10 1 8 ions cm" 2, they observed severe 
exfoliation of blister skins, but only a few small blisters with no severe 
exfoliation were observed for irradiation at 800°C to a dose of 2 Χ 10 1 8 

ions cm' 2 , They increased the irradiation temperature to 1200° C and 
observed no blisters after a dose of 2 Χ 10 1 8 ions cm" 2 , but the surface 
had small holes with crystallographically oriented edges (see Figure 18). 
These holes may be caused by the intersection of large bubbles with the 
surface. Thus, the blister diameter and exfoliation of blister skin in 
vanadium is maximum at an intermediate irradiation temperature (300° -
600°C). A similar temperature dependence of blister diameter and 
blister exfoliation has been observed for a number of other metals and 
alloys irradiated with helium ions as w i l l be discussed below. 

For niobium irradiated with 300-keV helium ions to a total dose of 
4 Χ 10 1 8 ions cm' 2 , severe exfoliation has been observed (38,69) at 400° 
and 600°C. O n increasing the irradiation temperature to 1000° and 
1200°C, holes were observed on the surface (69,110). For annealed 
polycrystalline niobium irradiated with 500-keV H e + ions to a dose of 
6.2 Χ 10 1 8 ions cm" 2, blister skin exfoliation was observed (111) at room 
temperature and 600°C, but at a temperature of 900°C only small blisters 
were observed (average diameters of ~ 15 μία) with no exfoliation of 
blister skin. 

Irradiation of stainless steel type 304 (70,112) and type 316 (65, 
113) with 500-keV and 300-keV helium ions, respectively, showed a 
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5. DAS A N D KAMINSKY Blistenng in Metals and Alloys 145 

similar temperature dependence of blister skin exfoliation. Similarly, for 
molybdenum (38,65) irradiated with 300 keV H e + ions, there was severe 
exfoliation of blister skin at 400° and 600°C after a dose of 4 Χ 10 1 8 

ions cm" 2, but at 800°C there were only small blisters, with average 
diameters of 20^-30 / A m and with no severe exfoliation after a dose of 
2 Χ 10 1 8 ions cm' 2 . A t even a higher irradiation temperature of 1200° C 
some blisters and some holes were observed on the surface after a total 
dose of 2 χ 10 1 8 ions cm" 2. A similar behavior has also been observed 
(37,41) in molybdenum irradiated with low energy (36 keV) helium 
ions, where severe exfoliation was observed at an intermediate irradiation 
temperature of 527°C, but exfoliation was less severe at room tempera
ture and at 827°C. A t high irradiation temperature of 1327°C the 
irradiated surface was covered with "pin holes." These pin holes were 
similar to those shown in Figure 18 but did not have crystallographically 
oriented edges. 

Journal of Nuclear Materials 

Figure 18. SEM of annealed 
polycrystalline vanadium irradiated 
at 1200°C with 300-keV 4He+ ions 
to a dose of 2 Χ 1018 ions cm'2 (65) 

Since the exfoliation of blister skin strongly depends on target tem
perature, it is apparent that the erosion yields w i l l also show a strong 
dependence on target temperature if the other irradiation conditions 
remain the same. The erosion yields have been estimated for a number 
of metals and alloys irradiated with helium ions as a function of tempera
ture, and Figure 19 shows a plot of some of the available data (60, 65, 70, 
111,114). The temperature-dependence of erosion yield shows a maxi
mum for type 304 stainless steel and vanadium. For type 304 stainless 
steel irradiated with 500-keV H e + ions, the erosion yield goes through 
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Figure 19. Erosion rates for different metals and alloys as a func
tion of irradiation temperature for different projectile energies and 

Ψί fSSf8' * tyPe 3 1 6 unless steel with 300-keV 4He+ for 
4 X 10™ ions cm'2; Δ , type 304 stainless steel with 100-keV 4He+ 
ϊ£ Γ 7 X o , I0™*™'2; · » fyPe 3 0 4 stainless steel with 500-keV 
4iT+ >?f 3Λ X 1 0

 1 o
i 0 n s c™'2' D> annealed vanadium with 500-keV 

« Γ * Τ A X 1(μ*ίο™ <™~2> annealed niobium with 500-keV 
ι , r JF*6;2 ~ 1 0 i o n $ cm'2> °> annealed aluminum with 100-
keV 4He* for 6.2 Χ 1018 ions cm'2, M, annealed niobium with 100-

keV 4He+ for 3.1 X J O 1 8 ions cm'2. 

a maximum at about 350-550°C. For polycrystalline vanadium irradiated 
with 500-keV H e + ions, the maximum erosion yield appears to be some
where between 300° and 500°C. The temperature at which the erosion 
yield is a maximum depends on the type of target material. For annealed 
aluminum irradiated with 100-keV H e + ions, it appears that the maximum 
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5. DAS AND KAMINSKY Blistering in Metals and Alloys 147 

in the erosion yield is at a much lower temperature compared with 
stainless steel and vanadium, possibly below room temperature. 

The erosion yield depends on projectile energy for some materials. 
Figure 19 also shows the few available data for the erosion yields for 
niobium irradiated with 100-keV and 500-keV H e + ions. The erosion 
yield for niobium at room temperature is about five times higher for 
100-keV helium ion irradiation than for 500-keV irradiation. Similarly, 
for type 304 stainless steel one observes that as the helium projectile 
energy is reduced from 500 to 100 keV, the erosion yield increases by 
approximately a factor of seven for the same dose of 3.1 Χ 10 1 8 ions cm" 2 

at ~ 450°C. The observation in niobium and stainless steel that the 
erosion yield is higher for the low ion energy than for the high one for 
the temperature and dose range studied does not seem to hold for al l 
target materials. Some recent results (119) on annealed poly cry stalline 
aluminum irradiated at room temperature with 100-keV, 250-keV, and 
500-keV helium ions show erosion yields of ~ 1.75 ± 0.25, 1.44 ± 0.5, 
and 1.67 ± 0.8, respectively. The reason for this difference in behavior 
i n aluminum as compared with niobium or stainless steel is not clearly 
understood at present. 

The observed change in erosion yield with temperature has been 
related (39,60) to the strong temperature dependence of the yield 
strength of the material. For example, the yield strength of annealed 
type 304 stainless steel at 450°C is half of its value at room temperature 
(115). Similarly the tensile strength of vanadium at 900°C is less than 
a third of its value at room temperature (116). Thus, for a particular 
dose, the collected gas in a bubble can deform the surface skin more 
readily at high temperature, e.g., at 450°C in stainless steel, than at room 
temperature. In addition, the kinetic pressure of the gas in the bubble 
w i l l increase with temperature and may also enhance this process. How
ever, at very high temperatures, e.g., at 900°C in vanadium, helium may 
be released through the surface either by atomic diffusion or by migration 
of small bubbles. Therefore, the amount of helium trapped in the lattice 
w i l l be affected by the helium release rate and the bubble nucleation 
rate and wi l l , in turn, determine the size and density of helium bubbles 
and the subsequent blister size. Thus, the degree of blistering and 
exfoliation of blister skin is maximized if the temperature is high enough 
so that the surface can be deformed easily but low enough that the 
helium release from the surface is still very small. 

Temperature Dependence of Gas Reemission 

The temperature dependence of blister rupture and exfoliation is 
closely related to the temperature dependence of the reemission of 
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Journal of Nuclear Materials 

Figure 20. Helium reemission from vanadium during 300-keV He* im
plantation as a function of dose at three different implantation temperatures 

trapped gas. Gas reemission measurements, associated with blister rup
ture, have been made by several authors for different target-projectile 
systems. For monocrystalline copper irradiated at room temperature 
with 125-keV D + ions, gas bursts were observed by Kaminsky (12) 
from blister rupture, as described at the beginning of this chapter. 
These early observations showed that the gas bursts were indeed caused 
by blister rupture, since the number of gas bursts correlated well with 
the number of pits observed on the surface. Extensive measurements of 
helium gas reemission from Nb , V , Mo , stainless steel, and Pd during 
irradiation have been made by Bauer et al. (31,35,38,66) for different 
target temperatures and different total doses. Figure 20 shows an 
example of helium reemission from vanadium as a function of helium 
fluence for three different irradiation temperatures (66). For 400°C 
irradiation it can be seen that an abrupt change in reemission occurs 
after a certain dose is attained. The sudden onset of reemission, with a 
peak value well in excess of 100% of the incoming particle flux, occurs 
at nearly the same dose as that at which blister rupture is observed 
optically. The gas buildup prior to the sharp increase in the gas release 
explains the observed reemission rates in excess of 100% of the incoming 
flux. After the burst the reemission rate returns to a relatively low value. 
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5. DAS AND KAMINSKY Blistering in Metals and Alloys 149 

W i t h continued irradiation helium again accumulates resulting in the 
periodic reemission of "bursts", as seen in Figure 20 for 400°C. The 
number of reemission bursts observed have a one-to-one correspondence 
with the number of the large size exfoliated blister skin layers on the 
surface. A t higher irradiation temperature (e.g., at 800°C) no large 
periodic bursts are observed, consistent with the observed changes in 
the surface topography. A t a high temperature of 1200°C the reemission 
rate increases to ~ 100% almost immediately for small dose values and 
appears to remain constant thereafter. At this high irradiation tempera
ture small pores were observed on the surface as shown earlier in 
Figure 18. 

The first burst of gas in the reemission measurements is related to 
the exfoliation or rupture of the first blister skin. Figure 21 is a plot of 
the dose for the onset of first reemission burst for Nb , V , Mo , and type 
316 stainless steel irradiated with 300-keV H e + ions [taken from the 
helium reemission curves of Bauer et al. (38,66)] as a function of irradi
ation temperature. One notices that the onset dose for the first reemis
sion burst decreases with increasing target temperature. This can be 
expected since the critical dose for blister appearance also shows a 
decrease with increasing target temperature. 

Hydrogen reemission from some metals during irradiation with H * 
ions shows a different behavior from helium reemission for comparable 
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Figure 21. Dose for the onset of first reemission burst for Nb, Mo, 
V, and type 316 stainless steel as a function of irradiation tempera
ture during implantation with 300-keV He* ions. These doses were 
taken from the helium reemission measurements by Bauer et al. 

(38, 66j. 
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150 RADIATION E F F E C T S ON SOLID SURFACES 

irradiation conditions. The hydrogen reemission rises smoothly to an 
equilibrium value in many cases. For example, during 150-keV H + 

implantation in type 316 stainless steel at — 93°C, — 75°C, and 60°C, 
Bauer and Thomas (66) observed that the hydrogen reemission rose 
smoothly as the dose was increased and attained an equilibrium value 
after a certain dose. The dose at which the equilibrium value was 
attained was lower at the higher temperature of 60°C than at — 93°C. 
Only for irradiation at — 93°C were blisters observed on the surface 
(65). For 150-keV H + implantation in molybdenum a similar smooth 
rise in the reemission was observed for implantation at 0°C and i n the 
range 25-100°C, but an abrupt rise in reemission was observed for 
— 115°C irradiation, somewhat similar to the helium reemission behavior. 
No periodic reemission bursts, as seen for H e + irradiation of many metals, 
have been reported for hydrogen irradiation of metals. This is consistent 
with the observation that no severe exfoliation of multiple blister skin 
layers occurs in most metals because of their high solubility and diflFu-
sivity for hydrogen. 

Channeling Condition of the Projectile and Crystallograpbic 
Orientation of the Irradiated Surface 

In a monocrystalline solid a penetrating projectile can be guided 
by the regular lattice arrangement, e.g., through the spaces between the 
planes (planar channeling) or along channels formed by parallel rows 
of atoms (axial channeling) if the impact parameters are suitably chosen. 

Figure 22. SEMs of (111) surface planes of niobium monocrystal after room 
temperature irradiation to total dose of 6.2 Χ 1018 ions cm'2 of 500-keV 4He* 
ions (a) incident at ~ 5° with respect to surface normal (unchanneled ions), 

(b) channeled axially in the [111] direction (73) 
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5. DAS A N D KAMINSKY Blistering in Metals and Alloys 151 

Figure 23. SEMs of (111) monocrystalline niobium surfaces after irradiation 
at 900°C to total dose of 6.2 Χ 1018 ions cm'2 of 500 keV He* ions (a) well 
channeled along the [111] axis, (b) incident at ~ 5° off the surface normal (un-

channeled) (118) 

The channeling of projectiles affects the implant depth of the projectiles 
and the radiation-induced defect concentration. For a recent review of 
the various aspects of the channeling phenomenon see Ref. 117. The 
blister formation on the surfaces of monocrystalline targets is expected 
to depend on the channeling condition of the projectile. For monocrys
talline N b (111) surfaces irradiated at room temperature with 500-keV 
H e + ions, Das and Kaminsky (73) observed blisters with larger average 
diameters for axially channeled ions than for unchanneled ions as shown 
in Figures 22a and b, respectively. This effect is somewhat similar to the 
effect of projectile energy on blister diameter discussed above, because 
the channeled ions are implanted at a greater depth from the surface than 
the unchanneled ions. Similar observations were also made by Verbeek 
and Eckstein (64) in M o (100) surface irradiated with 150-keV H e + ions. 
The average blister diameter was 6.0 /an for the channeled case as com
pared with 4.8 /on for the unchanneled case. They also found the blister 
skin thickness to be larger for the channeled case ( ~ 0.4 /on) than for the 
unchanneled case (~ 0.3 /an). 

Channeling of the projectiles affects the blister density significantly 
(118). Figure 23 shows an example of blisters formed on N b (111) 
surface irradiated at 900°C with 500-keV H e + ions for ions channeled 
along [111] axis (a) and for non-channeled ions (b) for the same total 
dose of 6.2 Χ 10 1 8 ions cm" 2. These blisters have a threefold symmetry 
and have been called "crow-foot" blisters. Each of the three prongs of 
a blister has two distinct facets, which intersect along the lines whose pro
jections on the (111) plane are in the [ Ϊ2Ϊ] , [ Ϊ Ϊ2] , and [2ΪΪ] directions. 
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152 RADIATION E F F E C T S ON SOLID SURFACES 

No crow-foot blisters are observed whose prongs are pointed along the 
other equivalent [121], [112], and [211] directions. The blister density 
is lower by approximately two orders of magnitude for the channeled 
helium projectiles (23a) as compared with the unchanneled ones (23b). 
Such a behavior is not unexpected since the channeling of projectiles 
helps to reduce the radiation damage in near-surface regions (corre
sponding to the initial part of the trajectory of the channeled projectiles), 
and thereby reduces the number of radiation-induced nucleation sites 
for bubble formation. The lower blister density for the channeled case 
helps to retain the well defined crystallographic character of the blisters 
(23a). 

The effect of the crystallographic orientation of the irradiated surface 
on blister formation has not been investigated in as much detail as some 
of the other parameters described above. The density, diameter, and 
shape of the blisters depend on the crystallographic orientation of the 
surface with respect to the incident ion beam. Milacek and Daniels 
( 119) studied orientation dependence of blister density in polycrystalline 
aluminum crystals with large grains (1-1.5 mm) bombarded with 
protons in the 10-100 keV range. The orientations of the individual 
grains were determined by the standard Laue backreflection technique 
but using a microfocus x-ray beam. They observed the lowest blister 
density in grains with orientation near {111}, and this was followed next 
by grains near {100} orientation. The grains near {110} and higher 
indices orientations had the maximum density of blisters. They attributed 
this to the orientation dependence of the range of ions; the greater the 
range of ions, the greater is the amount of retained gas and consequent 
blistering. Figure 24 shows an example of orientation dependence of 
blister diameter for polycrystalline niobium irradiated at room tempera
ture with 15-keV H e + ions. The variation of the blister diameter among 
the different grains can be readily seen. This may result from the fact 
that even in polycrystalline material certain grains may be favorably 
oriented so that the ions may be channeled to some extent. 

For irradiation of monocrystalline copper with 125-keV D + , Kamin
sky (19) observed the pits from ruptured blisters to be more square, 
more rectangular, and more triangular for (100), (110), and (111) 
surfaces, respectively. Some recent results by Kaminsky and Das (120) 
on monocrystalline niobium surfaces irradiated at 900°C with 500-keV 
4 H e + ions show different blister shapes for different orientation of the 
irradiated surface. The blisters formed on the N b (111) surface had a 
"crow-foot" shape with three prongs as described in Figure 23. The 
blisters formed on the (110) plane had two major prongs, each with two 
facets. The two facets of one prong intersect along a line whose projec
tion on the (110) plane is close to the [1ÎÏ] direction, and the two 
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5. DAS AND KAMINSKY Blistering in Metals and Alloys 153 

facets of the other prong intersect along a line whose projection is close 
to the [113] direction. The blister alignment with respect to each other 
had a twofold symmetry on the (110) plane. The blisters formed on the 
(001) surface plane had one major prong with two facets intersecting 
along a line whose projection on the (001) surface was in the [110] 
direction. In addition, there were two lobes at one end of the blister. 
The orientation of the blisters with respect to each other had a fourfold 
symmetry. These observations on blister shape in niobium have been 
related (120) to the intersection of certain active slip planes with the 
surface plane of the monocrystal during blister formation. 

Figure 24. SEM of annealed poly-
crystalline niobium surface after irra
diation at room temperature with 15-
keV He* ions to a dose of 3.1 X 101S 

ions cm'2 showing different blister 
sizes in different grains 

Surface features similar to the "crow-foot" blisters described in 
Figure 23 have been reported by Clausing et al. (121) for a polycrystal
line niobium sample oxidized at 850°C for 12 hr in oxygen at 5 Χ 10"5 

Torr. These features were identified (122) as oxides formed because of 
internal oxidation and eruption of oxide particles through the surface 
of niobium samples. More recently Bauer and Thomas (123,124) 
observed similar features in polycrystalline niobium samples implanted 
with 150-keV H + at temperatures of 700°-1000°C and at doses up to 3 X 
10 1 9 ions cm' 2 . They observed that the appearance of these surface 
features also depended on the procedure for polishing the surface. For 
electropolished samples, they observed these features both in the im
planted area and in the unimplanted area; whereas for mechanically 
polished surfaces these features were observed only in the irradiated 
area. They initially identified these features to result from oxides and/or 
carbides of Nb . This is i n contrast to Das and Kaminsky (125), who d id 
not observe any crow-foot blisters during helium implantation in unirradi
ated areas of electropolished niobium samples. Moreover, they observed 
( 125) holes on the surface after a quick etching of the blistered surface, 
and the thickness of the blister skin measured from the holes was close 
to the projected range of the ions. More recently Thomas and Bauer 
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154 RADIATION E F F E C T S ON SOLED SURFACES 

(126) have identified the surface features observed during their 150-keV 
H + implantation to be niobium carbide precipitate, N b 2 C , and not from 
oxides. These different observations imply that surface features can arise 
by different processes even though they may display similar crystallo
graphic features. 

Monocrystalline C u (111) surfaces show triangular-shaped oxide 
microcrystallites after oxidation at elevated temperatures without being 
exposed to any irradiation (127). Similar features have been observed 
on (111) copper surfaces after sputtering with H e + ions (128). Similar 
triangular pits were observed by Kaminsky (12) from rupture of deu
terium blisters on the (111) surface of copper. 

Models for Blister Formation 
One of the necessary conditions for blister formation in metals and 

alloys is the agglomeration of implanted gas atoms to form gas bubbles in 
near-surface regions. Furthermore, for irradiation temperatures above 
l iquid nitrogen temperature, a part of the lattice damage caused by the 
incident projectiles anneals out by recombination of interstitials and 
vacancies (Frenkel-pair recombinations) because of the high mobility 
of self intertitials. Implanted inert gas atoms such as helium are mobile 
at room temperature by interstitial diffusion (e.g., helium in W (129, 
130) and N i (131)) unless they are trapped. If both the vacancy and 
implanted gas concentrations are sufficiently high, trapping in the form 
of helium-vacancy complexes can occur. Experimental studies by Kor-
nelsen et al. (130,131) and Picraux and Vook (132) show that more 
than one helium atom can be trapped at a vacancy to form such he l ium-
vacancy complexes. Theoretical calculations by Wilson et al. (133,134, 
135) for the binding energies of the helium atoms trapped at the 
vacancies in tungsten reasonably agree with the experimental binding 
energies for various postulated helium-vacancy complexes. These heli
um-vacancy complexes can be considered as embryos for nucleation of 
helium bubbles in metals. There is little theoretical work on the homog
eneous nucleation of helium bubbles from these helium-vacancy com
plexes. Less theoretical work has been done on hydrogen implantation 
in metals from the diffusion and trapping point of view, than on helium 
in metals. As mentioned earlier, for hydrogen there is an added compli
cation from its chemical trapping in many metals. In the following 
discussion of models for blister formation, we w i l l emphasize the forma
tion of helium blisters. 

Once the gas bubbles have nucleated, depending on the various 
parameters mentioned earlier, they can grow by absorbing gas atoms 
and/or vacancies or by coalescence. Experimentally, large diameter 
blisters (as described earlier) have been observed even at low tempera-
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5. DAS AND KAMINSKY Blistering in Metah and Alloys 155 

tures where vacancies are not mobile. Qualitative models for the 
formation of blisters from the small gas bubbles, such as helium bubbles 
in molybdenum with diameters of 20-40 A , have been suggested by a 
number of authors (31,33,40,41,58,59,100,136-138). These fall into 
three major categories: 

( 1 ) Bubble coalescence model 
(2) Percolation model—based on the concepts of percolation theory 
(3) Stress model—considers mainly the stresses in the implanted 

layer 
Models based on coalescence of bubbles have been suggested 

independently by Blewer and Maurin (58,59), Das and Kaminsky (32, 
136), McCracken (41), and Evans et al. (40,100). These models mostly 
consider the formation of helium blisters in metals. Since the diffusivity 
of helium in most metals at sufficiently low temperatures is very low, 
it is very unlikely that the small (20-40 A diameter) bubbles w i l l grow 
by diffusion of helium atoms into them. Also the mobility of helium 
bubbles in metals at low temperatures is very low (e.g., see estimates by 
Martin (139,140) for helium bubbles in niobium). However, growth of 
bubbles by absorption of vacancies is possible when the vacancies be
come mobile. As the total dose of helium ions increases, the density of 
these small bubbles increases. Very high densities of small helium 
bubbles have been observed in many metals irradiated to high doses 
( > I X 10 1 7 ions cm - 2 ) (31,38,100). Figure 25 shows an example in a 
transmission electron micrograph of molybdenum irradiated at room 
temperature with 18-keV H e + ions to a dose of 5 Χ 10 1 7 ions cm" 2 (40, 
100). A n outstanding feature of this micrograph is that it shows blisters 
(as can be seen from the bend contour pattern resulting from the dome-
shaped blister skin) together with the small helium bubbles. Evans et al. 
(100) observed high density of small bubbles both in the blister skin and 
in the areas in between the blisters. 

A t the critical dose for blister appearance the bubble density is high 
enough that the coalescence of small bubbles occurs. Figure 26a-e shows 
schematically various stages leading to blister formation. The transition 
from the stages shown in 26c-e occur very rapidly with only a relatively 
small increase in the helium ion dose as the in situ observations indicate 
(141). Evans (40) has suggested that the coalescence of bubbles 
becomes very rapid when the volume swelling (AV/V) from the gas 
bubbles in the implant region reaches a critical value. Thus the critical 
dose for blister appearance C M is governed by a critical value of volume 
swelling (AV/V)C caused by the gas bubbles. At low temperatures, the 
initial coalescence of two bubbles w i l l occur essentially at constant gas 
volume, thus leaving the total volume swelling in the implant region 
unchanged. The coalescence, once started becomes a runaway process, 
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156 RADIATION E F F E C T S ON SOLED SURFACES 

Figure 25. Transmission electron micrograph of molybdenum irradiated 
at 25°C with 18-keV He* to a dose of 5 Χ 1017 ions cm"2 showing dome-

shaped blisters [after Evans, see e.g. Refs. 40, 100]. 

and an unstable high pressure cavity (26d) can form which leads to 
the plastic deformation of the surface layer. This dose at which the 
critical volume condition is reached can be considered as the critical 
dose for blister appearance C w . Using this critical volume condition 
Evans et al. (100) calculated the C w values for niobium and molybdenum 
irradiated with He* ions of different energies (30-300 keV) by assuming 
certain ( A V / V ) C values and certain initial helium bubble radii . A value 
of ( A V / V ) c « 5 0 % gave better agreement with the available experi
mental C D l values (33,37,52). 
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5. DAS A N D KAMINSKY Blistering in Metals and Alloys 157 

Now let us consider the pressure in the unstable cavity that w i l l 
lead to eventual plastic deformation of the top surface. Before coales
cence the gas pressure ρ in a small bubble can be given by the wel l 
known relation: 

where γ is the surface energy, and a is the bubble radius. If we consider 
a bubble of radius ~ 20 A in niobium, the pressure w i l l be 2.1 Χ 10 1 0 

dynes cm" 2 (20,725 at.), taking y for niobium to be 2100 ergs cm" 2 (142). 
Now if two bubbles coalesce, and the new bubble is assumed to be 
spherical with a volume that is sum of the volume of each bubble the 
new equilibrium gas pressure should be lower by a factor of 2 1 / s , but 
since the number of gas atoms has not changed there w i l l be an excess 
internal pressure. Thus as the coalescence progresses the excess internal 
pressure w i l l increase rapidly. Once the excess pressure within the co
alesced bubble (the unstable cavity in Figure 26d) exceeds a critical 
value, it can deform the material above it to form visible blisters (Figure 
26e). A n expression for this critical pressure p c r needed in the cavity to 

LOW TEMP. HIGH TEMP. 

He* He* 

(e)L 

Figure 26. Schematics of mechanisms of blister for
mation in metals at (a)-(e) low temperatures, (fMh) 

high temperatures 
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158 RADIATION E F F E C T S ON SOLID SURFACES 

deform the surface layer can be derived by considering the stress needed 
for the onset of buckling in a circular plate that is fixed along its periph
ery and has a uniform pressure applied to it. For a uniform pressure p, 
a plate radius r, and a plate thickness t, the maximum stress (σ Γ ) can be 
written as (143,144): 

The critical pressure p c r in the gas filled cavity (Figure 26d) needed to 
deform the skin w i l l be simply that value which makes the stress σΓ 

exceed the yield strength σγ of the material. Thus, pCT= ( 4 a y i 2 ) / 3 r 2 as 
has been given earlier i n Equation 2. This eqaution has been used by 
several authors (18, 31, 32) to estimate gas pressure needed to form the 
blisters. For example, if we consider the blisters formed in niobium at 
room temperature during irradiation with 100-keV H e + ions, the blister 
skin thickness t is 0.36 /on (Figure 8) . For a gas-filled cavity with a 
radius of 0.1 /on, the critical pressure needed for blister formation wi l l 
be 8.46 Χ 10 9 dynes cm" 2 , which is larger than the pressure ( « 4.2 Χ 108 

dynes cm" 2) in a spherical bubble of radius 0.1 μία estimated from 
Equation 3. Thus a cavity with a radius of 0.1 /un w i l l not form a blister 
unless further coalescence occurs. Here we have assumed a spherical 
bubble, but the coalsecence is limited in the direction of the incident 
beam by the distribution i n the implanted ions, and the cavity has a 
shape somewhat like the one shown in Figure 26d. During the coales
cence process the nonequilibrium pressure in the cavity cannot be 
estimated readily. It is possible that during the rapid coalescence process 
the cavity grows to larger diameters than needed to exceed the critical 
pressure. The coalescence can start at several regions in the irradiated 
area and in certain cases form a cavity extending over the entire irradi
ated region. This gives rise to a large blister covering most of the irradi
ated area as observed for high projectile energies (60, 71, 73), e.g., above 
1.0-MeV H e + ion energy in N b and V . One can view the rapid coalescence 
process as a crack growing near the tip of the cavity. Thus the extent 
of coalescence w i l l also be limited somewhat by the bulk microstructure 
of the materials. It w i l l be shown in the next section that for identical 
irradiation conditions the coalescence extends to much larger diameters 
for the annealed targets than for the cold-worked targets. In those cases 
where the coalescence extends very rapidly to give cavity diameters 
much larger than needed for plastic deformation, the excess pressure can 
bui ld up to much higher values, and the blister skin can readily rupture 
and exfoliate. This exfoliation process has been sometimes called "flaking" 
and has been distinguished from blistering; see, for example, Ref. 113. 
This process occurs for higher implantation energies ( > 100 keV) in 

3ΡΓ2 

(4) 
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5. DAS A N D KAMINSKY Blistering in Metals and Alloys 159 

many annealed metals in certain temperature ranges. Elevated tempera
tures help in the rapid coalescence and i n increasing gas kinetic pressure, 
both of which lead to increased exfoliation. The temperature range i n 
which this occurs has been discussed earlier under "Target Temperature." 

At high target temperatures (e.g., niobium at 800-900°C), helium 
bubbles are faceted (38,39), and the average diameters are 250-1500 
A , which is larger than those observed at room temperature. In this 
temperature range the growth of helium bubbles to such large sizes 
can occur by migration and coalescence of small bubbles as shown 
schematically in Figure 26f-h. Some post-irradiation annealing studies 
on niobium implanted with « particles to a dose of 5 Χ 10 2 0 a particles 
cm" 3 indicate that during annealing at 950°C for 1 hr the growth of 
bubbles in the size range 38-80 A in diameter occurs solely by migration 
and coalescence rather than by diffusion of helium between individual 
bubbles (145). It is possible that the bubbles can migrate and coalesce 
to large enough diameters so that the internal pressure exceeds the 
critical value for blister formation (26h). However, it is also possible 
that near the critical dose for blister appearance, a process similar to 
the rapid coalescence process (26d) at low temperature may occur. The 
diameter of a bubble formed by coalescence of smaller bubbles w i l l be 
smaller at high temperatures than for low temperatures because the 
critical pressure needed for deforming the top layer w i l l be lower at high 
temperature because of the lower yield strength σ7 of the metal. Also the 
blister skin exfoliation is reduced at high temperature, as was discussed 
earlier. 

Another model of helium clustering leading to blister formation has 
been considered by Thomas and Bauer (31) and Wilson et al. (138) 
using percolation theory (146). Wilson et al. (138) assume that the 
diffusion coefficient of helium atoms is concentration dependent and 
rapidly increases when the helium atoms become "connected" to each 
other. The percolation theory predicts the concentration required for 
the onset of an infinitely connected region of helium atoms to occur. 
For bcc metals at an atom fraction of 0.243, and for fee metals at an 
atom fraction of 0.199, helium atoms become "connected" to each other 
and hence are mobile along this infinitely connected chain (138). Now 
when the gas pressure in this interconnected helium layer exceeds the 
critical pressure needed for surface deformation (Equation 2) , blisters 
can form. According to this model the critical dose for blister appearance 
is the dose at which the concentration of helium reaches the value for 
the onset of percolation (i.e., an atomic fraction of 0.243 for bcc and 
0.199 for fee metals). Wilson et al . (138) calculated the critical dose 
for blister appearance C b i as a function of diffusion coefficient of isolated 
helium atoms for 300-keV H e + ion irradiation of N b and P d for a given 
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ion flux. From the experimental values (38) of C M for 300-keV He* 
irradiation of N b at 400°C ( « 1.2 Χ 10 1 8 ions cm" 2 ) , they obtained an 
effective diffusion coefficient of helium in niobium to be 6.1 Χ 10 1 3 cm" 2 

sec"1. This value is orders of magnitude higher than the values quoted 
by Blow (63) for helium in niobium in the temperature range 600° -
1200°C, and the difference may be caused in part by radiation-enhanced 
diffusion of helium. Using such calculated effective diffusion coefficients 
for 15-keV H + irradiation of molybdenum and 300-keV He* irradiation 
of niobium and palladium, Wilson et al. (138) showed that the critical 
dose for blister appearance C w should decrease with increasing flux, as 
observed by Verbeek and Eckstein (64) (Figure 16a). However, one 
cannot readily explain the opposite trend observed by Môller et al. (71) 
for 300-keV D + irradiation of nickel at low temperatures (Figure 16b). 
This model does not consider the yield strength of the metal which 
strongly depends on target temperature, and the target microstructure 
which influence the critical dose for blister formation. The fact that the 
majority of the implanted helium is in the form of bubbles at high doses 
does not enter into this model directly. 

The mechanisms of blister formation discussed so far consider the 
blister formation to be caused by plastic deformation of the surface layer 
resulting from high gas pressure in the bubbles. More recently Behrisch 
et al. (76) and Roth (137) have suggested that for low energy helium 
ion irradiation of niobium ( < 15 keV) , the blister formation may be 
caused not by the high gas pressure but by the stresses induced in the 
implanted layer. The high concentration of bubbles gives rise to large 
lateral stresses which are responsible for the deformation of the surface 
layer, and the separation of the surface layer from the bulk is thought to 
occur near the end of the range (76). So the thickness of the blister 
skin is equal to the width of the implanted layer which, according to 
the author (137), is responsible for the observation that the blister skin 
thickness for niobium irradiated with low helium ion energies is larger 
than the calculated projected ranges. In this interpretation it is not clear 
why the stress distribution in the implanted layer should be at a maximum 
at the end of the range of ions and not near the peak i n the projected 
range distributions. As discussed earlier under "Projectile Energy," the 
higher blister skin thickness for low energy implantations may in part be 
caused by the swelling of the skin caused by a more uniform distribution 
of helium bubbles over a large portion of the implant depth. 

Among the three basic models described above, the coalescence 
model attempts to qualitatively explain many of the experimental observa
tions, but none of the models considers al l the parameters (e.g., diffusion 
of the atomic helium under irradiation, migration of helium bubbles, the 
mechanical aspects such as gas pressure needed for onset of plastic 
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5. DAS A N D KAMINSKY Blistering in Metals and Alloys 161 

deformation, yield strength of material, microstructural factors influenc
ing the size and distribution of helium bubbles) sufficiently to explain 
the various observations. 

One also has to consider the influence of surface erosion from sput
tering during irradiation. The depth distribution of the implanted gas 
atoms wi l l change by this type of surface erosion particularly for ions 
with energies where the sputtering yield is near maximum (147). 

It can be shown that the critical dose for blister appearance C w 

has to be lower than a value given by t ρ N/S A in order that the blisters 
may form, where t is the blister skin thickness, ρ is the density of the 
material, Ν is Avogadros number, S is the sputtering yield, and A is the 
atomic weight of the metal. In cases where the blister skin thickness is 
unknown, a crude estimation of C w can be obtained by taking t equal 
to R p , the projected range of ions in the metal. However, as discussed 
earlier, t can be two to three times larger than R p , particularly at low 
projectile energies. For cases where the sputtering yields are very high 
and depth of penetration R p is shallow (for example, for heavier ions 
such as Ar , Kr , and Xe at low energies ) blisters may not form at all. Using 
the C b i value given by the percolation theory, Roth (137) showed that 
for niobium implanted with Ar , blisters may form at energies above 100 
keV, whereas for light ions like helium, blisters can form at energies 
down to 1 keV. Blisters have indeed been observed in niobium during 
H e + irradiation for energies down to 1 keV (33). More recently, however, 
blisters have been observed in uranium irradiated with 25-keV A r + ions 
( 148). Blisters have also been observed in E n 40 Β steel under irradiation 
with 200-keV N 2

+ ions to a total dose of 4.0 Χ 10 1 7 ions cm" 2 (149). 

Reduction of Surface Damage Caused by Radiation Blistering 

From the discussions so far it is clear that considerable surface 
damage can be caused to metals by radiation blistering, particularly 
during irradiation with light inert gas ions such as helium. Recently 
methods to reduce surface erosion caused by radiation blistering have 
been investigated. 

H i g h Target Temperature. From the earlier discussions on the 
effect of target temperature, it is obvious that one possible way to reduce 
radiation blistering is to maintain the target surface at high enough 
temperature so that the implanted gas is released without forming large 
bubbles. For many metals there is a great reduction in surface erosion 
from radiation blistering (Figure 19) at temperatures above 0.4r-0.5 T m , 
where Tm is the melting point in K. If the irradiation temperature is 
sufficiently high, helium reemission during irradiation can reach almost 
100% of the incoming flux, and helium agglomeration into bubbles can 
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be prevented. For example, for vanadium and niobium irradiated at 
12Q0°C with 300-keV He* ions, almost 100% reemission has been 
observed (69). Irradiation under these conditions gives rise to a porous 
surface structure consisting of micron-sized holes with a spacing of several 
microns as shown earlier for vanadium in Figure 18. Recently Bauer and 
Thomas (110) observed that the porous structure in niobium obtained 
by 300-keV H e + implantation at 1200°C is rather stable. This type of 
surface prevented further blister formation during 300-keV H e + irradia
tion at 400°-6O0°C for a dose of ~ 4 Χ 10 1 8 ions c m - 2 where severe 
exfoliation of blister skin is normally observed (110). However, in many 
applications it may not be always possible to maintain the surface at 
sufficiently high temperatures. For example, in a controlled thermo
nuclear fusion reactor the operating temperatures of various components 
exposed to D , T, and He projectiles may be limited by other design 
criteria. In accelerator technology, maintaining components exposed to 
energetic projectiles at high temperatures may be a problem. A more 
desirable solution would be to choose materials with microstructures 
which minimize the formation of blisters. Only a few microstructural 
parameters have been investigated so far, and some of them are discussed 
below. 

Cold Working . Co ld working has reduced surface erosion from 
blistering in certain cases (32,39). Figure 27 shows an example (39) 
for polycrystalline vanadium samples irradiated with 500-keV 4 H e + ions 
to a total dose of 6.2 Χ 10 1 8 ions cm" 2. For the annealed sample irradi
ated at room temperature (27a) the blister diameters are 15-350 /on, 
and the blister skin has ruptured and fallen off at many places. In the 
cold-worked sample (27b) irradiated under identical conditions most 
of the blisters have diameters of 5-100 /an, and no large-scale exfoliation 
is observed. For irradiation of the same type of samples at 900°C the 
blistering is similar for the annealed (27c) and the cold-worked cases 
(27d). Similar results have been observed for cold-worked and annealed 
niobium (32) samples. For irradiation at 900°C some annealing of 
vanadium and niobium can occur. 

Thus, it appears that cold working tends to reduce blister size and 
blister exfoliation at room temperature, but the effect is not as pro
nounced above the recrystallization temperature. Several factors may 
be responsible for the reduction in blistering in cold-worked samples as 
compared with the annealed ones. The lower yield strength of the 
annealed material as compared with the cold-worked one w i l l increase 
blister rupture and exfoliation i n the annealed sample. Moreover, the 
increased dislocation density and the large number of subgrains in cold-
worked materials can give rise to a much finer dispersion of helium 
bubbles and also prevent coalescence to larger diameters. 
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5. DAS A N D KAMINSKY Blistering in Metals and Alloys 163 

Figure 27. SEMs of polycrystalline vanadium surfaces after irradiation with 
500-keV He* ions to a total dose of 6.2 Χ 1018 ions cm'2 (a) an annealed sample 
at room temperature, (b) a 40% cold-worked sample at room temperature, 
(c) an annealed sample at 900°C, and (d) a 40% cola-worked sample at 900°C 

(39) 

Grain Size and Dispersion of Second Phase. There are no systematic 
studies of the effect of grain size and dispersion of second phase particles 
on the reduction of blistering. Some recent preliminary studies on sin
tered aluminum powder (SAP) containing a nominal 10.5 wt % A 1 2 0 3 

(SAP 895) show a reduction in erosion from blistering as compared with 
annealed aluminum under identical irradiation conditions (150,151). 
Figure 28 illustrates this for SAP 895 as compared with annealed alumi
num for 100-keV H e + ion irradiation to a dose of 6.2 Χ 10 1 8 ions cm" 2 at 
room temperature and at 400°C. Figure 28a shows an enlarged view of 
a portion of an aluminum surface irradiated at room temperature. One 
can see that four exfoliated layers have been removed. Figure 28b shows 
a portion of an aluminum surface which had been irradiated at 400°C 
under otherwise identical conditions. The exfoliation of blister skin is 
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Figure 28. SEMs of surfaces of (a) annealed aluminum irradiated at room 
temperature, (b) annealed aluminum irradiated at 400°C, (c) SAP 895 irradiated 
at room temperature, (d) SAP 895 irradiated at 400°C with 100-keV 4He+ ions 

to a total dose of 6.2 Χ 1018 ions cm'2 

reduced at 400°C as compared with room temperature, and there is only 
one exfoliated layer in several areas. Figures 28c and d show typical 
examples of blisters formed on SAP 895 irradiated at room temperature 
and at 400°C, respectively. In contrast to the aluminum, where extensive 
exfoliation is observed, only a few blisters were ruptured in the case of 
SAP 895. The erosion rates estimated for the room temperature case 
from the ruptured and lost skins for aluminum and SAP are 1.75 ± 0.25 
and 0.001 atoms per helium ion, respectively (150). The results for 
annealed aluminum held at 400°C give a value of 0.12 ± 0.05 atom per 
helium ion, whereas for the SAP 895 sample no exfoliation of the blisters 
could be observed. 

The drastic reduction in erosion yield in sintered aluminum powder 
as compared with annealed aluminum was attributed (151) to the 
dispersion of trapped helium in the large A 1 - A 1 2 0 3 interfaces at the 
large grain boundaries in SAP. Formation of helium bubbles at the A 1 2 0 3 

and aluminum interface in aluminum alloys containing dispersed A 1 2 0 3 
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5. DAS A N D KAMINSKY Blistering in Metak and Alloys 165 

particles has been observed. The average grain size in SAP 895 was 
~ 0.5 jum as compared with ~ 300 μΐη for annealed aluminum. This 
large grain boundary area in SAP gives a much finer dispersion of helium 
bubbles than in aluminum and may prevent helium bubble coalescence 
to very large diameters. Furthermore, the fact that the yield strength of 
SAP 895, for example, is much higher (~ 35,600 psi) than for annealed 
aluminum (~ 1,700psi) helps to reduce the blister rupture and exfolia
tion rate in SAP from that observed in aluminum. 

Somewhat similar results have been recently observed for vacuum 
cast and sintered beryllium irradiated with 100-keV H e + ions (153). For 
vacuum cast beryllium irradiated at room temperature to a dose of 6.2 X 
10 1 8 ions cm" 2, blisters with average diameters of 5-35 with some 
exfoliation were observed, whereas for sintered beryllium the blisters 
were smaller (average diameter of 5-15 μτη), and there was no exfolia
tion. For irradiation at 600°C with 100-keV H e + ions to a dose of 3.1 X 
10 1 8 ions cm" 2, the vacuum cast beryllium showed considerable blister 
exfoliation (erosion yield ~ 0.3 ± 0.1 Be atoms per incident helium ion) , 
whereas the sintered beryllium showed greatly reduced blister exfoliation 
even for a higher dose of 6.2 Χ 10 1 8 ions cm ' 2 (erosion yield ^ 0.02 ±: 
0.01 Be atoms per incident helium ion). 

Future Directions 
Even though a great deal of information has been generated on 

radiation blistering in metals, complete understanding of this phenom
enon has not yet been obtained. A unified quantitative theory is lacking. 
It appears that considerable amount of additional experimental informa
tion is still needed on many parameters, such as critical dose for bubble 
and blister appearance on targets with different microstructures, grain 
sizes, yield strengths, and target temperatures, before such a theory can 
be developed. 

Since radiation blistering has been identified as an important erosion 
process for surfaces exposed to plasmas, it is important to study this 
process for the radiation environments expected in controlled thermo
nuclear fusion reactors. While , at present, most of the data have been 
obtained for monoenergetic ion irradiations in a fusion reactor, one 
expects to have ions with a broad energy distribution impinging on the 
exposed surfaces. Therefore, in order to assess the severity of surface 
erosion by radiation blistering in thermonuclear devices, studies are 
needed with ions having a broad energy spectrum. 
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Electron- and Photon-Induced Desorption 

M . J . D R I N K W I N E , Y. SHAPIRA, and D. L I C H T M A N 

Physics Department and Laboratory for Surface Studies, 
University of Wisconsin—Milwaukee, Milwaukee, Wis. 53201 

Electrons and photons can cause the desorption of adsorbed 
gases as a result of a quantum interaction, as opposed to 
thermal effects. Electron-induced desorption is fairly inde
pendent of the substrate material. Both neutrals and ions 
can desorb. Maximum cross sections are similar to those for 
dissociative reactions in electron-bombarded gas phase mole
cules (i.e., 10-16-10-19 cm2). Photodesorption is an entirely 
different process which is very substrate dependent. Photo
desorption has been detected primarily from semiconductor 
substrates where the threshold for the reaction is the band 
gap energy of the semiconductor, usually 2-5 eV. Photo
desorption gives rise only to neutral particle emission with 
cross sections in the range of 10-17-10-19 cm2 from appro
priate active substrates. 

Τ T n t i l the advent of readily available sensitive detection equipment in 
^ the last few decades, evidence of electron- or photon-induced gas 
desorption as a quantum process was generally masked by thermal effects 
caused by the need to use relatively high power density beams. Experi
ments in recent years have now clearly established both the electron-
and the photon-induced desorption quantum process. Since electrons and 
photons of similar energy produce similar effects when interacting with 
gas phase atoms and molecules, it was anticipated that they would show 
the same effect with gases adsorbed on solid substrates. It has now been 
shown that the processes are quite different. Each process w i l l there
fore be discussed separately. 

Electron-Induced Desorption 

Electron-induced desorption has now been studied in fair detail for 
almost 15 yr {1,2). Both ions and neutral particles are desorbed by the 
electron beam. However, because the detection efficiency of ions is much 
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172 RADIATION E F F E C T S ON SOLID SURFACES 

greater than that of neutrals, virtually a l l data have been obtained on 
electron-induced ion desorption. The problem i n obtaining electron-
induced neutral desorption is one of signal-to-noise and has as yet not 
been satisfactorily solved. 

It is pretty well accepted that electron-induced desorption involves, 
basically, the interaction of electrons with the adsorbed gas components. 
Transitions occur to dissociative states giving rise to desorbing fragments. 
For example, in Figure 1 there are some of the energy levels of the 
hydrogen molecule. Electron-induced excitation to the various allowed 
states leads to the reactions as noted. If the molecule is adsorbed on a 
solid surface, one would expect some modifications of the energy levels. 
These modifications would not be comparable with the overall energy 
level values and, therefore, would not change the basic molecular energy 
level scheme very drastically. Electrons interacting with molecules ad
sorbed on surfaces should produce the same types of transitions leading 
to the same resulting components. One would expect the difference to 
be a relatively small shift in the energy required for the various transitions 
compared with that occurring in the gas phase. If the molecule is raised 
to an excited or ionized state, there is no reason why it should not remain 

NUCLEAR SEPARATION (A) 

Figure 1. Some potential energy curves for the 
hydrogen molecule. ( ) indicate the region of 
Frank-Condon transitions. Curves III and IV 
indicate states which lead to fragment production. 
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6. DRINKWINE E T A L . Electron- and Photon-Induced Desorption 173 

Figure 2. Rehtive surface H* ion current vs. 
electron probe energy near threshold. Electron 
current density is lCr7 A · cm'2. Surface tempera

ture is 300K. 

bound to the surface as in the normal neutral state. Should the transition 
take the molecule to the dissociative state, then some of the fragments w i l l 
have sufficient excess kinetic energy to be able to leave the surface. 
This process is generally referred to as electron-induced desorption. 

It is expected that the cross section for electron interaction with 
adsorbed gas species is comparable with the value for a similar interaction 
in the gas phase. Thus, cross sections for production of desorbing ion 
fragments range from a maximum of 10" 1 8 cm 2 , and indirectly determined 
cross sections for neutral desorption range from a maximum of approxi
mately H T 1 6 cm 2 (2). 

If one measures the cross section vs. electron energy for the produc
tion of ion fragments of adsorbed hydrogen on, for example, a nickel 
surface, one obtains data as seen in Figure 2 (3). The desorbing ion 
fragment is H + , and the curve is extremely similar to that obtained in 
electron-gas phase interactions. Thus, the threshold and various breaks 
in the curve undoubtedly relate to the various allowed transitions to 
dissociative states of the adsorbed hydrogen molecule which contribute 
to the desorbing H + signal. 
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174 RADIATION E F F E C T S ON SOLID SURFACES 

The interaction of the electrons causing ion desorption appear to be 
fairly independent of the substrate. This factor is seen in a collection of 
recent experiments by various scientists studying carbon monoxide adsorp
tion on different metals. Electron bombardment of adsorbed C O generally 
gives rise to two ion species—0 + and CO*. In this case, a parent molecule 
ion CO* is seen. The explanation for its appearance is still in question. 
The data obtained for C O adsorbed on tungsten, rhenium, and niobium, 
al l in different laboratories, are shown i n Figure 3 (4,5,6). Except for a 
slight shift in the temperature scale caused by slightly different binding 
energies, one can see clear similarities in the behavior of the O* and CO* 
signals from all three quite different substrates. 

^ 
V (A) 

cc£ ^ 

100 300 500 700 800 
ο 

ig
n 

CO coi (B) 
Φ 

ο 
Φ 

100 300 500 700 800 
oc CO, 

(C) 

100 300 500 700 800 
T (°K) 

Figure 3. Relative surface O* and CO* signals caused by 
electron-induced desorption as the surface temperature is 
varied. (A) rhenium surface (adapted from Ref. 4), (B) 
tungsten surface (adapted from Ref. 5), (C) niobium sur

face (adapted from Ref. 6). 

Thus, not only is the general behavior of C O on these different 
metals quite similar, but the interaction of the electrons causing desorp
tion produce almost identical results, even though the substrate metals 
are significantly different. Additional data obtained by these experi
menters indicate no significant difference when using either single crystal 
or polycrystalline samples. 

Almost al l experiments to date have concentrated on using electrons 
i n the energy range near 100 eV. Some work is done using higher fixed 
electron energies (500, 1000, 2000 eV, etc.), but these energies are used 
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6. DRiNKwiNE E T A L . Electron- and Photon-Induced Desorption 175 

primarily only because of convenience and compatibility of the electron 
source in conjunction with other techniques of surface analysis. Unt i l 
recently there has been very little investigation on what effect increasing 
the bombarding electron energy above 100 eV has on the desorbing sur
face ion signal. Now, however, a system has been developed which 
ultimately can study desorbing surface ions using electron energies rang
ing from 0 to 20 KeV. Some preliminary data using electron energies up 
to 4000 eV have been obtained. 

The design of the analyzer-detector is essentially the same as that 
described by Lichtman and McQuistan ( J ) . A 6-in. radius, 60-degree 
magnetic sector mass spectrometer combined with an appropriate set of 
grids at the entrance region (which help focus and direct the incoming 
desorbing ions) was used on this system. A n extra grid in the entrance 
region enables us to determine the kinetic energy distribution of the 
desorbing ions. Added features include an ion gun, which can sputter 
clean the target and perform ISS (ion scattering spectroscopy) and 
SIMS (secondary ion mass spectroscopy) experiments, and a very sensi
tive magnetic sector R G A , (residual gas analyzer), which can monitor 
the gas phase composition and changes in partial pressures of gas phase 
components during E I D (electron induced desorption) experiments. 
However, the most important feature of the system is the manner in which 
the electron gun has been incorporated into the overall system set-up. 

Care has been taken in the design and construction of the system so 
that electron energy changes are produced by a varying potential on the 
cathode of the electron source alone. Thus, ion collection efficiencies 
remain unchanged for al l electron energies, and secondary electron pro
duction in the electron multiplier detector remains constant since the 
incoming ion energy is fixed irrespective of the bombarding electron 
energy. Consequently, the "overall ion optics" of the system remains fixed 
and any changes in the relative ion signal with changing electron energy 
reflect a true change between the interaction of the bombarding electrons 
and the surface adsorbates. W i t h the various features incorporated into 
this system, many interesting and well controlled'experiments can be 
easily done, many of which have never been attempted previously. This 
particularly applies to experiments involving simultaneous combinations 
of various surface analysis techniques. 

Preliminary data have been obtained from a degreased 304 stainless 
steel sample at room temperature using electron bombarding energies 
varying from 0 to 4000 eV. The most common ion signals occur at m/e 
ratios 1, 16, 19, 35, and 37 indicating the respective ions H + , Οι β

+ , F i 9
+ , 

C W , and C l 3 7 + . Spectra similar to this have been obtained from similarly 
prepared 304 stainless steel surfaces by other researchers. The H + and F* 
are by far the largest surface signals. The identification of the 19 signal 
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176 RADIATION E F F E C T S ON SOLID SURFACES 

as F + is substantiated by the presence and similar behavior of surface 
signals at m/e 35 and 37, which are identified as C W and C W by the 
3-to-l signal height characteristic ratio of the natural isotopic composition 
of chlorine. The fluorine contaminant, although generally not detectable 
by other means, shows up quite readily on nearly any stainless steel 
sample during an E I D experiment A n interesting aspect of these H + and 
F* surface ion signals is that they often appear in highly sensitive mag
netic sector RGA's and are referred to as satellite peaks. The H + and F + 

surface ions are produced by bombarding stainless steel surfaces inside 
the ionization chamber of the R G A by stray electrons from the ionization 
beam. Since these ions are produced at a surface, they may have more or 
less energy than the ions produced in the gas phase, depending on the 
potential of the surface at which the surface ions were produced. Con
sequently, the position of the peak, caused by surface H + or F + , compared 
with where it should be in the spectrum is shifted, giving the term "satel
lite peaks/' 

Figures 4 and 5 show the relative ion signal behavior of F* and H * 
with electron energies of 0-4000 eV. The general shape of the curves 
closely resembles cross section curves for ion production by electron 
bombardment of gas phase molecules. Figure 6 compares the curve of 
Figure 5 with cross section data obtained for gas phase dissociative ioniza
tion of H 2 . The three immediate striking features of this comparison are 
that (1) the general shape of both curves is essentially the same, (2) 
the surface ion signal reaches a maximum at a higher electron energy, 
and (3) the surface curve is much broadened with respect to the gas 
phase curve. The most probable explanation is that the electron-molecule 

JL 1 I I I - U ! I I I 
0 1000 2000 3000 4000 0 1000 2000 3000 4000 

ELECTRON ENERGY(eV) ELECTRON ENERGY (eV) 

a function of bombarding electron 
energy using an electron beam cur
rent density, i " = 2 X 10'7 A/cm2. 

a function of bombarding electron 
energy using an electron beam cur
rent density, i " = 2 X 10'7 A/cm2. 
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6. DRiNKwiNE E T A L . Electron- and Photon-Induced Desorption 177 

500 1000 1500 2000 
ELECTRON ENERGY (eV) 

Figure 6. Comparison of relative 
EID H* signal from Figure 5 with 
relative gas phase H* production 
from Ht as a function of bombard
ing electron energy. The H* sur
face curve has been arbitrarily 
normalized to match the peak 
height of the gas phase curve. The 
general shape of the curves appear 
simifor, but the surface H* curve is 
broadened compared with the gas 

phase H* curve. 

interaction resulting in ion production for both gas phase ions and surface 
ions is essentially the same. However, the surface H + curve indicates that 
reflected primary and secondary electrons which are produced by elec
trons passing the adsorbed hydrogen and striking the substrate may also 
contribute to the ion signal. These reflected primary and secondary 
electrons can make a second pass at the adsorbed species producing a 
twofold result—the ion signal reaches a maximum at an electron energy 
greater than that shown for the gas phase curve and the ion signal falls 
off more slowly with increasing electron energy. Both results are logical 
in view of the fact that the second pass secondary electrons range in 
energy from 0 - E p with an energy distribution depending to a certain 
degree on the initial bombarding electron energy. 

These results are encouraging. They are what one would intuitively 
expect using the assumption that the adsorbed molecules at the surface 
behave much the same as they do in the gas phase when bombarded by 
electrons. This assumption is substantiated by a considerable amount of 
data (Figures 2 and 3) . Another aspect of these results is that it may 
be possible to determine absolute cross sections for E I D , something 
normally very difficult to measure. If one assumes that the second-pass 
electrons essentially do not contribute to the ion signal for primary elec
tron energies below, for example, 75 eV, then by a point-slope matching 
method of the surface data to gas phase data for electron energies below 
75 eV, the surface ionization curve can be scaled with respect to the gas 
phase ionization curve. Further experiments should, therefore, hopefully 
provide quantitative data on both electron-induced ion and neutral par
ticle desorption. 

Photon-Induced Desorption 

Considerably greater difficulty has been encountered in attempting 
to measure photodesorption (7-12). This difficulty was related to two 
basic problems. The first is the much greater difficulty in producing 
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178 RADIATION E F F E C T S ON SOLID SURFACES 

controlled beams of photons whose energy is sufficient to cause desorp
tion—that is, the uv and extreme uv range—without simultaneously caus
ing thermal desorption. The second problem is that most early experi
ments were attempted on clean simple metals. In al l cases, the data was 
very difficult to obtain and erratic at best. The increased availability of 
uv sources and ultra-sensitive detection systems have led to further 
experiments. Recent results (8) indicate that it is difficult to obtain data 
from clean simple metals because the cross section for photodesorption of 
gases adsorbed on these surfaces is very small or perhaps even zero. 

Significant results were obtained when studying photodesorption 
from materials such as 304 stainless steel whose surface is a semiconductor, 
chrome oxide. Some results are shown in Figure 7. The values obtained 
for the various metal elements may be real or very possibly caused by 
scattered uv radiation striking uncovered stainless steel or similar type 
surfaces. A t any rate, it seems quite clear that in the photodesorption 
process the substrate plays a significant role. 

The importance of investigating semiconductor surfaces in relation 
to photodesorption has thus been clearly demonstrated by the results of 
photodesorption from the chrome oxide surface of stainless steel. To 
understand the interaction between photons, adsorbed gases, and semi
conductor substrates, an extensively investigated semiconductor, ZnO, 
(13,14) was chosen for experiments on photodesorption in our laboratory. 

Ni Cu Au AI 3.8 
(304) 

Figure 7. Relative photodesorption signal 
obtained from several metal surfaces irradi
ated with the full spectrum of a low pressure 
mercury lamp. Flux density = 200 nW/cm2 

at all wavelengths tested. 
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si 1 1 r 
σ 

(Τ 

Time ( 15 s e c / d i v . ) 

Figure 8. Transient change in partial pressure of 
COt ( ) and in total pressure ( ) during a 
10-sec uv illumination interval. ZnO sample is at 

125°C. 

Many years ago, photodesorption of oxygen from ZnO was postulated 
(15,16) when it was observed that huge persistent changes in the con
ductivity of ZnO could be brought about by band gap radiation in vacuum 
while the initial conductivity could be restored almost completely by 
admitting oxygen into the system. 

New insight into the ZnO/oxygen system has been obtained by recent 
experiments (17) using careful mass spectrometry of the photodesorption 
products under controlled irradiation. Short flashes of band gap radiation 
incident on ZnO surfaces in a U H V (1 X 10" 9torr) system produced 
pressure changes such as the one shown in Figure 8. The 10-sec flash 
also caused a very fast and large change in the C 0 2 (m/e = 44) partial 
pressure. No such change was found in any of the other masses (between 
1 and 50) that could not be accounted for by the cracking pattern of 
C 0 2 in the ionization chamber. 

To establish the true photodesorptive characteristics of the experi
ment, measurements of the photodesorption signal were carried out as a 
function of illumination intensity. The linear dependence observed indi 
cates the quantum features of this effect. Furthermore, the photodesorp
tion spectral response shown in Figure 9 indicates clearly the substrate 
dependence of this effect ( E g ( Z n O ) = 3 . 2 eV) as wel l as its quantum 
(and not thermal) characteristics. These results have also been confirmed 
by measurements on stainless steel (chrome oxide), CdS, and T i 0 2 and 
support the accepted model of neutralization of the chemisorbed species, 
which proves to be C 0 2 , by photogenerated holes. 
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Photon Wavelength (nm) 

A measurement of the photodesorbed C 0 2 yield as a function of 
iUumination time is shown in Figure 10. As the measurement was done 
by 0.25-sec flashes, Figure 10 actually shows the derivative of the C 0 2 

photodesorption yield with respect to time and indicates the gradual 
decay of the photodesorption rate. A recent calculation based on these 
experimental data suggests a value of 10" 1 7 cm 2 as the cross section for 
neutralization of the chemisorbed C 0 2 species by the photogenerated 
holes. A measurement of the photodesorption signal as a function of 
temperature yields an activation energy for this process of approximately 
0.25 eV. There is a one-to-one correspondence between the C 0 2 photo
desorption rate and the simultaneous rate of the surface conductivity 
increase. Both rates are fast at the beginning of the illumination period 
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6. DRiNKwiNE E T A L . Electron- and Photon-Induced Desorption 181 

and decay later to a much slower rate. These data support the accepted 
model of recombination of chemisorbed species by photogenerated holes 
migrating to the surface. Our measurements show, however, that this 
chemisorbed species is C 0 2 , and its photodesorption is directly responsible 
for the observed surface conductivity changes. 

To understand the source of the photodesorbed C 0 2 species, chemi-
sorption experiments were done with several different gases such as C 0 2 , 
C O , and 0 2 . It was found, however, that only 0 2 chemisorption could 
destroy the accumulation layer created during photodesorption. Therefore, 
these oxygen molecules must oxidize impurity carbon atoms on the surface 
and, upon electron capture, create a C 0 2 " ion molecule. Indeed, A E S 
(Auger electron spectroscopy) measurements showed considerably less 
carbon impurities on ZnO surfaces which had been subject to prolonged 
illumination (19). 

The observations of the impurity carbon signal by A E S are in 
accordance with the fact that after some cycles of photodesorption-
chemisorption runs, the photo-activity of the surface diminishes con
siderably. This activity cannot be rejuvenated by further exposure to 
oxygen. In other words, cleaned and carbon-depleted ZnO surfaces be
come inert to photodesorption and chemisorption processes. This was 
observed by other workers as wel l (18). Deposition of monolayer 
amounts of carbon was enough to rejuvenate the surface activity for 
photodesorption and conductivity to its initial level. 

Illumination Time (sec.) 

Figure 10. Semi-log plot of the rate 
of surface conductivity changes 
and of relative COÈ photodesorption 
(O) as a function of net illumination 
time as obtained from a ZnO powder 

40f 

0 40 80 120 160 200 240 

sample at 300 Κ 
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Thus, the process of photodesorption, in many cases, seems to proceed 
according to the following sequence—molecular oxygen is adsorbed on 
surface impurity carbon atoms; capture of a substrate electron leads to 
the formation of a chemisorbed W C 0 2 ~ " ion molecule complex; irradiation 
by band gap light produces electron hole pairs; some of the holes migrate 
to the surface, combining with the "C02~" ion molecule leaving a physi-
sorbed C 0 2 molecule; and this molecule then desorbs thermally from 
the substrate. 

Summary 

Electron-induced desorption involves primarily the direct interaction 
of the incoming electron with the adsorbed gas molecule complex. Tran
sitions to dissociative states lead to the desorption of molecular fragments 
as neutrals or ions. Interactions are pretty much independent of the sub
strates. Photodesorption seems to be primarily a substrate-dependent 
semiconductor process. Photons of band gap energy and above produce 
electron hole pairs. The holes recombine with the chemisorbed complex 
to produce a physisorbed molecule, generally C 0 2 , which then thermally 
desorbs. In photodesorption, only desorbing neutrals are detected. In 
both E I D and photodesorption, the maximum cross sections are typical 
of atomic processes, i.e., 10" 1 6-10~ 1 9 cm 2 . 
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Gas Release from Surfaces under X-Ray Impact: 
Photodesorption, Photocatalysis 

S. B R U M B A C H and M . KAMINSKY 

Argonne National Laboratory, Argonne, Ill. 60439 

Experimental data on x-ray-induced gas adsorption and gas 
release from surfaces are reviewed with results for stainless 
steel and Al 2O 3 surfaces. CO 2 and O2 are the major species 
which desorb from such surfaces under x-ray irradiation. 
Mean quantum yields are given for these systems. Results 
from experiments using photons of lower (e.g., visible or uv 
range, synchrotron radiation) or higher (y-ray) energy help 
to interpret the data obtained with photons in the x-ray 
range. X-ray-induced photodesorption needs to be consid
ered in attaining high vacuum in plasma containment devices. 

*ΎΛ he impact of energetic photons on solid surfaces can cause the release 
of gases by such processes as photodesorption, photodecomposition, 

and photocatalysis. The release of gases from surfaces under photon 
impact is of current interest in such applications as accelerator tech
nology (e.g., the attainment of ultrahigh vacuum in electron storage 
rings) and in plasma containment experiments in connection with the 
controlled thermonuclear research program. For example, in the latter 
application the release of gaseous impurities from irradiated components 
can lead to serious plasma contamination. This in turn can lead to an 
enhanced plasma resistivity, to a decrease in the plasma confinement 
time, and to plasma power losses via bremsstrahlung, line, and recom
bination radiation ( I ) . In both present plasma containment devices and 
proposed future fusion reactors the surfaces of such major components 
as container walls, beam limiters, and divertor walls w i l l be exposed to 
photons with a broad energy spectrum. Such photons w i l l appear as 
synchrotron radiation, line and recombination radiation, bremsstrahlung, 
x-rays, and y-rays. 
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184 RADIATION E F F E C T S ON SOLID SURFACES 

A review of experimental data on x-ray-induced gas adsorption and 
gas release from solid surfaces is given below. Results from experiments 
using lower (eV range) or higher energy ( M e V range) photons is 
included to help to interpret the results obtained with photons i n the 
x-ray energy range (keV range). This review does not include data 
which have been reported after September 1975. 

Experiments and Results 

Photon-Induced Gas Adsorption. While this paper deals with x-ray-
induced gas release phenomena, it seems appropriate to point out that 
for certain gas-solid interface systems, an enhancement of gas adsorption 
has been observed under high energy (x-ray and y-ray) photon impact. 
Since we w i l l report gas release results from A 1 2 0 3 surfaces under x-ray 
irradiation, it is of interest that photon-induced adsorption was found 
for various gases on finely divided A 1 2 0 3 catalyst support materials. 
Coekelbergs e t a l . (2) observed photoadsorption by #c-Al203 of 0 2 and 
C O under x-ray irradiation at 100 ton* partial pressure of these species 
using a total pressure change technique. Gulyaev, Kolbanovskii, and 
Roketashvili (3) also used a total pressure change technique to observe 
C o 6 0 y-ray-induced adsorption of C O on y - A l 2 0 3 in the C O partial 
pressure range of 0.1-1.5 torr. Kolbanovskii and Shaburldna (4) also 
observed a small photoadsorption effect with C 0 2 on y - A l 2 0 3 under C o 6 0 

y-ray irradiation. The adsorption characteristics of A 1 2 0 3 surfaces for 
various gases at high gas pressures (0.1 torr-1 atm) and the effect of 
radiation on these characteristics have been reviewed by Norfolk (5) . 
Photoadsorption i n other gas-solid systems has been discussed by 
Molinari (6). 

Photon-Induced Gas Release. L O W - E N E R G Y PHOTODESORPTION. For 
low energy photons i n the 2-7-eV range (visible and uv radiation) the 
release of gases from surfaces of such solids as ZnO (7) , Fe, N i , Zr (8, 
9,10, I I ) , W (8 ,12) , stainless steel (13,14) , CdS (15), T i O (16), and 
S n 0 2 (16) have been reported. Since a review of low energy photon-
induced desorption has been presented in the previous paper (17), we 
discuss here only those experiments which help to understand the results 
obtained with photons i n the x-ray range, i.e., photons more than three 
orders of magnitude higher in energy. 

Fable, Cox, and Lichtman (14) used as photon sources various lines 
from a mercury lamp in the photon energy range 2-7 eV to induce 
desorption from stainless steel targets under ultrahigh vacuum conditions 
and used a mass spectrometer to detect the desorbihg species. They 
found that the dominant species desorbed by photon irradiation was C 0 2 , 
although C O , C H 4 , H 2 0 , and H 2 also were observed. Typical mass scans 
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7. B R U M B A C H AND KAMINSKY Photodesorption, Photocatalysis 185 

obtained with and without uv photon irradiation are shown for a stainless 
steel surface (chamber wall) in Figure 1. Quantum yields were deter
mined for the release of C 0 2 , and a value of 5 Χ 10"8 molecule/photon 
was observed for nearly monochromatic 6.7-eV photons. The quantum 
yield decreased with decreasing photon energy. Photon-induced desorp
tion of C 0 2 from ZnO was observed by Drinkwine, Shapira, and Lichtman 
(17) with 2-3.5-eV photons, again under ultrahigh vacuum conditions 
and using mass spectrometric detection. No desorption was detected for 

Φ 
χ 

σ 
Φ 
û. 
Φ 
> 

Φ 
(Τ 

16 

Ç=5x I O H O T o r r 

Q= 2 0 0 / i W / c m 2 

18 

28 

44 

15 

P h o t o n B o o m On 

(Scale χ 10) 

P h o t o n B o o m O f f 

m/e 
Surface Science 

Figure 1. Typical gas phase mass spectra of 304 stainless steel UHV 
system prior to and during uv irradiation of chamber walls with the full 
spectrum of a low pressure mercury lamp. Pb, equilibrium base pressure 

of system with photon beam off. (14) 
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186 RADIATION E F F E C T S ON SOLID SURFACES 

any other species which could not be accounted for by the cracking of 
C 0 2 . The measured photodesorption cross section increased with i n 
creasing photon energy, rising sharply near the ZnO band gap. In 
addition to C 0 2 , Baidyaroy, Bottoms, and Mark (15) detected 0 2 , N 2 0 , 
H 2 S , and A r with their mass spectrometer while irradiating CdS with 
2-3.5-eV photons at a background pressure of 1.5 X 10~8 torr. 

Many of the early low energy photon-induced desorption experi
ments studied the desorption of preadsorbed molecules. One example of 
such an experiment is that of Kronauer and Menzel (12), who studied 
the desorption of preadsorbed C O from tungsten. Desorbing C O mole
cules were detected with a mass spectrometer, and measurements of the 
total pressure increase were also conducted. Quantum yields for C O 
release were determined for photon energies between 3 and 5 eV, with 
a value of 4 Χ 10"7 molecule/photon at 5 e V (12). Such low quantum 
yields are typical for desorption from clean metal surfaces (8, 9, 10,11 ). 
Again, the quantum yields increased with increasing photon energy. 

H I G H - E N E R G Y PHOTODESORPTION. Synchrotron Radiation. The prob
lem of photon-induced outgassing contributing to vacuum system con
tamination in electron storage rings was considered by Fischer and Mack 
(18) and by Bernardini and Malter (19). The synchrotron radiation 
produced in such storage rings has an energy spectrum ranging from a 
few eV to approximately 10 keV. 

Fischer and Mack (18) and Bernardini and Malter (19) carried out 
electron desorption experiments from stainless steel and copper surfaces 
in separate experimental systems. For example, for a copper surface and 
for electron energies varying from 100 eV to approximately 3000 eV, the 
C O desorption yield increased from about 1 to 3 X 10"e molecule/ 
electron (18). The extent to which photoelectron desorption would 
contribute to the gas release expected for storage rings was then esti
mated. Both teams suggested that the gas release observed in storage 
rings was caused by photoelectron desorption. 

Reactor Radiations, y-Rays. H igh energy photon-induced degassing 
has also been studied for vacuum chambers exposed to radiations from 
fission reactors. Dobrozemsky (20) irradiated stainless steel and alumi
num vacuum chambers (base pressure ~ 6 X 10"9 torr) with fission 
reactor irradiations and used a mass spectrometer to identify the desorb
ing species. Partial pressure increases of approximately two orders of 
magnitude were reported for C 0 2 and C O , with somewhat smaller 
increases for H 2 and H 2 0 during the irradiation of an aluminum chamber. 
Partial pressure increases were also observed for C O , C 0 2 , H 2 , and H 2 0 
during the irradiation of a stainless steel chamber but were smaller than 
in the aluminum chamber. The γ-ray flux and energy distribution were 
not given. In an earlier paper, Baltacis, Dobrozemsky, and Kubischta 
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7. B R U M B A C H AND KAMINSKY Photodesorption, Photocatalysis 187 

(21) studied degassing of an aluminum chamber by fission reactor 
radiations at a base pressure of 6 X 10' 9 torr and observed a twofold 
order of magnitude increase in the total pressure during irradiation. 
Mass spectrometric residual gas analysis indicated that the desorbing 
species was mostly H 2 with contributions from H 2 0 , C O , and C 0 2 . From 
their estimated γ-ray flux value of 4 Χ 10 1 3 photons cm" 2 sec"1 and the 
measured molecular flux from the surface, the authors estimated an 
upper limit quantum yield of 4.7 Χ 10"3 molecule/photon. Muelhause, 
Ganoczy, and Kupiec (22) irradiated an aluminum chamber held at a 
background pressure of 5 X 10"9 torr with the radiations from a fission 
reactor and measured the outgassing rates with a total pressure gauge. 
They also measured outgassing rates from the same chamber surface 
using a C o 6 0 γ-ray dose rate equal to the γ-ray dose rate for the fission 
reactor and found the outgassing rates to be equal. They therefore 
concluded that the outgassing in the fission reactor case was caused by 
γ-ray irradiation. 

X-Rays . Unt i l very recently, only Coekelbergs et al . (23) had re
ported any gas release from surfaces using photon irradiation in the 
x-ray range. They observed desorption of C 0 2 at a partial pressure of 
0.4 torr C 0 2 from finely divided #c-Al203 under irradiation by 55-keV 
x-rays. The desorption was detected by measuring the change in total 
pressure over the solid. 

More recently, x-ray-induced desorption results for mean photon 
energies in the 18-24-keV range obtained under ultrahigh vacuum con
ditions and mass spectrometric detection of desorbing species were 
reported by Brumbach and Kaminsky (24, 25). Although details of these 
experiments have been reported (24, 25) they are summarized here 
briefly. Figure 2 shows the experimental arrangement schematically. 
The x-ray spectrum was a tungsten bremsstrahlung spectrum from an 
x-ray tube, filtered by beryllium and characteristic for a particular elec
tron energy. For example, for an electron energy of 50 keV, an x-ray 
spectrum was produced with energies ranging from about 50 keV to 
about l O k e V where the absorption by the two beryllium windows of 
~ 1.7 mm thickness becomes large. A typical total photon flux of 7 X 
10 1 2 photons cm" 2 sec"1 on target was obtained for a 50 keV, 40 mA elec
tron current. Pressure in the stainless steel vacuum chamber was typically 
1 Χ 10"9 torr during experiments. The x-rays entered the chamber through 
a beryllium window, and a leak valve allowed the partial pressure of 
various gases to be varied. A push-pull feedthrough allowed different 
targets to be irradiated. It was also possible to remove al l the targets 
from the x-ray beam. The A 1 2 0 3 and stainless steel target surfaces studied 
by Brumbach and Kaminsky (24, 25) were degreased prior to irradiation, 
were in the chamber during a 150°C bakeout, and were held at 1 Χ IO"9 
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188 RADIATION E F F E C T S ON SOLID SURFACES 

torr for at least 24 hr before irradiation. Thus, the results of Brumbach 
and Kaminsky (24, 25) represent x-ray-induced gas release from surfaces 
which have not been extensively degassed. Also, Auger electron spectros
copy revealed the presence of carbon contamination on both target mate
rials before irradiation (25). The flux of desorbing molecules was mea
sured for a particular species using a quadrupole mass spectrometer. 
Calibration experiments were used to determine the mass spectrometer 
response to the various particle fluxes. In practice, mass spectrometer 
signal changes for a particular gas species released by x-ray irradiation 
were determined for two cases—the x-ray beam striking the target and 
the x-ray beam striking a gold beam stop 30 cm from the ionizer region of 

Be WINDOW 

Journal of Applied Physics 

Figure 2. Schematic of apparatus for studying photon-induced gas release (25) 

the mass spectrometer (the target had been moved out of the beam path). 
The no-target signal change was substracted from the signal change ob
tained with the target in place, and this difference attributed to the 
desorption from the target alone. 

The results obtained by Brumbach and Kaminsky (24, 25) showed 
that the greatest relative signal increases were for 0 2 and C 0 2 when a 
degreased stainless steel target was irradiated with x-rays. For A 1 2 0 3 

targets the greatest relative signal increase was for C 0 2 . Only small 
relative changes i n the intensities of H 2 , C H 4 , and H 2 0 were observed. 
Small signal changes were observed for C O for the case of A 1 2 0 3 targets 
and slightly larger changes in the C O signal for degreased stainless steel 
targets, although for the latter type targets the C O signal change was 
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7. B R U M B A C H AND K A M i N S K Y Photodesorption, Photocatalysis 189 

still less than for C 0 2 or 0 2 . This is in contrast to the large relative 
increases in signals for H 2 , HoO, C O , and C 0 2 when stainless steel and 
A 1 2 0 3 targets are heated. 

Carbon dioxide release under photon impact has been observed by 
several authors for distinctly different regions of photon energy and for 
various materials. As mentioned previously, Fable, Cox, and Lichtman 
(14) and Kronauer and Menzel (12) observed C 0 2 release from stainless 
steel surfaces with photons in the energy range 4-7 eV (uv range). 
Ultraviolet photons also resulted in C 0 2 release from the surfaces of 
ZnO (7, 17) and CdS (15). Dobrozemsky (20) and Baltacis, Dobro-
zemsky, and Kubischta (21) found C 0 2 to be desorbed by fission 
reactor irradiations from aluminum and stainless steel chambers. Fable, 
Cox, and Lichtman (14) also observed H 2 , H 2 0 , C H 4 , and C O desorption 
from degreased stainless steel to a greater extent than that observed by 
Brumbach and Kaminsky (24, 25), who used photons more than three 
orders of magnitude higher in energy. In addition to the experiment of 
Brumbach and Kaminsky (25) the only other known observation of 
photon-induced desorption from A 1 2 0 3 was the high pressure range (0.4 
torr) experiment of Coekelbergs et al. (23), where the desorption of CO2 
was from a C0 2 -covered A 1 2 0 3 catalyst support material using x-ray 
irradiation. 

In photodesorption experiments it is necessary to consider that the 
observed gas species may have been released from the target by a 
thermal desorption process caused by the power deposition by the 
photons in near-surface regions. McAllister and White (26), for example, 
resistively heated CO-covered N i ribbons and observed C O desorption 
at input powers equivalent to only 7 m W cm" 2 power density from a 
photon beam. Also, Lange (8) reported a thermal desorption contribu
tion to his observed C O pressure increase when irradiating a CO-covered 
tungsten surface with uv photons. Fable, Cox, and Lichtman (14) 
estimated the temperature rise expected for their desorption experiments 
with degreased stainless steel and concluded that the low power available 
(300 /tW cm" 2) in their photon beam could not result i n thermal 
desorption. Brumbach and Kaminsky (24, 25) estimated that the power 
deposited by the incident x-ray photons in their experiments should not 
be sufficient to heat the target surfaces more than 1°C and consequently 
could not contribute significantly to desorption. One experimental obser
vation which they consider as evidence that a thermal desorption 
mechanism can be neglected has been the linear dependence of desorp
tion rate (signal intensity) on photon flux. Figure 3 shows the observed 
dependence of the signal intensity for C 0 2 released from A 1 2 0 3 under 
x-ray impact on the photon flux for a 50-keV bremsstrahlung spectrum. 
Genequand ( I I ) already had pointed out that a linear relationship 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

6 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
6-

01
58

.c
h0

07



190 RADIATION E F F E C T S ON SOLID SUBFACES 

32, 1 1 1 1 1 Γ 

AI 2 0 3 , 50keV X-RAY SPECTRUM 

1.6 
PHOTON FLUX * ΙΟ 1 3 , photons cm 2 sec1 

Figure 3. Carbon dioxide signal intensity as a function 
of photon flux for a 50-keV x-ray spectrum and a Al2Os 

target 

between desorption rate and photon intensity is a good indication that 
the observed desorption is not thermally induced. Since the thermal 
desorption rate is an exponential function of temperature, the observed 
desorption rate from photon-induced surface heating should also depend 
nonlinearly on photon intensity (power deposition). McAllister and 
White (26), however, pointed out that over a very small temperature 
range this difference in the temperature dependence would be difficult 
to detect. Baidyaroy, Bottoms, and Mark (15) and Shapira, Cox, and 
Lichtman (7) both found a linear dependence of the desorption rate for 
C 0 2 release from CdS (15) and ZnO (7) as a function of photon flux. 
Both groups of authors concluded that the observed desorption was not 
caused by surface heating. 

Another piece of experimental evidence which can be used to 
distinguish thermal desorption from true photodesorption is the time 
response of the desorption signal. If the absorption of incident photons 
caused target heating, the desorption signal would be expected to 
increase i n time after the photon beam has been turned on until the 
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7. B R U M B A C H AND KAMINSKY Photodesorption, Photocatalysis 191 

surface reaches an equilibrium temperature. In turn, since the targets 
are in vacuum, the decrease in temperature might be expected to be slow 
after the photon beam has been turned off. This would result in a slow 
decrease in the desorption signal. Thus, if the time response is rapid with 
both the initiation and termination of photon irradiation, it might be 
concluded that thermal effects can be neglected. Lange ( 8 ) observed 
that his pressure gage signals decreased slowly when the photon irradi
ation was turned off, indicating some thermal desorption contribution. 
The sharp decrease in signal intensity when the photon source was 
turned off observed by Shapira, Cox, and Lichtman ( 7 ) indicates that 
thermal effects were not important in their experiments. Brumbach and 
Kaminsky (24, 25) also saw a rapid decrease in the photon-induced 
signal when the photon beam was turned off. This is illustrated for the 
case of 0 2 released from degreased stainless steel in Figure 4. The 
authors considered this case also as evidence that thermal desorption 
effects do not play a significant role in the 0 2 release. 

If both the flux of monoenergetic photons incident on a surface and 
the resulting flux of molecules leaving the surface are known, a quantum 
yield for gas release can be obtained from the ratio of these fluxes. For 
example, for photon energies in the 3 - 7 - e V range such quantum yields 
were obtained for the release of preadsorbed C O from W (8, 12) and 
N i (JO) surfaces which had been cleaned prior to C O adsorption. As 
mentioned earlier, the estimated quantum yields were low, in the range 
10" 9-10" e molecule/photon. A more detailed discussion of the quantum 

TIME 

Journal of Applied Physics 

Figure 4. X-ray-induced 
signal change for Ο·, de
greased stainless steel tar
get, 7 Χ 1012 photons cm'2 

sec'1, 50-keV bremsstrahl-
ung spectrum. 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

6 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
6-

01
58

.c
h0

07



192 RADIATION E F F E C T S ON SOLID SURFACES 

yields typical for low energy photon impact can be found in the pre
ceding chapter by Lichtman et al. (17). If the incident photons are not 
monoenergetic but have some rather broad energy distribution, then the 
ratio of molecular flux to total photon flux takes on a slightly different 
meaning. Since the quantum yield is, in general, a function of photon 
energy, the distribution of photon energies w i l l result in a measured 
mean quantum yield. Such mean yields were determined by Brumbach 
and Kaminsky (24, 25) for the release of C 0 2 , C O , and 0 2 from surfaces 
of degreased stainless steel and A 1 2 0 3 (not previously degassed) using 
the x-ray energy spectrum discussed above. Estimated values for the 
mean yield of C 0 2 release from degreased stainless steel were 3 to 4 X 
10"4 molecule/photon in the x-ray spectrum. The only other known 
quantum yield for C 0 2 from degreased stainless steel is that reported 
by Fable, Cox, and Lichtman (14), who obtained a value of 5.5 Χ 10"3 

molecule/photon using nearly monochromatic 6.7-eV photons. The 
mean quantum yield results of Brumbach and Kaminsky (24, 25) for 
degreased stainless steel and A 1 2 0 3 are summarized i n Table I. The 
results shown in Table I for the two targets of either material represent 
the lower and upper limit values, since the values obtained in additional 
runs fell within these limits. The results for target 2 (A1 2 0 3 ) and for 
target 1 (stainless steel) were considered the more typical cases. A l l 
targets were prepared identically (25). The only other report of a 
quantum yield for a broad spectrum of photon energies is that of Baltacis, 
Dobrozemsky, and Kubischta (21), who quoted a maximum yield of 
4.7 Χ 10"3 molecule/photon for fission reactor radiations incident on 
surfaces of an aluminum chamber. This value is the ratio of the total 
number of a l l molecules released (determined by the increase i n total 
pressure) and the total estimated γ-ray flux (no energy distribution for 
the γ-rays has been stated). 

The dependence of the quantum yield on photon energy helps to 
explain the gas release process. For example, the dependence of the 
quantum yield on the photon energy has been studied for the uv range 

Table I· Mean Quantum Yields for Gas Release in 
Molecules Released per Photon0 

CO o2 co2 

Stainless steel, target 1 2 Χ 10"4 9 Χ 10 - 4 4 Χ 10 - 4 

Stainless steel, target 2 < 6 X HT 5 5 Χ 10 - 4 2 Χ 10"4 

A 1 2 0 3 , target 1 1 Χ ΙΟ"4 1 X 10"4 2 Χ 10"3 

A 1 2 0 3 , target 2 < 6 Χ 10"5 < 3 Χ 10"5 8 Χ 10"5 

Detection l imit 6 Χ 10"5 3 Χ 10"5 3 Χ 10"5 

• For a bremsstrahlung spectrum at 50-keV electron energy and 7 Χ 1012 photons 
cm"2 sec - 1 . 
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410 

( w/m) 

200 300 400 500 600 
\(nm) 

International Conference on AdsorptionDesorption Phenomena 

Figure S. Above, photodesorption probability γ (in this paper also 
called quantum yield) of CO from W as a function of wavelength or 
energy. Below, incident power density of the irradiation used in these 
experiments. The horizontal bars indicate the half-widths of the inter

ference filters used (12). 

by many authors (7, 8, 10, 11, 12, 14). Typical of the results for this 
energy range are those of Kronauer and Menzel (12) for the release of 
preadsorbed C O from tungsten, shown in Figure 5. The photon source 
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194 RADIATION EFFECTS ON SOLID SURFACES 

was a mercury lamp with various discrete lines using interference filters. 
The upper part of Figure 5 gives the photon energy dependence of the 
quantum yield while the lower part shows the photon intensity (incident 
power density) at these various energies. The authors argued that the 
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Journal of Applied Physics 

Figure 6. Dependence of mean quantum yield on 
mean photon energy for COs released from degreased 

stainless steel (25) 

opposite trends of power density and quantum yield with photon energy 
are strong evidence against a thermal desorption process. The trend of 
increasing quantum yields with increasing photon energies appears to be 
typical for the energy range 2-7 eV. The results of Fable, Cox, and 
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7. B R U M B A C H AND KAMINSKY Photodesorption, Photocatalysis 195 

Lichtman (14) for C 0 2 release from degreased stainless steel and by 
Shapira, Cox, and Lichtman (7) for C 0 2 release from ZnO both indicate 
increasing quantum yields with increasing photon energies in the visible 
and uv regions. 

The dependence of mean quantum yields on mean photon energies 
was studied by Brumbach and Kaminsky (24, 25) in the x-ray range for 
C 0 2 release from degreased stainless steel and A 1 2 0 3 surfaces. Their 
results for degreased stainless steel are shown in Figure 6. The abscissa 
shows electron energy on one scale and the corresponding mean photon 
energy on another scale. Experimentally, observations were made at 
different electron voltages. The error bars shown represent the uncer
tainties with which each mean yield value could be reproduced, not 
the total error in the absolute value of the mean quantum yield. As 
seen in Figure 6, the mean quantum yield decreased with increasing 
mean photon energy. This is opposite to the trend observed by Fable, 
Cox, and Lichtman (14) with photons more than three orders of magni
tude lower in energy. The difference in the quantum yield energy 
dependence at low energy (14) and the mean quantum yields at high 
energy (25) for the case of C 0 2 released from degreased stainless steel 
is shown in Figure 7. The difference in the observed photon energy 
dependence of the gas release yields for the two different energy ranges 
appears plausible if one correlates this dependence with the correspond
ing one for the photon absorption coefficients of the irradiated target 
materials as suggested by Brumbach and Kaminsky (24, 25). The photon 
absorption coefficients for both metals and metal oxides decrease with 
increasing photon energy in the x-ray region (27, 28). For the case of 
metal oxides, the photon absorption coefficient increases with increasing 
energy in the visible and ultraviolet range (29). This correlation between 
the trends in photon desorption coefficient and gas release quantum yield 
also supports the view of Drinkwine, Shapira, and Lichtman (17) that 
the C 0 2 release process from oxide surfaces is substrate dependent. 

Many of the surfaces from which C 0 2 release has been observed 
under photon irradiation have been metal oxide surfaces. Metal oxides 
are known to be good catalysts for oxidation reactions, and the radiation-
induced catalytic oxidation of C O to C 0 2 on A 1 2 0 3 has been studied (30). 
Brumbach and Kaminsky (25) considered that the C 0 2 released under 
x-ray irradiation from A 1 2 0 3 and stainless steel may have been produced 
by photocatalytic oxidation of C O , since C O was a major component in 
the background pressure of the chamber used in their experiments. In 
order to explore the possibility of C O oxidation, Brumbach and Kaminsky 
(25) studied the intensity of the photon-induced C 0 2 signal at various 
C O partial pressures. Their results are shown in Figure 8 for both 
degreased stainless steel and A 1 2 0 3 . No distinct trend was observed over 
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Figure 7. Dependence of quantum yield on photon energy in the 
uv and x-ray regions for release of COt from degreased stainless steel 

(25) 

the range of C O partial pressures studied, within experimental uncer
tainty. The authors concluded that either C 0 2 is not produced in a 
photocatalytic C O oxidation reaction or that the active sites on the 
surface are already saturated for the surface conditions used and at 
partial pressures less than 8 Χ 10" 1 1 torr, the lowest background C O par
tial pressure achieved in the chamber. Drinkwine, Shapira, and Lichtman 
(17) chemisorbed C O , 0 2 , and C 0 2 on ZnO to study the effect of these 
gases on C 0 2 photodesorption. They found that only 0 2 leads to an 
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7. B R U M B A C H A N D KAMINSKY Photodesorption, Photocotàlysis 197 

enhancement of photodesorption. Drinkwine et al. (17) concluded that 
their C 0 2 arose from oxidation of surface carbon and were able to increase 
the amount of C 0 2 released by depositing carbon on their ZnO surfaces. 
Brumbach and Kaminsky also detected carbon impurities on their de
greased stainless steel and A 1 2 0 3 surfaces (25). 

A dependence of the mean quantum yield for C 0 2 release on the 
x-ray dose was observed for the A 1 2 0 3 and degreased stainless steel 
target 1 (25). For a total x-ray dose of 2 Χ 10 1 7 photons cm" 2 after 
about 500 min irradiation time, the mean quantum yield decreased from 
2 Χ 10 - 3 to 2 Χ 10"4 molecule/photon for the A 1 2 0 3 target 1 and from 
4 Χ 10"4 to 2 Χ 10"4 molecule/photon for the degreased stainless steel 
target 1. For mean quantum yield values for C 0 2 release in the range 
from lQr* to 10"4 molecule/photon a total dose of 2 Χ 10 1 7 photons cm" 2 

w i l l remove only the equivalent of a fraction of one monolayer of 
adsorbed C 0 2 . Recently obtained results of gas release from discharge-
cleaned stainless steel surfaces under x-ray impact w i l l be published 
soon (31). 

Application: X-Ray Induced Desorption in Plasma Devices 

A n estimate of the C 0 2 release rates from degreased stainless steel 
surfaces has been made recently (24) for a tokamak fusion reactor, 
conceptually designed by the University of Wisconsin-Madison team 
( U W M A K - I ) (32). According to this design a bremsstrahlung power 
loading of 28.2 W cm" 2 may be expected on the stainless steel surfaces 
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Journal of Applied Physics 

Figure 8. Intensity of COg gas release signal as a function of CO 
partial pressure for AlgOs and degreased stainless steel (25) 
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198 RADIATION E F F E C T S ON SOLID SURFACES 

exposed to bremsstrahlung radiations. If one arbitrarily assumes that the 
bremsstrahlung is typical for a tungsten bremsstrahlung at 30-keV elec
tron energy (resulting in a mean photon energy of 18 keV) and takes a 
mean quantum yield for C 0 2 release of 4 Χ 10"4 atom/photon for a 
degreased stainless steel surface, a release rate w i l l be 5.3 X 10 1 2 CO2 
molecules cm" 2 sec"1. If in actuality the mean photon energy is shifted 
to lower energies, e.g., to the 1-5-keV range, even higher gas release 
yields can be expected on the basis of an extrapolation of our data to 
energies in the 1-5-keV range (see Figure 7) . The C 0 2 release rates 
mentioned above w i l l contribute to the plasma contamination of fusion 
devices for as long as the x-ray-surface interactions release C 0 2 with 
the high mean quantum yields quoted above. W i t h increasing x-ray 
dose, a depletion of those adsorbed gases which contribute to the C 0 2 -
release is expected to result in decreased C 0 2 release rates. 

Conclusions 

The relatively scarce experimental data on x-ray-induced gas release 
from non-discharge cleaned surfaces of stainless steel and A 1 2 0 3 reveal 
the following trends. 

(1) The dominant gas species released are 0 2 and C 0 2 and not H 2 , 
H 2 0 , or C O , which are typically observed in thermal desorption. 

(2) The mean quantum yields for 0 2 and C 0 2 release are in the 
range 8 Χ 10" 5-2 X 10"3 molecule/photon in the tungsten bremsstrah
lung spectrum at 50-keV electron energy. 

(3) The energy dependence of the mean quantum yield for C 0 2 

release reveals an increase in the yield with decreasing mean photon 
energy. 

(4) The observed energy dependence of the quantum yields for 
C 0 2 release from stainless steel at both low photon energies (2-7-eV 
range) and high photon energies (18-24-keV range) has been correlated 
with the energy dependence of the photon absorption coefficient. 

(5) The amount of C 0 2 released was found not to be a function of 
the C O partial pressure in the 10' 1 0-10" 8 torr range. 

The mechanism for the observed dominant 0 2 and C 0 2 release under 
x-ray impact from stainless steel and A 1 2 0 3 surfaces is not yet understood. 
More experimental studies are needed to provide the needed data base 
to establish the dominant mechanism for the x-ray impact-induced gas 
release from surfaces. Data are also needed to test i f the suggested 
correlation between the observed energy dependence of the quantum 
yields for gas release and the one for the photon adsorption coefficients 
hold true for the photon energy region from ~ 10 eV to 10 keV, a region 
for which reliable data are practically nonexistent. 
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8 

X-Ray Emission from the Surface Region of 
Solids 

ROBERT L . PARK 

Department of Physics and Astronomy and Center of Materials Research, 
University of Maryland, College Park, Md. 20742 

A fast electron incident on a surface may conserve energy 
by emitting a bremsstrahlung photon. Near the short wave
length limit the bremsstrahlung spectrum measures a density 
of unoccupied conduction states averaged over all atomic 
species on the surface region. The characteristic soft x-ray 
band spectrum, by contrast, is considered a bulk probe of 
the filled valence states. By using electrons with energies 
just above the threshold for core level scattering, however, 
the probe depth is reduced to the inelastic mean free path 
for electrons. In soft x-ray appearance potential spectros
copy, thresholds are detected in the derivative of the total 
x-ray yield. The yield is related to the density of conduction 
band states. The core level probes examine separately the 
states associated with different elements on the same surface. 

T n the decay of an excited state, energy may be conserved by the emis-
sion of photons or electrons. Electron spectroscopy is popular because 

emitted electrons can be manipulated easily by electrostatic or magnetic 
fields. For many purposes, however, the indifference of photons to these 
fields is an advantage. The escape depth of a soft x-ray photon is orders 
of magnitude greater than for an electron of the same energy, and the 
classic method of soft x-ray band spectroscopy is generally regarded as a 
way to examine the bulk properties of materials. Indeed, in the early 
1930s soft x-ray band spectra of the alkali metals ( J ) were thought to 
represent a major triumph of the free electron theory of metals. 

If the energy of the electrons used to create the excited state is 
reduced to near threshold values, however, the sampling depth is deter
mined by the electron mean-free path. Therefore, under conditions of 

200 
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8. PARK X-Ray Emission from Surface Region 201 

threshold excitation, the surface sensitivity of x-ray techniques is essen
tially the same as for electron spectroscopies involving the same levels. 
Such measurements were originally undertaken to avoid the distortion 
introduced by self-absorption of the emitted x-rays, but eliminating self-
absorption is equivalent to probing only the outermost layers of the mate
rial . Similar surface sensitivities can be achieved using high energy 
electrons at grazing incidence to create the excited states or by using 
protons or heavier ions, which have relatively short stopping lengths, as 
the exciting particles. In this chapter the various schemes for obtaining 
x-rays from the surface region of solids are reviewed briefly, and the kinds 
of information conveyed by these x-rays are discussed. 

Sampling Depth 

The surface region of a solid can reasonably be defined as the layer 
i n which the atomic potentials differ from those of atoms still deeper 
within the solid (2) . This would of course include adsorbed foreign 
atoms, but it also includes those substrate atoms that sense the altered 
chemical environment imposed by the loss of translational symmetry (3) . 
For clean metals the surface region may include no more than the outer
most two atomic layers (4). The extent to which a measurement is 
specific to this region is frequently referred to as the "surface sensitivity." 
In most surface spectroscopies this sensitivity is determined by the i n -

0 100 200 300 400 

Electron Energy (eV) 

Figure 1. The energy dependence of the mean free path for inelastic 
scattering of an electron in aluminum from Ref. 6 based on a parameteH-
zation of Ref. 5's calculations. The sampling depth is a minimum for 

electron energies of 50-100 eV for vanous materials. 
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2 0 2 RADIATION E F F E C T S ON SOLID SURFACES 

elastic mean-free path of electrons—that is, by the range over which an 
electron wi l l travel before losing energy. 

The mechanisms by which a particle loses energy in passing through 
a solid strongly depend on its energy. For electrons in the energy range 
below a few keV, collisions with nuclei are rare, and the principal source 
of energy loss is the creation of plasmons by electron-electron scattering. 
The inelastic mean-free path for plasmon excitation has been treated 
theoretically by Quinn (5). A parameterization of Quinns calculation 
for aluminum by Duke et al. (6) is shown in Figure 1. Coupling to 
plasmon excitations is less efficient at high energies, resulting in a steady 
increase in the mean-free path above approximately 50 eV. Since Quinns 
calculation considers only plasmon losses, the inelastic mean-free path 
becomes infinite below the plasmon energy, which for aluminum is 15.4 
eV. Indeed, even before the wave nature of the electron had been estab
lished, Farnsworth (7) reported that electrons of a few eV energy are 
reflected from surfaces without measurable energy loss. There are of 
course excitations other than plasmons by which electrons can lose energy 
in this low energy range, such as the creation of photons, but these losses 
can only be detected with very high resolution electron spectrometers 
(8, 9) . Thus, although the inelastic mean-free path does not become 
infinite at low energies, as this model would seem to suggest, one would 
expect that electron spectroscopies would be most sensitive to the surface 
of aluminum at 50-100 eV. A great body of experimental evidence indi 
cates that this is true, not only for aluminum but for a wide variety of 
other materials as well (10). This assumes that electrons which have lost 
appreciable energy are excluded from measurement. This is a reasonable 
assumption within one plasmon energy of a threshold. 

When a solid stops an electron, the lattice is left essentially undis
turbed. For ions however the situation may be quite different. A t energies 
of a few kilovolts or less, the displacement of lattice atoms, including 
sputtering, accounts for most of the energy loss (11). At very high ener
gies, however, the cross section for displacement is relatively low, and 
the creation of excited electronic states is the principal energy loss mecha
nism. Under these conditions ions penetrate deeply into the solid. Near 
the end of its path, of course, the destruction of the lattice by an imping
ing ion is always quite severe. 

The Bremsstrahlung Spectrum 

Classically, the deceleration of the electron in the solid must result 
in the emission of electromagnetic radiation or "bremsstrahlung." For 
the case of a slow electron (υ << c) decelerated in the direction of its 
motion, the radiation field is formally identical to that of a radiating 
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8. PARK X~Ray Emission from Surface Region 203 

electric dipole. The angular distribution of radiated energy is thus the 
familiar sin20 distribution. In practice, however, both the angular distri
bution and the polarization of the outgoing radiation are greatly modified 
by scattering of the electrons in the material. 

It is clear from Figure 1 that the stopping length of the electron 
w i l l be small compared with the wavelength of the emitted brems
strahlung. Thus, for the purpose of estimating the expected spectral 
distribution, the deceleration can be expressed in terms of a delta function. 
The wave field is given by: 

«,.ν e>sin0 \l 2eV . . ,1X 

where V is the potential through which the incident electron is accelerated 
to the sample, and t0 is the time at which the pulse of radiation is emitted. 
Since the radiation field is represented by a delta function, its Fourier 
components are independent of frequency except for phase, and the 
energy radiated in a unit frequency interval is: 

ψ ω - 6 2 2 e V (2) SwtoC mc2 

Thus, the simple classical approximation predicts a power spectrum 
for bremsstrahlung which is independent of frequency. Even classically, 
of course, the high frequency components of the spectrum w i l l be cut off 
if the stopping time of the electron is made finite. 

In fact, however, the high frequency cutoff corresponds to the con
version of the total kinetic energy of the electron into a single photon, 
i.e., fûomax = eV. This so-called "Duane-Hunt l imit" was the basis for an 
early determination by Duane and Hunt (12) of Planck's constant. In 
terms of the number of quanta emitted during the deceleration, the spec
trum below the cutoff as shown in Figure 2 is given by: 

Λ Γ ( ω ) = — ^ # ^ 5 - (3) 

A t low frequencies the bremsstrahlung spectrum appears to follow 
the l /ω behavior predicted by Equation 3. A t very low frequencies, this 
results in the so-called "infrared catastrophe," with the emission of an 
infinite number of zero energy photons. Near the cutoff frequency, how
ever, the bremsstrahlung spectrum of most materials exhibits very distinct 
structure. This structure can be understood in terms of the band theory 
of solids. Let us rederive the spectrum from this point of view. 
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CO 
Ζ 
UJ 

Z 

Infrared Catastrophe 

Duane-Hunt Limit 
hi; = eV 

PHOTON ENERGY 
Figure 2. Semiclassical prediction of the bremsstrahlung spectrum 

produced by uniformly stopping a beam of electrons of energy eV. 
The infrared catastrophe refers to the IIν increase in the number of photons 
at low energies. The Duane-Hunt limit corresponds to the conversion of the 
kinetic energy of an incident electron into a single bremsstrahlung photon. 
Uniform stopping of an electron is equal to a constant density of states above 

the Fermi energy. 

If a potential is applied between a thermionic emitter and an anode, 
electrons wi l l arrive at the anode surface with an energy eV + βφο + kT 
relative to the Fermi energy of the anode, where e<f>c is the emitter work 
function, and kT is the average energy of the thermionically emitted 
electrons just outside the cathode surface (Figure 3) . If an incident 
electron is captured by a state ci above the Fermi level, energy may be 
conserved by the direct emission of a bremsstrahlung photon of energy: 

hVl = eV + e<f>c + kT — €i (4) 

The number of photons of energy hv\ is thus a measure of the density 
of states available at ci. The quantum mechanical equivalent of a uni 
formly decelerated electron is just a constant density of states above the 
Fermi energy. To a first approximation, the bremsstrahlung spectrum 
near the cutoff reflects the density of unoccupied states of the solid, with 
the cutoff corresponding to Fermi energy. 

Experimentally, it is inconvenient to actually scan the soft x-ray 
spectrum for a fixed accelerating potential. In practice therefore the pass 
band of the x-ray spectrometer is set at some arbitrary value, removed 
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8. PARK X-Ray Emission from Surface Region 205 

from any characteristic lines, and the electron energy is varied to move 
the Duane-Hunt limit across the pass band. Near the cutoff, this is 
entirely equivalent to scanning with the x-ray spectrometer (13). 

This so-called "bremsstrahlung isochromat" technique has been 
developed largely by Ulmer and his co-workers at Karlsruhe, and the 
results are described well by the density-of-states model (14). The 
agreement of the bremsstrahlung isochromats with a rigid band model of 
the filling of the 3d band for the elements iron through zinc is evident 
in Figure 4 taken from the work of Turtle and Lief eld (15). The pro
nounced maximum above the threshold in Fe, Co, and N i corresponds to 
the unfilled portion of the d band. 

Ulmer (16) has stressed the complementary nature of bremsstrahlung 
isochromat spectroscopy, which examines the unfilled (conduction) 
states, and photoelectron spectroscopy which probes the filled (valence) 
states. Curiously, however, photoelectron spectroscopy has been em-

SAMPLE 
Figure 3. Energy level diagram of the 

bremsstrahlung process. 
If the incident electron is captured in a 
state above the Fermi level EF, energy 
may be conserved by the emission of a 
bremsstrahlung photon of energy hv = eV 
+ e<t>e + kT — cj, where e<f>e is the work 
function of the electron emitter, and kT is 
the average energy of a thermionically 
emitted electron. Near the cutoff at et = 0, 
the bremsstrahlung spectrum directly 

probes the density of unfilled states. 
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Physical Review Β 

Figure 4. X-ray bremsstrahl
ung isochromats for the ele
ments iron through zinc ob

tained by Ref. 15. 
The x-ray analyzer window was 
fixed at hv = 530 eV. The large 
peak at threshold in iron, cobalt, 
and nickel corresponds to the 
unfilled portion of the 3d band. 
As the 3d states are filled in 
going from iron to copper, the 
peak narrows and then disap
pears with only the 4s states re

maining unfilled. 
540 550 
ANODE VOLTAGE 
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8. PARK X-Ray Emission from Surface Region 207 

braced by surface scientists, who have exploited its sensitivity to the 
surface region. By contrast, bremsstrahlung isochromat spectroscopy, 
which probes essentially the same region, has been largely ignored by 
surface scientists. Thus, although its sensitivity to the surface region and 
hence to contamination has been noted by the Karlsruhe group (17,18), 
its applications have been concerned mostly with a comparison of metal 
and alloy spectra with theories appropriate to bulk structure (16-22). 
A n example of the systematic changes in the isochromat spectrum with 
alloying is shown in Figure 5. 

The only deliberate exploitation of the surface sensitivity of brem
sstrahlung isochromat spectroscopy has been its application by Merz to 
the study of work functions (23). One possible reason for this neglect 
by surface scientists has been the high currents required to obtain spectra 
i n a reasonable time. This may rule out the technique for such important 
surface problems as chemisorption. 

Characteristic Excitation 

Long counting times are required to obtain the bremsstrahlung iso
chromat because of the small cross section for radiative capture of an 

lOVounts mA'W 1 

1.5 '"A 
P t - A u 
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208 RADIATION E F F E C T S ON SOLID SURFACES 

electron. Energy may also be conserved in the capture of an incident 
electron by the excitation of a core electron as shown i n Figure 6. If the 
incident electron is captured i n a state c i above the Fermi energy, the 
core electron w i l l be excited to a state c 2 given by: 

C2 _ eV + e<f>c + fcr - c i -EB (5) 

where E B is the core electron binding energy relative to the Fermi energy. 
The recombination of the core hole may occur radiatively with the emis-

Figure 6. Energy level diagram of 
the characteristic excitation process. 
If the energy of the incident electron 
eV + e 0 e + k T exceeds the binding 
energy of a core electron, it may be 
scattered from the core electron into a 
state above the Fermi energy ct and 
excite the core electron into a second 
state e» = eV + βψ, + k T — c - E s . 
The core hole may subsequently re-
combine by the emission of a charac
teristic x-ray photon. The excitation 
probability, measured by the number 
of characteristic x-rays emitted, is a 
two-electron probe of the density of 

unfilled states. SAMPLE 

sion of an x-ray photon, but unlike the production of bremsstrahlung, 
the characteristic process has a distinct threshold at: 

e V c r i t — EB - βψ0 - kT (6) 

Above this threshold the excitation probability is determined by the 
density of unoccupied states, but the view of these conduction states is 
very different from that provided by the bremsstrahlung spectrum since 
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8. P A R K X-Ray Emission from Surface Region 209 

the excited core electron, as wel l as the incident electron must be fitted 
into available states above the Fermi level. 

The density of states for the two electrons is determined by al l the 
combinations of c i and c 2 allowed by the conservation of energy as ex
pressed by Equation 5. The two-electron density-of-states N2c(E) is thus 
given by the self-convolution of the density of conduction band states 
for one electron NC(E), i.e., 

Assuming constant oscillator strengths (as we tacitly did i n the 
bremsstrahlung case), the excitation probability is proportional to the 
integral product of the final state distribution given by Equation 7 and 
an initial state distribution N(E) corresponding to the filled core level. 
The width of the core level is a consequence of the finite lifetime τ of 
the hole that must be created to verify its existence. N(E) is thus repre
sented by a Lorentzian of width h/τ. According to this simple picture, 
the excitation edge should have the shape of the self-convolution of 
the bremsstrahlung isochromat broadened by the lifetime of the core 
level. To observe the core level excitation spectrum, it must first be dis
tinguished from a background of bremsstrahlung. 

Conventionally this has been accomplished by using a soft x-ray 
spectrometer adjusted to pass a single characteristic emission line asso
ciated with the recombination of a particular core hole (24, 25, 26). The 
electron energy is then varied as in the bremsstrahlung isochromat tech
nique. The spectrum in the 'characteristic isochromat," however, is 
determined almost entirely by the chracteristic emission in the pass band, 
which is far more intense than the bremsstralung in the same band. 

The spectral window for the characteristic isochromat is the atomic 
core level in which the initial hole was created. The comparatively broad 
pass band of the analyzer is only intended to reduce the bremsstrahlung 
background. Thus, the instrumental resolution is determined solely by 
the energy spread of the incident electrons. Since this can, without much 
difficulty, be kept as low as .25 eV, the resolution is substantially better 
than for other core level spectroscopies. 

The detail with which the conduction band can be examined, how
ever, is limited by the lifetime broadening of the core level. To study the 
density of states, therefore, it is necessary to measure only those excited 
core levels with relatively long lifetimes. For example, the density of 
states viewed by transitions involving a 2s core hole shows less detail 
than the view involving a 2p hole because of the strong 2p —» 2s Coster-
Kronig transition (27). 

(7) 
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210 RADIATION E F F E C T S ON SOLID SURFACES 

The smearing of the density-of-states information, however, is the 
price imposed by the uncertainty principle for a local view of the density 
of states. Thus, in contrast to the bremsstrahlung edge, a characteristic 
edge is specific to a particular element. This makes it possible to examine 
separately the states accessible to core electrons of different elements on 
the same surface. This very local view of the density of states can provide 
information on questions such as the extent to which atoms retain their 
own states or share them with other elements in a common band. The 
position of the edge, as well as its shape, can be influenced by changes in 
chemical configuration. These "chemical shifts" have received a great 
deal of attention in E S C A studies of surfaces, but their interpreation in 
terms of charge transfer requires a knowledge of bond lengths and angles 
which is often unavailable. 

Despite the specificity of the excitation edges to particular elements, 
conventional characteristic isochromat spectroscopy is poorly suited to 
an analysis of the elemental composition of the surface region. The posi
tion of an x-ray line must be known in advance in order to adjust the 
window of the spectrometer. To attempt to survey a wide energy range 
in search of edges in a sample of unknown composition would be hope
lessly tedious. 

Appearance Potential Spectroscopy 

In 1954 Shinoda, Suzuki, and Kato (28) demonstrated that it is 
possible to suppress the bremsstrahlung background without a dispersive 
analyzer by electronic differentiation of the total x-ray yield as a function 
of the incident electron energy. Differentiation weights the Fourier 
components of the spectrum by their frequency, thus enhancing the 
abrupt characteristic thresholds relative to the smoothly varying brem
sstrahlung background. This approach was rediscovered by Park, Hous
ton, and Schreiner (29) in 1970 who used potential modulation differen
tiation and synchronous detection to extract the excitation thresholds. 
Under the name "soft x-ray appearance potential spectroscopy," this has 
since become an important technique for studying the composition and 
electronic structure of solid surfaces. It is, moreover, a remarkably simple 
technique. 

A n appearance potential spectrometer in its simplest form (30) is 
shown in Figure 7. The sample is bombarded by electrons from a bare 
filament emitter. Photons produced by electron impact pass through a 
grid and are absorbed by a cylindrical metal photocathode. A bias voltage 
between the filament and grid prevents filament electrons from entering 
the photocathode can. Electrons from the photocathode are collected on 
a positively biased coaxial collector wire. The work function of the 
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8. PARK X-Ray Emission from Surface Region 211 

FILAMENT 
SUPPLY 
IV 10A 

R A M P 
SUPPLY 
0-2Q00V 

PHASE-LOCK 
AMPLIFIER 

FREQUENCY 
MULTIPLIER 

OSCILLATOR 

Figure 7. An appearance potential spectrometer using photoelectron detection. 
The sample is bombarded by electrons from a bare filament emitter. X-rays produced 
by electron impact pass through a grid and are absorbed by a metal photocathode. 
Electrons from the photocathode are collected on a positively biased coaxial collector 
wire. To obtain the nth derivative of the x-ray yield, a small sinusoidal oscilhtor is 
superimposed on the sample potential. The nth harmonic of the collector signal is 

detected. 

photocathode, which is usually gold, is high enough to discriminate 
against low energy bremsstrahlung and most filament incandescence. 

The collector current is a measure of the total x-ray yield. To obtain 
the first derivative spectrum, a small sinusoidal oscillation is superimposed 
on the potential of the sample. That portion of the collector current that 
varies at the frequency of the oscillation is selected by a high-Ç resonant 
L - C circuit and further filtered and detected by a phase-lock amplifier. 
The n t h harmonic of the modulation frequency can be shown to corre
spond to the n t b derivative of the total yield, broadened by an appropriate 
instrument response function (31). 

The second derivative appearance potential spectrum of a uranium 
surface obtained with a simple spectrometer of the type shown in Figure 
7 is shown in Figure 8. Several impurities are evident on the surface 
including carbon, calcium, oxygen, and iron. As a technique for analyzing 
surface composition, however, appearance potential spectroscopy has 
some interesting limitations. A t least two elements, palladium and gold, 
do not appear to exhibit detectable thresholds in the energy range of 
interest for surface studies (32). The magnitude of the matrix elements 
connecting the core levels to states near the Fermi level are just too 
small to produce detectable edges. For most elements, however, is is 
possible to find easily detectable levels somewhere in the region below 
2 keV. Often, as in the case of uranium (33), al l the levels in this energy 
range can be detected. A more serious objection to the use of the simple 
spectrometer shown above is the large primary current (~ 1-10 m A ) 
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212 RADIATION E F F E C T S ON SOLID SURFACES 

URANIUM 

n 1 I I • I I I I 
0 100 200 300 400 500 600 700 800 

POTENTIAL (volts) 

Figure 8. Second derivative soft x-ray appearance potential spectrum 
of a contaminated uranium surface. The complex carbon Κ spectrum is 
characteristic of graphite. All of the uranium levels can be detected 

except the Ot which is obscurred by the graphite spectrum. 

required to obtain spectra in a reasonable period. Not only do such cur
rents induce desorption of weakly bound adsorbates by direct excitation 
into anti-bonding states, but at higher voltages the sample heating can 
be substantial. It seemed therefore that appearance potential spectros
copy would find little application in the important area of chemisorption. 

The high currents used in appearance potential spectroscopy were 
largely to compensate for the low efficiency of the photoelectric detection 
scheme. In the soft x-ray region photoemitters have a quantum efficiency 
no better than 1%. The field was revolutionized, therefore, when Anders-
son, Hammarqvist, and Nyberg (34) developed a soft x-ray appearance 
potential spectrometer using a solid state detector with a quantum effi
ciency near 100% in the soft x-ray region. This allowed them to operate 
at incident electron currents 100 times lower than those conventionally 
used in appearance potential spectroscopy. Additional improvement 
resulted from the use of a thin aluminum foil filter to remove low energy 
bremsstrahlung (35). Since the appearance potential technique does not 
depend on a focused electron beam for its resolution, the current density 
is at least 100 times lower than is customary in electron-excited Auger 
electron spectroscopy. This has enabled Andersson and Nyberg to sue-
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8. PARK X-Ray Emission from Surface Region 213 

cessfully apply appearance potential spectroscopy to the study of chemi-
sorbed layers of oxygen, carbon, nitrogen, and sulfur on several transition 
metal surfaces (36, 37, 38) without appreciable sample heating or elec
tron-induced desorption (Figure 9) . 

The importance of these developments is not the ability of appear
ance potential spectroscopy to analyze the elemental composition of the 
surface region; the number of techniques which can serve this purpose 
threatens to exceed our capacity to devise new acronyms by which to 
label them (39). The unique advantage of appearance potential spec
troscopy is the resolution with which the local density of unoccupied 
states can be examined. 

Initially, however, the interpretation of appearance potential spectra 
in terms of the simple one-electron density-of-states model described by 
Equation 7 seemed highly suspect. Among the first spectra obtained 
were the Κ edges of boron (40) and graphite (41). The derivative spec
trum i n both cases consisted not of a single Κ edge, but of a series of six 
nearly equally spaced peaks. It seemed quite improbable that such 

Oxygen Is 

OL 

5L 

20L ^ 

160L 

220L 

6160fc 

1 
520 530 540 550 

PRIMARY ELECTRON ENERGY (eV) 
Reviews of Scientific Instruments 

Figure 9. Soft x-ray appearance potential 
spectrum of the oxygen Κ level as a function 
of oxygen exposure of a nickel surface (L = 
1 X 10-* Ύon-sec) (34). The single-peaked 
oxygen spectrum corresponds to a chemisorbed 
state. The multipeaked spectrum corresponds 

to the formation of NiO. 
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214 RADIATION E F F E C T S ON SOLID SURFACES 

peculiar spectra could be explained by simple density-of-states considera
tions. It was, moreover, fashionable at that time to attribute every slightly 
suspect bump in core level spectroscopies to many-body singularities 
(42). This fashion has abated somewhat (see, for example, Ref. 43), and 
we now have a great deal more data from which to form a judgment. 

The first systematic attempt to compare appearance potential spectra 
with the predictions of a one-electron density-of-states model was a com
parative study of the L-shell spectra of the 3d transition metals from 
scandium to nickel (27). The results agreed remarkably well with a 
simple rigid band model, with no suggestion of any severe complications 
from many-body effects. A detailed comparison of the appearance poten
tial spectrum of the aluminum L2,z edge agreed quantitatively with 
density-of-states calculations (44) except for a suggestion of a threshold 
peak which might be the result of many-body effects (45). 

E r t l and Wandelt (46) found good agreement between the appear
ance potential spectrum of N i - C u alloys and density-of-states calculations 
based on the coherent potential approximation. Later these researchers 
demonstrated that the spectral changes observed in the oxidation of 
nickel (47) and iron (48) were consistent with the predictions of band 
theory. 

Direct evidence to support an interpretation of appearance potential 
spectra in terms of the self-convolution of the density of states has been 
provided by Webb and Williams (49). They report a double-peaked L 3 

threshold in the transition metal dichalcogenides attributable to crystal 
field splitting of the d-like conduction band. Even the graphite spectrum 
whose bizarre appearance led to much of the concern about many-body 
anomalies in appearance potential spectroscopy now seems interprétable 
by the same simple model (45, 50, 51). 

Only among the rare earth elements do many-body resonances appear 
to dominate the structure of the edges. Not that we know enough about 
the electronic structure of these elements to make any sort of detailed 
comparison; rather the various edges of a particular element are observed 
to have very different shapes. Thus, many-body resonances have been 
reported to be associated with the M 5 and N 5 levels of samarium (52), 
lanthanum (53), and gadolinium (53), and with the 0 5 , 0 4 levels of 
thorium (53). Similar resonances have been reported in the spectrum 
of barium (54). The resonances seem to persist even when the rare earth 
is present as only a few atomic percent in a N i - C r alloy (55), thus indi 
cating the local character of the interaction. 

Soft X-Ray Emission Spectra 
In 1967 Weber and Peria (56) published a description of the use of 

a low energy electron diffraction system to obtain an electron-excited 
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8. PARK X-Ray Emission from Surface Region 215 

Auger electron spectrum. Just one month later, Sewell and Cohen (57) 
reported that they had used a modified reflection high energy electron 
diffraction system to obtain the soft x-ray emission spectrum of the surface 
region. The surface sensitivity in this case was a consequence of using 
grazing incidence electrons to excite the spectrum. 

W i t h this apparatus, Sewell and Cohen were able to study the sur
face crystallography and composition simultaneously. Despite the neces
sity of using a window to isolate the specimen vacuum from the x-ray 
spectrometer, they observed elements down to carbon. It is a measure 
of the relative difficulty of detecting and analyzing soft x-rays as com
pared with low energy electrons that, while the Auger spectrometer of 
Weber and Peria was widely copied, it seems no one adopted the method 
of Sewell and Cohen. 

A t about this time, there were other efforts to limit the excitation of 
x-rays to the surface region. The objective, however, was not to study 
the surface but simply to eliminate line shape distortions produced by 
self-absorption of the emitted x-rays. Lief eld (58) demonstrated that as 
the energy of exciting electrons is reduced the shape of the soft x-ray 
emission band of a metal undergoes a drastic change. To demonstrate that 
this change is caused by reduced self-absorption because of the shallower 
sampling depth at low electron energies, Liefeld plotted the ratio of 
intensities for the nickel L-emission spectrum taken at high (15keV) and 
low ( 2 k e V ) electron energies. The resulting "self absorption spectrum" 
was nearly identical to the known absorption spectrum for nickel foil. 
Using this approach Liefeld and Hanzély obtained L a spectra of the 3d 
transition series which are essentially free of satellites and self-absorption 
effects (59). These spectra probably represent a much more accurate 
view of the valence band states in these materials than that provided by 
photoelectron spectroscopy since the latter have never been properly 
corrected for inelastic tailing (2). 

To the x-ray spectroscopist, however, surface effects are generally 
regarded as additional artifacts with which to cope. Thus, although soft 
x-ray emission spectra, taken under conditions of near-threshold excita
tion, offer the most accurate means of studying the valence band elec
tronic structure in the surface region, they have not been widely exploited 
for this purpose. Surface scientists have shown little inclination to under
take such demanding studies. This is not because surface scientists are 
inherently indolent; soft x-ray spectrometers do not lend themselves to 
the ultra-high vacuum techniques which are an essential characteristic 
of modern surface science (69), and the electron bombardment currents 
are excessive for studying fragile surfaces such as chemisorbed layers. 
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Ian-Induced X-Rays 

It is of course possible to excite soft x-rays with any incident projec
tile of energy greater than the binding energy of the core electrons. In 
contrast to electron excitation case, the collision of protons or heavier 
ions with a solid results in negligible bremsstrahlung (61). Unfortunately, 
the characteristic x-ray yield is also relatively small, and it is no longer 
practical to use dispersive analyzers to obtain the spectrum. Measure
ments are generally made instead with solid state detectors, using ions 
of 0.1-5 M e V to excite the x-rays. 

There have been great strides recently in solid state energy analysis. 
Unlike dispersive analyzers, which actually discriminate on the basis of 
momentum, solid state detectors are not confined to studying point 
sources, and the solid collection angle can be relatively large. Unfortu
nately, a state-of-the-art resolution of 140 eV is unlikely to impress soft 
x-ray spectroscopists accustomed to thinking in terms of tenths of an 
electron volt. What is sacrified of course is any sensitivity to line shape 
and hence to chemical environment. The technologist often regards the 
dependence of spectral-line shape on chemical environment as more of 
a hindrance than a help in any case. The use of solid state detectors i n 
electron-excited x-ray analysis, however, has the effect of letting too much 
bremsstrahlung through. The resulting high background makes quanti
tative measurement difficult. 

Although it is generally used to analyze thin films on solid substrates 
(62), Van der Weg et al. (63) report that the monolayer sensitivity of 
proton-induced x-rays is at least comparable with that of Auger spec
troscopy. Although most of the effort i n proton-induced x-ray analysis 
has been in studying the elemental composition of the surface (64). 
Nagel has suggested (64) that the strong satellite structure produced by 
high energy ion impact may help identify satellite structure in conven
tional x-ray band structure studies. 

Aside from the convenience of proton-induced x-ray analysis as an 
accessory in Rutherford backscattering studies (66), however, it is diffi
cult to see any great advantage over electron excitations that would 
justify investment in a Van de Graaff accelerator for this purpose. W e 
should not encourage innovation in cases of doubtful improvement. 

Conclusions 

Voltaire observed that "the rude beginnings of every art acquire a 
greater celebrity than the art in perfection." This is evident i n the rush 
to embrace each newly discovered or rediscovered spectroscopy. It 
seems, however, that greater progress might be made by more effective 
use of existing techniques. 
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8. PARK X-Ray Emission from Surface Region 217 

In particular, it seems a pity that bremsstrahlung isochromat spec
troscopy and threshold-excited soft x-ray band emission have thus far 
been largely ignored by surface scientists. Together they provide a view 
of both the conduction and valence band density-of-states in the surface 
region of a solid, which could help us to understand the complexities of 
surface phenomena. Thus far, only appearance potential spectroscopy, 
among the several surface sensitive x-ray techniques, has been at al l 
widely used by surface scientists. 
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9 
Positron Interaction with Solid Surfaces 

W E R N E R BRANDT 

Department of Physics, New York University, New York, N.Y. 10003 

Current knowledge of positron-surface interactions is sum
marized with applications to surface science. The review 
interlinks four areas of positron physics which have devel
oped almost independently, but which are possibly equally 
relevant to the study of surfaces: (1) the trapping at surfaces 
or the escape as positronium of positrons implanted in 
small solids, (2) the interaction of positrons with crystal 
defects and voids in solids, (3) the emergence of positrons 
from positron beam moderators, and (4) the formation of 
positronium in ground and excited states by positrons back
scattered from solid surfaces. The positron method offers a 
potentially very sensitive technique for the systematic study 
of surfaces. 

The Positron Method 

•positrons a i e antiparticles of electrons in the sense of Diracs theory 
of the electron. They annihilate with an electron into gamma quanta. 

In some insulators, positrons form bound states with an electron called 
para positronium (para Ps; positron-electron spin state S — 0) and ortho 
positronium (ortho Ps; positron-electron spin state S — 1), normally i n 
the ratio 1:3. The annihilation rate, measured as indicated in Figure 1, 
is proportional to the electron density at the site of the positron. Practi
cally al l positrons, when implanted into solids, annihilate with an elec
tron into two gamma quanta, each of energy mc 2 = 0.511 M e V . The 
energy distribution of the electrons in the overlap region of the electron 
and positron wave functions can be measured by the small Doppler shifts, 
relative to mc 2 , of the gamma rays emitted by positron-electron pairs 
annihilating in motion relative to the laboratory frame of reference. The 
two gamma rays emerge from the annihilation site in opposite directions 
to conserve momentum. Small deviations from 180° of the two-gamma 
angular correlation are detected in coincidence experiments as indicated 

219 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

6 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
6-

01
58

.c
h0

09



220 RADIATION E F F E C T S ON SOLID SURFACES 

r - C 
^ Î ^ ' ^ ^ ^ j ^ V MET j Τ 

7 — ~ \ 

OJS1VM»V QAMMA4UY OETECTOR 

Scientific Americen 

Figure 1. Jn α typical positron lifetime apparatus, 22Na emits a 1.28-MeV 
gamma ray whenever a positron is injected into the sample. The time delay 
between it (upper figure) and one of the two 0.511-MeV annihihtion gamma 

rays (lower figure) is recorded (3). 
The distribution of such time delays, i.e., the lifetime spectrum is analyzed in terms 
of lifetime components, each characterized by a mean lifetime τ and a relative 
intensity I which is a measure of the probability for positron disappearance in this 
channel. The mean disappearance rate in a positron state τ - 1 is proportional to the 
electron density at the site of annihihtion and the trapping rate into other states. 

in Figure 2. They measure the momentum distribution of the annihilat
ing pairs and give equivalent information to Doppler shifts with higher 
accuracy. In short, the "positron method" through the annihilation char
acteristics provides measurements of the density, energy, and momentum 
distributions of the electrons i n the domain probed by the positron wave-
function. Several reviews of the positron method have appeared recently 
(1,2,3). 
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9. B R A N D T Positron Interaction with Solid Surfaces 221 

Scientific American 

Figure 2. In a typical angular correlation apparatus, the angle between the 
two 0.511-MeV annihilation gamma rays is measured by the dependence of 
the coincidence count rate on the angular deviation from 180° = π radian (3). 
The width of the distribution is proportional to the mean momentum of the electrons 
encountered by the positrons in the sample. The count rate in a π-radian coincidence 
apparatus (PICA) is often recorded for expediency to study changes in the angular 

correlation induced by sample treatments. 

20 40 60 80 

ATOMIC NUMBER 

Physicel Review Letters 

Figure 3. Mean positron lifetimes in metals 
as a function of their atomic number. Upper 
graph gives the measured values (5), the lower 
graph the values calcuhted by current theory 
for the annihilation in a conduction-electron 
gas (6). The dashed lines are to aid the eye. 
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222 RADIATION E F F E C T S ON SOLID SURFACES 

Positrons at Surfaces 

Most positrons from radioactive sources are so energetic that they 
come to rest at mean depths ranging from 10 to 100>m. The mean posi
tron implantation range R + , or conversely, the positron mass-absorption 
coefficient a + , depend on the density of the sample d i n g / c m 3 and the 
maximum kinetic energy E + M i n M e V of the positrons emerging from the 
source as R + = ~ βΟά^Ε+^μπι (4) . The behavior of so deeply 
implanted positrons is not influenced by the presence of the entrance 
surface of the sample. The hard annihilation gamma rays are virtually 
unaffected by their passage out of the solid through ancillary instrumen
tation into the detectors. When implanted in homogeneous solids, there

to3 

I0< 

ω c c , 
2 icr-
ο 

Mg 

3 Ο Ο 

10' 

10 

I ι 

I 

I Foil Source-
i In Situ 

τ, =0.233 ±0.006 nsec 
τ 2 = 0.534 ± 0.096 nsec 
1 2 = 1.7 t 1.2% 

τ = 0.2321 0.005 nsec 
In Situ] 

? Background (subtracted ) 
Foil J 

20 30 40 50 60 
Channel 

70 

Physical Review 

80 90 

Figure 4. Positron lifetime spectra in Mg 
metal in the form of the coincidence count 

rate per channel 
16.5 channels correspond to a 1-nsec time delay. 
The solid curve was obtained with an Mg sample 
which was activated by the ^Mgi^a) 22Na reac
tion and thus had the positron source imbedded 
in the bulk. The dashed curve was obtained with 
the same, but unirradiated metal, sandwiched as 
indicated in Figure 1 around a 22Na positron 
source. A long-lived component of low intensity is 
apparent in this spectrum. The prompt time reso
lution spectrum of the instrument is also shown 

(14). 
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9. B R A N D T Positron Interaction with Solid Surfaces 223 

fore, positrons have annihilation characteristics that are well defined and 
indicate the many-body properties of the bulk of the material. 

The screening of the Coulomb interaction between a positron and 
an electron by the valence electrons prevents formation of positronium 
(Ps) in metals, and only one positron lifetime determined mainly by the 
conduction-electron density should be observed. Figure 3 shows the 
most recent compilation of experimental positron lifetimes i n metals 
(upper graph) (5) which is in detailed agreement with the predictions 
of current theory (lower graph) (6). Gerholm (7) was the first to 
resolve a second component in some metals with an intensity of the order 
of 1% of al l annihilations and a lifetime some two times longer than that 
i n the bulk. Similar components were subsequently reported by many 
investigators with intensities that appeared to vary from sample to sam
ple. Positron backscattering from surfaces can also have an effect (8, 9) . 
Systematic studies (JO, 11,12) demonstrated that this "anomalous" com
ponent is linked to positrons that annihilate in the entrance surface and 
that it is affected by the conditions of the surface. When the positron-
emitting isotope is imbedded in the sample bulk, no such component is 
observed (13,14). A n example is given in Figure 4. 

Positrons in solids diffuse over mean distances Λ + = ( 2 D + T C ) 1 / 2 ~ 
10 2 to K^À until they annihilate, D + being the positron diffusion constant 
and T c the mean lifetime in the bulk (15,16). A fraction of all positrons, 
~ α+Λ+ or 0.01-1%, can reach the entrance surface, where they encoun
ter a milieu of lower electron density and momenta than in the bulk. In 
consequence, positrons live longer in surface states, and the angular 
correlation between the two gamma rays is narrower than that from 
positrons annihilating in the bulk. 

Small Solids 

The surface components became the subject of active research with 
the discovery (17) that the long-lived component acquires a high inten
sity in powders of insulators with grains of mean radius R so small that 
α+R < < 1. The positrons are then deposited uniformly through each 
grain. Approximately the fraction (1 — Λ+/Κ) 3 annihilates in the bulk 
while the rest diffuses to the grain surface before annihilation. Figure 5 
shows the measured intensity Φ2 of the bulk lifetime component attrib
uted to ortho Ps annihilating in S i 0 2 grains, as a function of (DPBT2)1/2/R. 
A detailed theory (18, 19) predicts the solid curve. The fit to the data 
amounts to a detennination of the positronium diffusion constant D P e in 
S i 0 2 which was found to be (1.5 ± 0 . 2 ) X 10' 5 cm 2 /sec. The properties 
of the longest-lived component with lifetime τ 2 have been proven ex
plicitly to be those of ortho Ps (20, 21, 22) in the interstices. The con
comitant narrowing of the two-gamma anagular correlation with de-
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224 RADIATION E F F E C T S O N SOLID SUBFACES 

Physical Review Letters 

Figure 5. Intensity of the lifetime component attributed 
to Ps annihilation in Si02 powder grains, as a function of 

the inverse grain radius R" 1. 
The theoretical curve was fitted to the data by the proper 
choice of the constant (Ort)1'2. Since τ» is known from ex
periment, this amounts to an experimental determination of 
the Ps diffusion constant in SiOh of value (1.5 ± 0.2) X 10* 

cm21 sec (18j. 

creasing S i 0 2 grain size shown i n Figure 6 (23) has confirmed this 
interpretation quantitatively. 

In semiconductors such as S i and Ge (24, 25), the intensity of the 
longest-lived component also rises sharply when the grain size of the 
solids becomes smaller than the implantation depth of the positrons and 
comparable with the positron diffusion length, corresponding to diffusion 
constants ^ 10 cm 2 /sec. Many investigations have addressed the dif
fusion of positrons through internal surfaces into the void structure of 
molecular powders, sieves, gels, and similar materials (26, 27, 28,29). 

The intensity of the surface lifetime component of metals increases 
rapidly in fine metal powders as the grain size approaches Λ+ (30). It is 
convenient to characterize powders by the specific surface S in c m 2 / g of 
the sample which can be measured by various methods. The product Sd 
is equal to the surface-to-volume ratio and hence a measure of a mean 
R" 1 . Figure 7 shows the fraction of positrons annihilating i n the long-lived 
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9. B R A N D T Positron Interaction with Solid Surfaces 225 

component Φ8 i n the form Υ α l n ( l — Φβ)"1 vs. Sd, for seven metal pow
ders of nearly the same conduction electron density ( 3 0 ) . The linear rise 
supports the interpretation of Φβ as a surface component and gives a 
diffusion length ( 2 D + T C ) 1 / 2 = 1 7 7 Â , corresponding to a positron diffusion 
constant D + = ( 1 . 0 ± 0 . 5 ) χ 10 " 2 cm 2 /sec in such metal grains at room 
temperature. Consistent with Figure 7, the two-gamma angular correla
tion narrows linearly with increasing Φ8. Figure 8 displays the data for 
the change i n count rate Δ ΐ 0 / Ι 0 i n a π-radian coincidence apparatus 
( P I C A ) which increases in proportion to the narrowing of the angular 
correlation, as a function of F e ~ Φ8, the measured fraction of positrons 
in the long-lived component underlying Figure 7 ( 3 1 ) . 

The Zeeman transition of ortho Ps diffusing out of the grains of 
A 1 2 0 3 powder shows a shift to lower frequencies, which grows with S, 
when compared with the transition measured i n a gas (21, 22). This 
confirms the suggestion (18) that the Zeeman resonance technique can 
provide a precise method for studying the interaction of positrons and 
positronium with solid surfaces. 

c 
c 
Ο u 

u c t? 
-o 
G 
c 
S 

ο 

14 12 10 8 6 4 2 0 2 4 6 8 10 12 14 

Angle between photons (mrod) 

Physical Review 

Figure 6. The effect of the grain size in SiOt powders on the 
correlation of the angular deviations from 180° between the two 
0.511-MeV annihilation gamma rays. The upper curve is for grains 
of 50Â diameter; the middle curve for grains of 400Â diameter. 

The lower curve is measured for crystalline quartz (23). 
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Sd (106 cm*1) 
Physical Review Letters 

Figure 7. The fraction of positrons Φ8 annihilating in 
metal surface states, plotted in the form Y oc ln(l — Φ,)"1, 
as a function of the surface-to-volume ratio Sd of metal 

powders. 
The reciprocal of the abscissa values are a measure of the 
mean grain size. The slope is equal to (Ό+τβ)1/2. Since τ« is 
known (Figure 3), the positron diffusion constant in these 
metal grains can be estimated to be Ό+ ~ 1 X 10~2 cm21 sec 

(3o;. 

The self-annihilation rate of ortho Ps into three gamma quanta in 
the interstices between the grains of S i 0 2 powders depends on the appar
ent density dp of the powders, shown in Figure 9 as a function of p* — 
d p / ( d — dp) (32). The slope varies with the mean grain radius, and 
linear extrapolation to ρ* = 0 yields the annihilation rate 7.1 /AS" 1, which 
is significantly lower than the theoretical value 7.24 fts"1 based on predic
tions of quantum electrodynamics. Only a small part of this shift can be 
traced to the interaction of the positronium atoms with the grain surfaces 
(33). The quantitative aspects of this discrepancy are not yet understood 
everywhere. 

Inbomogeneities in Solids 

The positron method has developed into one of the most sensitive 
techniques for the study of point defects in crystals (2,34). Such defects 
can be viewed as providing internal microsurfaces for positron absorp-
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9. B R A N D T Positron Interaction with Solid Surfaces 227 

tion, leading to localized states wi th distinct annihilation characteristics 
(15,16,35^1). 

The positron wavefunction i n alloys distributes itself unevenly be
tween the domains occupied by the alloyed elements. In consequence, 
thermal vacancy formation i n microscopically different parts of the mate
rial can be studied (42, 43, 44, 45). Clusters in alloys can form a poten
tial wel l to trap positrons, and the cluster boundary acts as an internal 
positron-absorbing surface. For example, the annihilation characteristics 
in P b l n alloys suggest that the positron wavefunction becomes progres
sively more localized in Pb clusters as their size grows with increasing 
lead concentration (46). This situation is radically different from that 
of trapping in single vacancies, where the degree of positron localization 
per trapping event is virtually independent of vacancy concentration. 
M u c h interesting work with positrons can be expected on the nature of 
boundaries between compositional fluctuations inside alloys. 

Voids in Metals 

Voids form and grow in reactor construction materials after exposure 
to high neutron fluences of the order of 10 2 2 neutrons/cm 2 (47, 48). The 
void formation is accompanied by the swelling of the material, often by 

ι 

F* 0.9 Nio.i 

1 

- € FiO.15 Nio.55 — 

β Co • 
Ο 

Fe 
Ni 

1 1 Κ 1 I ι L 

0.0 0.2 0.( 
Applied Physics 

Figure 8. The narrowing of the two-gamma 
angular correlation, proportional to ΔΙ 0 / Ι 0 0 , for 
metal powders in which an increasing positron 
fraction Fe ^ Φβ (Figure 7) annihitotes in sur-

face states as Sd increases (31) 
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7.60r 

Wo ι— 1 ' 1 1 1 1 1 1 1 ' 1 1 1 ' 
0 .02 .04 .06 .08 .10 .12 .14 

S* 
Physical Review Letters 

Figure 9. The three-gamma disappearance rate attributed to 
orthopositronium self-annihihtions in the interstices between 
powder grains of two different grain sizes as a function of the 
free volume in the powder. The linearly extrapolated rate at 
infinite volume falls significantly below the vacuum value ex

pected by theory (32). 

as much as several percent. Voids trap positrons at least as efficiently as 
vacancies (49). The application of the positron method to the study 
of voids in metals has attracted wide interest since the first reports of 
correlations between void formation and changes of annihilation charac
teristics in 1972 (50, 5J ) . 

Figure 10 compares two-gamma angular correlation curves of normal 
A l , of A l heated to 600°C so that thermal vacancies form which trap 
positrons, and of A l containing voids of 100À diameter (as judged by 
electron microscopy) after neutron irradiation with fluence 4.5 Χ 10 2 1 

neutrons/cm 2 (52). The positron lifetime spectrum of molybdenum 
after neutron irradiation with fluence 1.5 χ 10 1 8 neutrons/cm 2 is shown 
in Figure 11 (53). The spectrum has two components, one with a short 
lifetime τι of intensity Il9 and the other with a longer lifetime τ 2 of inten
sity I 2 — I — 11. The trapping rate #c into the void is given by (54).: 

For spherical voids of radius r D and density 3/(4πΤι 3), κ can be written 
in f o rm (15,16,19): 
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9. B R A N D T Positron Interaction with Solid Surfaces 229 

K = 3 r 0 D + / n 3 

W i t h an effective diffusion constant D + ~ 10~2 cm 2 /sec inferred from 
measurements on metal powders (30) and a void density ^ 3 Χ 10 1 7 cm" 3 

from electron microscopic observations, one calculates from the lifetime 
data a void radius of 5-10Â, which is to be compared with the mean 
radius ~ 20Â of the voids detected with the electron microscope. 

A consequence of the analysis of lifetime spectra in terms of trapping 
is that the short lifetime caused by the disappearance of positrons from 
the crystal bulk should become shorter when either voids and vacancies 
or external surfaces are present. This feature of our model (54) has not 
as yet emerged from any published analysis on such specimen, which 
leaves the method on not as safe a footing as one might wish. 

Dynamic Processes 

The positron method opens the possibility of following void forma
tion and annealing. Figure 12 (53) summarizes the changes i n neutron-

ANGIE BETWEEN ANNIHILATION PHOTONS (mrod) 
Physical Review 

Figure 10. Change of angular correlation for aluminum (100° K) (lowest 
peak) with the formation of vacancies (600° C) and voids (52) 
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τ 1 Γ 

TIME (nsec) 

Philosophical Magazine 

Figure 11. The appearance of a long-lived component τ2, l2 in the positron 
lifetime spectrum of molybdenum because of neutron-produced voids (53) 

irradiated molybdenum after 1 hr at various annealing temperatures i n 
terms of the following annihilation characteristics: n , the short lifetime; 
T2, the long lifetime; h — 1 — h, the intensity of the long-lived compo
nent; and S, the line parameter describing the Doppler broadening of 
the 0.511-MeV annihilation radiation. The dashed lines give reference 
values for a pair of unirradiated crystals. The changes can be understood 
i n terms of the processes dominating various annealing stages and can be 
related to independent observations by conventional methods. 

Other microscopic processes have been followed with the positron 
method, such as the annealing of x-ray-induced positive ion vacancy 
clusters in N a C l (55), vacancy clustering in electron-irradiated copper 
(56)y and recrystallization of spherulites in selenium (57). They are 
correlated, if in fundamentally different ways, with changes in the global 
resistivity of the material. Figure 13 (56) displays the changes of the 
counting rates in the angular correlation of positrons annihilating i n cop
per with valence electrons I v and with core electrons 7C and of the re
sistivity Δρ after isochronal anneals at increasing temperatures. The drop 
i n Δρ points to a reduction in electron scattering centers (58). The rise i n 
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Figure 12. Changes of four positron annihilation charac
teristics in neutron-irradiated molybdenum with isochronal 
anneals. ( ), reference values of unirradiated material 

(53). 
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ISO 200 250 300 400 500 
ANNEALING TEMPERATURE IK I 

Physical Review Letters 

Figure 13. Changes of the PICA count rate, attributed to annihilations 
with valence electrons lv of the large angle correlation count rate attrib
uted to annihilations with core electrons lc and of the resistivity Ap for 

electron-irradiated copper after isochronal anneals (56) 

I v can signify an increase in the concentration of positron trapping sites 
oc r f 3 as well as an increase i n the trap size r 0 because the trapping rate, 
κ — 3 r 0 D + r f 3 , is proportional to their product. The combined evidence 
suggests that radiation-produced vacancies become mobile and coalesce 
into clusters before they anneal. 

As a new application of the positron method, we expect that similar 
effects should accrue with the formation of fissures and cavities under 
stress and i n metal fatigue, which warrant experimental exploration. 
Simulation of neutron-induced vacancy clustering and void formation by 
heavy ion bombardment is now being studied with positrons (59). In 
this context, the positron method should detect blistering of metal sur
faces and help to elucidate the processes leading to this important phe-
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9. B R A N D T Positron Interaction with Solid Surfaces 233 

nomenon, which occurs after heavy bombardment with ions ( ~ 10 1 8 

ions/cm 2 ) (60). Blistering warps surface layers within the range of the 
ions. It can become a significant cause for the erosion by surface flaking 
of the first wal l in future fusion reactors (61). 

Positron—Surface Interactions 

Many experimental methods have been developed to a high degree 
of sophistication for the analysis of surfaces (62), and concerted efforts 
are being made to advance the theory of surface structures with modern 
tools of atomic and many-body physics by two main approaches. One 
starts with the band structure of the solid and builds on calculations of 
the "renormalized" surface atom (63, 64, 65). It neglects many-body 
effects and is best suited for insulators, semiconductors, and perhaps 
some transition metals. A description of the surface in terms of molecular 
orbitals or "dangling bonds" emerges such that the energy levels of the 
surface atoms resemble more nearly those of isolated atoms than of atoms 
in the bulk. 

The other approach builds on the electron gas model for the valence 
electrons in the solid, which was first applied to the metal surface by 
Frenkel (66). The ions are treated as a uniform positive background for 
the homogeneous conduction electron gas that fills the half space ζ < 0, 
of bulk density no, electron spacing r 8 defined by 4irr 8

3no/3 = 1, and 
Fermi momentum p F = ( 9 π / 4 ) 1 / 3 Γ 8

_ 1 al l in atomic units. A self-consistent 
treatment of the electron density n(z) near the surface, located at ζ = 0, 
leads to a distribution, which we call the electronic selvage of the solid, 
approximately given by (15,16): 

n(z) =3/4ΤΓΓ 8
3(*) = (η 0 /2 ) {1 - signum 2 [1 - e x p ( - | * l / < l } 

where a\ ~ rB
1/2 is the surface screening length. Treatments of metal 

vacancies in terms of the electron gas model yield the same selvage func
tion for the surfaces of voids in metals when the void radius is large 
compared with a9 (15, 16, 67, 68), and the annihilation characteristics of 
"chemisorbed" positrons trapped in internal or external surfaces are 
similar. 

To illustrate the chemisorption of atoms on such surfaces (69, 70, 71, 
72, 73), Figure 14 shows the result of a self-consistent calculation (70) of 
the binding energy of a proton, a "heavy" positron, in the selvage of a 
solid with the electron density of tungsten (r 8 = 1.5). The plane for the 
image potential is calculated to be located at the mean distance of the 
electrons in the selvage for ζ > 0. As the proton approaches the surface 
to distances closer than 2.5Â, the interaction energy begins to deviate 
significantly from the image potential, and a broad minimum is reached 
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234 RADIATION E F F E C T S ON SOLID SURFACES 

at a distance comparable wi th a\. The minimum gives an ionic desorption 
energy of 9 eV, compared with an experimental value 11 eV. The image 
plane is located on the vacuum side of the adsorbed proton, which implies 
that the effect of external fields at the chemisorption site is screened by 
the selvage. Indeed it is known (74) that the electric fields necessary to 
desorb hydrogen are essentially the same as the fields required to evapo
rate the substrate. 

Physical Review Letters 

Figure 14. Results of a self-consistent calculation of the binding for a proton 
to a metal surface described by an electron gas model (70) 

The problem of chemisorbed positrons is complicated by the fact 
that the positron is a quantum particle. A treatment of the image force 
for a positron has been given by Hodges (75) who concludes that the 
quantum mechanical theory evolves by replacing the classical variables 
in the image-potential expressions with the appropriate quantum oper
ators, with additional modifications for the self energy in the velocity 
operator. A method is developed for calculating quantum corrections to 
the classical image potential for a particle incident on the surface with a 
velocity. This opens the way for the formulation of a theory of chemi
sorbed positrons. 

To guide experiments, crude estimates can be made in the statistical 
approximation (15,16) of the positron binding energy in a surface state 
at z m i n ~ aB ~ r 8

1 / 2 , viz., l / 2 ( e 2 / 4 a 8 ) = 3.4r 8 " 1 / 2 eV. The lifetime of a 
positron τ (ζ) changes with the distance ζ from the surface as: 

r(z) - [r 8
3 (*) /12]{ l + / G [ r 8

3 ( * ) + ΙΟΙ/β}" 1 nsec 
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9. B R A N D T Positron Interaction with Solid Surfaces 235 

Table I. Values of TB/Tc= r(rB
1/2)/r(rB) 

r 8(a.u.) 2 3 4 5 
~ metal A l C a N a R b 
T . / T C 2.2 1.4 1.2 1.1 

where fG •— 1 for metals and / G < 1 for materials with an energy gap. A t 
Zmin — r s

1 / 2 , the ratio of the lifetime in the surface state τ 8 to that in the 
bulk T c becomes T 8 / T C — Τ ( Γ 8

1 / 2 ) / Τ ( Γ 8 ) , with values given in Table I. 
For metal surfaces contaminated such that / G < 1, the ratios T 8 / T c are 

larger than those for clean surfaces. The ratio of the P I C A count rate 7 0 

for positrons in surfaces, 70β ^ 3/4^(0*), to the P I C A count rate of posi
trons annihilating in the bulk of the conduction electron gas, J o v — 3/4pp, 
becomes J C 8 / 7 0 V = ρ ^ / ρ Έ ί Ο = 1.8, in fair agreement with data derived 
from metal powders (31) and from metals with voids (50). 

Positrons are chemisorbed by some metal surfaces and escape from 
others (76, 77). This poses the question as to the causes for such differ
ences in surface behavior. Figure 15 (78) shows, in the upper part, how 
the selvage electrons spill into the vacuum, leaving part of the positive 
background unscreened. A dipole layer forms, as sketched in the lower 

Table II. Positron and Positronium Work Functions of Metals of 
Atomic Number Ζ and Mean Valence Electron Radius r 8 a.u.e 

Metal Ζ r. O(eV) E0(eV) -ECOrr(eV) <S».(eV) *p.(e\ 

Sc 21 2.39 2.8 3.7 8.2 1.7 - 1 . 6 
T i 22 1.92 4.3 4.8 9.2 0.1 - 2 . 3 
V 23 1.66 5.4 5.7 9.4 - 1 . 7 - 4 . 2 
C r 24 1.48 5.7 6.3 9.8 - 2 . 2 - 4 . 5 
Fe 26 1.85 5.2 5.7 10.1 - 0 . 8 - 3 . 0 
Co 27 1.81 5.0 5.7 9.9 - 0 . 8 - 2 . 6 
N i 28 1.81 5.0 5.3 9.9 - 0 . 4 - 2 . 0 
C u 29 2.12 3.8 4.9 9.5 0.8 - 1 . 2 
Y 39 2.66 2.6 3.3 8.0 2.1 - 1 . 5 
Zr 40 2.11 4.3 4.3 9.0 0.4 - 2 . 4 
N b 41 1.81 5.4 5.4 9.6 - 1 . 2 - 3 . 7 
M o 42 1.61 5.8 6.0 9.8 - 2 . 0 - 4 . 2 
R h 45 1.96 4.6 5.2 9.8 0.0 - 2 . 0 
P d 46 1.81 3.8 5.4 9.6 0.4 - 0 . 8 
A g 47 3.02 2.6 4.5 9.5 2.4 - 0 . 4 
T a 73 1.80 4.8 5.3 10.1 0.0 - 2 . 6 
W 74 1.62 6.0 6.3 10.2 - 2 . 1 - 4 . 2 
Ir 77 1.80 4.8 6.7 10.1 - 1 . 4 - 3 . 5 
P t 78 1.83 4.5 5.6 9.9 - 0 . 2 - 1 . 2 
A u 79 2.09 3.5 5.3 9.9 1.1 - 5 . 4 

β Auxiliary quantities calculated in Ref. 83. 
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(0) 

rw Charge distribution 

χ 
\ n 

(b) 

Physical Review Β 

Figure IS. (a) The charge distribution in the 
selvage of a semi-infinite metal with surface at z = 
0; n+ is the positive background and η the electron 
density, (b) The surface dipole hyer resulting from 
the selvage. The field at zt is zero. At zs close to 
the surface, the net charge in AEFD is positive. 
The double hyer attracts an electron but repels a 
positron coming from the outside. The situation is 
reversed for particles approaching the surface from 

within the metal (78). 

part, which repels an electron but attracts a positron as it enters the 
selvage from the sample bulk. When the positron has passed the surface 
at ζ = 0, it can be trapped in a surface state or ejected into the vacuum. 

Electrons must overcome the work function of the metal surface to 
emerge from the solid, as described well by the electron gas model (79, 
80, 81 ). Tong ( 78 ) has introduced the notion of a negative work function 
for the positron, if it gains energy by passing through the selvage. 

Positron work functions Φ+ are difficult to predict accurately because 
they depend on a surface and a bulk term, Φ+ — — D — where D is 
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9. B R A N D T Positron Interaction with Solid Surfaces 237 

the surface-dipole barrier, and μ+ = E0 -\- E^ is the chemical potential 
of the positron in the bulk. It is composed of the positive zero-point 
energy E0 of the positron in the lattice of ion cores and the negative 
electron-positron correlation energy E^ (78, 82). The results of a 
recent calculation of Φ+ for transition metals (83) are summarized in 
Table II. The three metals with the most negative work functions—Cr, 
Mo , and W—show a sharp symmetrical peak at roughly the Φ+ values in 
the energy distribution of positrons emerging from the solids into the 
vacuum (77). This can be viewed as experimental evidence for the 
occurrence of negative work functions for positrons. The second, broad 
and nondistinct peaks may have other, possibly instrumental origins not 
linked to material-characteristic properties of the solid. 

Figure 16 shows the dependence of the Φ+ values in Table II on rB. 
The r 8 values are calculated from the density of valence electrons. If 
plotted against r 8

€ f f based on the density of electrons participating in bulk 
plasmon excitations (84), the monotonie correlation between the calcu
lated Φ+ values and r 8 is lost, presumably because the coupling between 
the conduction electrons and ion cores is reduced in the selvage. The 
curve represents an estimate based on the statistical model of metals 
according to Φ+ — — D — E0 — E^. W e derived the surface dipole 

6, 
ο 

φ. 
(eV) 

6 

- 3 h — Statistical Model 

Figure 16. Variation of the positron work function Φ+ with r8. 
The points, depicting the values given in Table II, and the circles 
are calculated for individual metals (82, 83). The curve is esti
mated by the statistical method with the formulae given in the 

text. 
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238 RADIATION EFFECTS ON SOLID SURFACES 

energy, D = 2ττ€2η0αΒ
2(4 — e)/e ~ 15r 8 ' 2 eV, c being the electronic charge 

and e — 2.718 . . . , by potential theory from the selvage function n(z) 
given above; it is consistent for aB = 0 .8r 8

1 / 2 a o , where a0 — fi/me2 with 
self-consistent calculations of the electronic work function (79, 80, 85). 
The zero-point energy, EQ — 14.2r 8

3 / 2 eV, is based on Wigner-Seitz cal
culations of the positron wavefunction (67, 68, 83). The correlation 
energy, ~ - 12.4V 1 [h(rB) - 1 ] 1 / 3 eV 6.8(1 + 10r 8 " 3 ) 1 / 3 eV, is 
given in terms of the density enhancement factor h(rB) (15, 16, 86); 
it approaches the positronium ionization energy, 6.8 eV, for large r 8 . 
The precise r 8 value of the crossing point Φ+ = 0 is quite uncertain. For 
example, F e ( r 8 = 1.85) and N i ( r 8 = 1.81), where powder measurements 
point to surface trapping of positrons (30, 31 ), have weakly negative Φ+ 

values by Table II. However, the real values may well have been posi
tive because of the passivation of the grain surfaces during the powder 
preparation. 

Such surface treatments, generally, introduce an electronic energy 
gap near the surface (fG<l) (86). A gap reduces D and Ecorr and, in 
consequence, increases or decreases Φ+ depending on the detailed quan
tum mechanical conditions imposed by the surface. Similarly, anions 
near the surface must decrease E0 and thus increase Φ+. In fact, the 
changes observed in the surface component with CI" treatments (12) 
could result from such causes. Localized states of electrons on metal 
surfaces covered with thin dielectric films and their lifetimes have been 
discussed (87). The isomorphic states for positrons should be analyzed 
and the predictions tested experimentally. A l l this suggests that judicious 
surface treatments may well lower the curve in Figure 16 and so widen 
the range of materials with negative work functions from which positrons 
can be ejected. 

When implanted in materials with positive Φ+, positrons may ac
cumulate somewhat preferentially near surfaces, because al l positrons 
reaching a surface during the slowing down process with kinetic energies 
< Φ+ cannot escape but must come to rest in the surface layer. 

The energy required to take a positron outside a metal without 
stripping of the correlation electron cloud, that is, the Ps work function 
Φ Ρ β can be calculated from a Born-Haber cycle: 

Φρβ = Φ. + Φ+ — EB 

where Φ. ~ (4.67-0.39r 8)eV (79) is the electron work function and EB — 
1/4 a.u. — 6.8 eV the Ps ionization energy. The values Φ Ρ β are always 
below Φ+ and, in fact, are negative for r 8 ^ 3 . Nevertheless, the image 
forces (88) still may not let thermalized positrons leave a metal as Ps 
atoms, and so far the evidence for Ps emergence from metals is sparse 
(89). The experimental evidence for Ps formation in metal voids is con-
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9. B R A N D T Positron Interaction with Solid Surfaces 239 

tradictory (51, 90) and in need of clarification. O n insulators, where 
long range surface forces are absent, Ps atoms have to emerge through 
internal and external surfaces of the solids i n which the positrons were 
stopped. 

Positron Beams from Surfaces 

The first attempt by Madansky and Rasetti (91) to observe posi
trons leaving solids was unsuccessful. It was interpreted by Ferrell (92) 
to be caused, in effect, by a positive positron work function. In an unpub
lished thesis, Cherry (93) observed positrons from a 2 2 N a source to 
emerge with energies of a few eV after transmission through mica from 
the surface of a chromium film. Later, Madey (94) reported the emission 
of slow positrons from polyethylene with energies peaked near 20 eV. The 
first beam experiments were begun in 1965 by McGowan and co-workers 
with a 1-amp peak current, 55-MeV linear accelerator (95). The posi
trons were created through pair production by the bremsstrahlung from 
20-nsec bursts of electrons on a tantalum target and slowed down in foils 
of A l , mica, and CsBr with 100-200A A u coatings. The positrons left the 
A u surface with an energy that peaked between 0.75 and 2.9 eV. This 
was attributed to a negative work function of gold, as suggested by Kohn 
and Callaway and elaborated by Tong (78). 

In another type of study, started by Paul and his colleagues in 1966, 
positrons were emitted from a 2 2 N a source and slowed down by gold-
covered moderators (96). Following post-acceleration, the energy was 
analyzed in a spherical spectrometer. The positron energy spectra were 
similar to those recorded with accelerator-produced beams. The slow 
positron yield of 10"8 did not change under the influence of external 
electric fields up to 200 k V / c m . 

The yield from rolled N i foils rose by a factor 10 3 if the exit surface 
was made rough. The low yields of polished N i surfaces became com
parable with those of the rough surfaces after etching. Adsorbed gas 
enhanced the yields by factors of the order of 10 2 over those of degassed 
surfaces (96). The properties of metal oxides with regard to positron 
and positronium surface annihilations appear to be complicated (97), 
but high positron yields, ~ 10' 5, were observed with M g O surfaces (98, 
99). 

The production of copious beams of low energy positrons is impor
tant for atomic scattering experiments. Several groups have entered the 
field to produce such beams. They have begun systematic studies to 
establish reproducible correlations between the yields of positrons emerg
ing from moderators and the preparation of their surfaces and to search 
for relations to the microscopic conditions underlying the concept of 
positron work functions. 
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ExcUed-Posttronmm Formation on Surfaces 

The first observation of Lyman-α radiation from excited positronium 
Ps* was reported i n 1975 (100, 101). Positronium was formed i n vacuo 
with high efficiency by backscattering of slow positrons incident on a 
solid surface, as sketched in Figure 17. Single photons of the 2430-Â 
Lyman-α (2P — IS) Ps line were observed i n coincidence with the 
gamma rays from the annihilation of groundstate Ps, as illustrated i n 
Figure 18. Since the pioneering work of Deutsch (102), the existence of 
Ps had been inferred from annihilation characteristics and the fine struc
ture resonance of the Ps ground state. The optical observations constitute 
the first classical, spectroscopic proof for the existence of the leptonic 
element Ps. 

The intensities correspond to a yield of 10"4 Ps* atoms per incident 
positron. Yields of 10"3 excited species have been observed with back-
scattered H + and He* ions (103). The Ps* yields were nearly the same 
for targets of Ge, M g O , A u , T i , and S i 0 2 . Carbon black produced no 
measurable Ps* signal. Changes in temperature from 30° to 450°C 
increased Ps formation by a factor of three but had no effect on the Ps* 
yield. In complete contrast with the situation of positrons moderated 
inside meals, the groundstate Ps production by the backscattering tech
nique has efficiencies of 60-80% (104). Here, positrons arrive with 
kinetic energies of ~ lOeV, enough to excite surface plasmons and to 
overcome Φ+. 

Physical Review Letters 

Figure 17. Slow positron beam apparatus. The positrons of the source S are 
guided by a 75G solenoid to the target T. The filtered (F) Lyman-a-radiation 
is detected in a photomultiplier (PM 1) in coincidence with an annihilation 
gamma ray recorded in the Na(Tl) crystal coupled to a photo multiplier (PM 2) 

(100). 
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Physical Review Letters 

Figure 18. Coincidences between the photon (start) emitted in the optical 
transition Ps* -> Ρ s and a gamma ray (stop) emitted in the Ρ s annihilation as a 
function of time delay, given in channel number. The insert shows a linear plot 

of the signal with background subtracted (100). 

MICROWAVE FREQUENCY (GHz) -

Physical Review Letters 

Figure 19. The observed Lyman-a signal (O) and the differential signal as a 
function of microwave frequency. The insert is the schematic term diagram 
for the η = 2 and η = 1 Ps states indicating the relevant transitions and life

time τ for each level (101). 
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The splitting of the 2 3 Si — 2 3 P 2 line of Ps was subsequently measured 
by inducing rf transitions in a weak magnetic field and observing the 
resonant increase in the Lyman-α emission from Ps* formed at surfaces, 
as shown in Figure 19. The value 8628.4 db 2.8 M H z agrees within two 
standard deviations with the theoretical value computed with a Lamb 
shift of 231 M H z included. In this sense, the experiments have proved 
quantum electrodynamics to be correct to third order terms i n the fine 
structure constant. 

Such sensitive methods of observing the states populated by slow 
positrons backscattered from surfaces w i l l complement in important ways 
the methods of measuring the states of positrons that reach internal or 
external surfaces after moderation within solids. These intriguing possi
bilities for the study of solid surfaces with the positron as a quantum 
particle probe clearly merit further study. 
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Backscattering of Light Ions from Metal 
Surfaces 

H . V E R B E E K 1 

Solid State Division, Oak Ridge National Laboratory, Oak Ridge, Tenn. 37830 

Light ions backscattered from a solid target cause an energy 
distribution which reaches from zero to almost the primary 
energy. The number of the backscattered particles and 
their energy, angular, and charge distributions depend 
largely on the energy and the ion target combination. For 
high energies, particles are backscattered in a single collision 
governed by the Rutherford cross section. For lower ener
gies, multiple collisions and the screening of the Coulomb 
potential have to be considered, which makes the theoreti
cal treatment more difficult. This energy region is, however, 
of special interest in the field of nuclear fusion research. 

X Y^hen a beam of ions impinges onto a metal target, some of the ions 
* * are implanted, and some are reflected from the surface or back-

scattered from deeper layers. The implanted atoms may diffuse to the 
surface and be released with thermal energies, or they may be trapped 
inside the material, e.g., at lattice defects. They also may cluster to
gether and form gas bubbles inside the metal. The amount of trapping 
depends strongly on the particular ion target combination, on the tem
perature, and on the bombardment dose. This paper deals only with the 
particles which are kinetically backscattered and is restricted to light 
ions such as hydrogen and helium. 

The particles which are backscattered cause an energy distribution 
which extends from zero energy to almost the primary energy. A typical 
example is given in Figure 1, which shows the energy distribution for 
15-keV protons backscattered from an A u target. The sharp threshold 
at high energies is caused by ions which are backscattered from the 

1 Present address: Max Planck Institut fur Plasmaphysik, D-8046 Garching, West 
Germany. 

245 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

6 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
6-

01
58

.c
h0

10



246 RADIATION E F F E C T S ON SOLID SURFACES 

4 6 8 10 12 

Ez% ENERGY (keV) 

Figure 1. Energy distribution of hydrogen atoms backscattered 
from Au which is bombarded by 15-keV protons 

surface atoms of the target The position of this edge is determined by 
the kinematics of a single scattering event. When a particle of mass M i 
and an energy Ex is scattered from an atom with mass M 2 > the energy 
after scattering is: 

where 
E2 = k2Ex 

k = [Mi cos θ + ( M 2
2 - M i 2 s in 2 0)*] / (M\ + M2) (1) 

for M i < M 2 , and θ is the scattering angle in the laboratory system. 
The backscattering intensity i n Figure 1 at lower energies results 

from scattering events deeper i n the solid. Along their passage through 
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10. VERBEEK Backscattering of Light Ions 247 

the solid, the particles lose energy in elastic nuclear collisions and quasi-
continuously by excitation of target electrons ( J , 2) . Therefore, they 
appear outside the target with all energies below the energy of the par
ticles backscattered from the surface. 

This paper is divided into three sections, each of which treats a 
certain range of primary energies. These energy ranges arise quite 
naturally from the different theoretical and experimental treatments of 
the backscattering effect they require. 

For protons at energies above « 50 keV the scattering can be wel l 
described by the single collision model (3, 4, 5) . This model assumes 
that the backscattering occurs in a single large angle deflection from a 
certain nuclear collision, which is describable by the Rutherford cross 
section (6). The trajectories of the ions inside the material to the scat
tering center and back to the surface are taken as straight lines. Along 
their trajectories they lose energy by exciting the target electrons. This 
can be described by the differential energy loss dE/dx, i.e., the energy 
loss per unit path length. This makes the theoretical calculation of the 
energy spectra rather simple. 

For this energy range the most convenient measuring method uses 
surface barrier detectors. These give energy proportional signals which 
are easily analyzed in a multi-channel analyzer system. They are equally 
sensitive to ions and neutral atoms. 

A t high energies, which depend strongly on the ion target combina
tion, the validity of the Rutherford scattering law is limited by the 
occurrence of nuclear reactions and resonances. This area w i l l be covered 
by R. S. Blewer in this volume. A compilation of nuclear reaction data 
may be found in Refs. 7, 8, and 9. Protons and helium ions which are 
easily available from small accelerators with energies from « 100 keV to 
several M e V are widely used for surface layer analysis and depth profiling 
(see, for instance, Refs. 10 and I I ) . 

A t energies below 50 keV the screening of the nuclear charge by 
the outer electrons becomes more important. Thus the Coulomb potential 
leading to the Rutherford cross section is no longer appropriate. More 
complicated potentials which are derived from the Thomas-Fermi theory 
have to be used (2). Also the validity of the single collision model breaks 
down. W i t h decreasing energy the cross section for nuclear collisions 
increases, and one has to account for multiple collisions of the back-
scattered particles. The theoretical treatment becomes much more com
plicated, and an analytical form for the energy distributions can no 
longer be derived. 

Also the experimental techniques must be modified. A t energies 
below ^ 20 keV surface barrier detectors no longer give energy informa
tion. Electrostatic or magnetic energy analyzers can be used, but these 
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248 RADIATION E F F E C T S ON SOLID SURFACES 

are only sensitive to charged particles. Also, the charged fraction of the 
backscattered particles decreases with decreasing energy (12,13,14,15), 
and the spectra of the neutral and charged components may be very 
different (13, 14). Thus one needs a means to ionize the neutral back-
scattered particles in a definite manner if quantitative results are to be 
obtained. Another way to overcome this difficulty is to use time-of-flight 
techniques (16), but these too require particle detectors with known 
sensitivity for neutrals. 

The range of primary energies from 5 to 20 keV is of special interest 
for fusion technology. For plasma experiments and later fusion reactors 
where the mean particle confinement times in the plasma are much 
shorter than the desired burning times, the interaction of the diffusing 
plasma particles with the first walls is important. Particularly with 
respect to the question of recycling (17), it is necessary to know the total 
number and angular, energy, and charge distributions of light ions ( H , 
D , T, He) backscattered from solid surfaces. 

Below the primary energy of « 1 keV the experiments are extremely 
difficult. Most of the backscattered particles are neutral, and the ioniza
tion and detection methods currently in use break down at these low 
energies. No experiments in this energy range are known which deal 
with the total number of backscattered particles. Consequently, one has 
to rely on computer simulations. The backscattering of primary ions 
with energies below 1 keV is of particular interest for today's plasma 
experiments. 

If one investigates the backscattering from single crystals, the results 
are largely influenced by the crystal structure which causes channeling 
and blocking effects. This offers a variety of measuring methods in depth 
profiling and lattice site determination. Recent reviews are given i n Refs. 
18 and 19; the present review deals only with the backscattering from 
amorphous or polycrystalline materials. 

High Energies 

The principle of backscattering of ions with primary energies larger 
than « 50 keV can be explained with the aid of Figure 2. A particle of 
energy Ex enters a solid at an angle a to the surface normal. The trajec
tory inside the solid is a straight Une until it encounters a target atom 
close enough to cause a large angle deflection. The outgoing ion trajectory 
is again a straight line, and it leaves the surface at an angle β to the 
normal. In the experiment a and β are determined by the primary beam 
direction and the position of the detector with respect to the target. 

The particles lose energy along their paths through the solid. For 
light ions with energies above a few keV, the energy loss is primarily 
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10. VERBEEK Backscattering of Light Ions 249 

from ionization and excitation of target electrons (20). One can charac
terize this phenomenon by the differential energy loss dE/dx measured 
in e V / A or M e V / ( m g / c m 2 ) . Sometimes it is more convenient to use the 
stopping cross section or stopping power c = 1/Ν dE/dx = M2/(Nop) 
dE/dx, where Ν is the number of target atoms per unit volume, N0 is 
Avogadro's number, ρ is the density, and M 2 is the mass number of the 

Figure 2. Principle of the backscattering of light ions from a solid 

target atoms. Thus c is measured in eV cm 2 /atom. dE/dx (or c ) is a 
function of energy. Today a number of stopping power tables are avail
able (21, 22, 23). These are semi-empirical tables based on experimental 
data which are inter- and extrapolated using theoretical functional de
pendences. As an example, Figure 3 shows dE/dx curves for H + and He* 
i n N i from the tables of Northcliffe and Schilling (22). Sigmund has 
recently reviewed various energy loss mechanisms (24). 

W i t h the scheme of Figure 2 the energy of the outcoming particles 
E2 can be related to the depth from which the backscattering occurs. 
Particles which are backscattered from the surface have lost energy only 
i n the elastic collision, i.e., E2 — A^Ei according to Equation 1. For re
gions not too far from the surface, the relation between depth χ and the 
observed energy E2 is: 

|_COS a \dx JËI COS β y dx/Ë2 J 
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10"1 10° 101 102 

ENERGY (MeV) 

Figure 3. Differentitai energy loss for H and He ions in Ni (22) 

where ΔΕ is the difference between the energies of particles backscattered 
from the surface and from a depth x, and ( dE/dx ) i x and ( dE/dx)Ë2 are 
the differential energy losses for the mean energies along incoming and 
outcoming trajectories. For this equation it was assumed that dE/dx 
varies only slightly along the particle trajectories. For the analysis of 
thick layers the target can be divided into thin slices. For each slice the 
incident energy can be calculated using the dE/dx curve. In many 
laboratories, computer programs are used for this procedure. 

When composite targets—compounds or mixtures— are investigated, 
one obtains an overlay of the spectra of each component. These are 
shifted in energy relative to each other because fc2 depends on the target 
atom mass number M 2 (Equation 1). The stopping power for a com
pound is the sum of the stopping powers of the constituents weighted by 
the relative amounts with which they occur in the compound (Braggs 
rule (25)) . This relation has been proved valid in several cases (26). 
For instance, the stopping power in S i 0 2 is cSio 2 =— € si + 2co. A rigorous 
treatment of the analysis of targets whose composition varies with depth 
was given by Brice (27). 

A n example of these prinicples is presented in Figure 4, which shows 
the spectrum of 2-MeV H e + ions backscattered from a film of N b 3 G e (a 
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10. VERBEEK BackscatteHng, of Light Ions 251 

compound with high superconducting T c ) deposited on an A 1 2 0 3 sub
strate (28). The spectra of the constituents of the film and of the substrate 
are clearly visible. The structure on top of the backscattering spectrum 
indicates that this film is not uniform. It is Ge-rich near the surface. A t 
the high energy edge the slope of the spectrum is determined by the 
detector resolution. A t the interface between film and substrate the slope 
is considerably less steep. This is from straggling in the energy loss. 
Energy straggling becomes increasingly important with increasing depth, 
and it finally limits the resolution of backscattering spectrometery. Energy 
straggling depends on the energy and on the ion-target combinations. 
It was treated theoretically i n an early paper by Bohr ( I ) and by L i n d -
hard et al. (20). Ref. 29 contains recent experimental determinations 
using backscattering techniques. 

The backscattering yield, i.e., the height H of the energy distributions 
(number of counts per channel) is related to the number density of 
atoms in a layer dx near the surface: 

H = QaQNdx (3) 

580 620 660 700 740 780 820 860 900 940 
ENERGY (CHANNEL NUMBER) 

Figure 4. Backscattering spectrum of 2-MeV from a NbsGe film on an Al2Os 

substrate (28) 
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where Q is the number of primary particles arriving on the target, Ω is 
the solid angle subtended by the detector, Ν is the number of target 
atoms per unit volume, and σ is the cross section averaged over the solid 
angle (σ — 1/Ω f (da/ckl)ckl). It has been shown (5) that for protons 
with energies > 50 keV, the Rutherford cross section is valid. In labora
tory coordinates this is: 

* r - ? ^ · / ( · ) * > 

/ («) - 4 [ cos · + { 1 - s i n ή y ] 2
s i n - 4 * { l - ^ s i n ^ y 

(4) 

where Zu Z2 and M i , M2 are the nuclear charges and mass numbers of 
projectiles and target atoms, respectively, e is the elementary charge, and 
θ is the scattering angle. (For a derivation of this formula, see Ref. 30). 
Using Equation 2, dx in Equation 3 can easily be related to an energy 
interval dE2 (for instance that corresponding to the width of a channel 
i n the multichannel analyzer), when it is assumed that dE/dx is constant 
for the energy interval under consideration. If the functional energy 
dependence of the stopping cross section from energy is known, formulae 
for the backscattering yield from thick targets can be derived (31, 32). 
W i t h these the stopping cross sections can be determined from the abso
lute height of the energy distributions (31, 33, 34). 

If the particles are backscattered from a thin film of thickness t, the 
sum of the counts in all channels containing counts from particles back-
scattered from this film is: 

fH(E2)dE2 = QailNt (5) 

This is independent of the stopping power. Thus the number of target 
atoms per unit area Nt can be determined directly. 

As an example, in Figure 5 the backscattering of 150-keV protons 
from a N b film on a Be substrate is shown (35). This film was sputtered 
by 5-keV deuterons. From the decrease of the number of backscattered 
particles after sputtering, the sputtering yield could be determined. 

Backscattering is a very unlikely process in this energy range. To 
illustrate this, let us assume a l-/*m thick N i foil which is bombarded by 
1-MeV protons. A detector of 1-cm diameter in a distance of 10 cm from 
the target at θ —135° counts only 1.1 Χ 10"7 particles per incident ion. 
Nevertheless this is a very useful and nondestructive method for surface 
analysis. In some cases surface impurities of less than 10"4 monolayer 
have been detected (36). 
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10. VERBEEK Backscattering of Light Ions 253 

Medium Energies 

As mentioned already i n the introduction, surface barrier detectors 
are no longer suitable to measure particle energies below 20 keV. It is 
necessary in this energy range to use electrostatic or magnetic spec
trometers. These are, naturally, only sensitive to charged particles. 
There are several papers (4, 37, 38, 39, 40) which report on measured 
energy distributions of the charged component of the backscattered 
particles. Most of the backscattered particles are, however, neutral at 
energies below 40 keV (for hydrogen) (12, 13, 14, 15). A comparison 
with the theoretical values is only possible i f the total number of back-
scattered particles is known, since the theory of the charged fraction is 
not yet well developed. Therefore, a direct measurement of the neutrals 
seemed to be desirable. 

counts 

500 

400 

300 

200 

100 

ο before sputtering 

• after sputtering 

B e - N b 
interface 

1027 1135 keV 

Nb-vacuum 
interface 

I 
1 U 5 keV 

energy 

150° keV 

Radiation Effects 

50 100 

Radiation Effects 

Figure 5. Energy distributions of protons backscattered at an angle of θ = 
135° from a 600-A Nb film on a Be substrate before and after sputtering with 

5-keVDUons (35) 

Buck et al. ( 16) successfully performed time-of-flight measurements 
for He in the energy range of 6-32 keV. For this kind of experiment the 
primary beam has to be pulsed. The velocity of the particles backscat
tered from the target is determined by the time which elapses from the 
start signal given by the beam pulse and the detection of the particle i n 
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90· 
Analyser 

Stripping Chamber 
(N2) 

Channettron 

Neutral Detection 
System 

I J 
Figure 6. Experimental setup for the detection 

of neutral backscattered particles 

a multiplier situated in a certain distance. This method is suitable for 
the spectroscopy of neutrals as long as the detection efficiency of the 
multiplier is known. 

Another method, which has been used at the IPP in Garching, is 
to ionize the neutral particles by stripping in a gas cell (12,13,14). The 
principle is explained by Figure 6. A magnetically selected ion beam 
impinged onto the target, which could be rotated such that the entrance 
and exit angles a and β could be varied. A scattered beam corresponding 
to a scattering angle of Θ = 135° was selected. W i t h deflection plates the 
charged component could be removed from the beam. In the stripping 
cell, which was filled with 2 X 10~3 torr N 2 , a part (known from a previous 
calibration) of the neutrals was ionized and energy was analyzed i n a 90° 
electrostatic spectrometer which used a channeltron multiplier detector. 

Representative measurements of the energy distributions of posi
tively charged and neutral particles backscattered at θ = 135° from a T a 
target bombarded with 18.5-keV protons are shown in Figure 7. The 
charged fraction Q = N*/(N+ + N°), i.e., the number of positively 
charged to the number of neutrals plus positives, decreases from ^ 4 0 % 
at 20keV to ~ 1 0 % at 2keV. Both the neutral and the charged spectra 
show distinct maxima at low energies. Besides their relative height, the 
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10. VERBEEK Backscattering of Light Ions 255 

shapes of the two spectra are rather different. Consequently, a derivation 
of the neutral spectrum from the charged is not easily accomplished. The 
shapes of the backscattering spectra depend only slightly on the target 
material. For decreasing primary energy the maximum is more pro
nounced, but the charged fraction depends only on the exit energy. The 
charged fraction decreases slightly with increasing angle of emergence β 
(13,14). A t low energies negative particles were also observed (41). In 
this case the negative fraction is small, but especially with target mate
rials with low work function, the negative fraction may be much larger 
than the positive. 

In a separate experiment an electrostatic analyzer was used which 
could be swiveled around the target to determine the angular distribution 
of the particles backscattered when a proton beam is impinging normal 
onto a N b target (42). W i t h this instrumentation only the charged com
ponent (including positive and negative ions) could be measured. For 
protons on N b it was possible to determine the total number of back-
scattered particles using the charged fraction measured previously (13, 

Reference 42 shows that the angular distribution of all backscattered 
particles is very close to a cosine distribution for primary proton energies 
of 4^15 keV. Only the ions scattered with the highest energies are prefer-
rentially scattered into smaller scattering angles. These contribute, how
ever, only very little to the total backscattering intensity. Two examples 

14). 

C 
xi 

10 40 

ENERGY OF EMERGING PARTICLES (keV) 

18 20 

30 

20 it 

10 < 

0 

ο 

ο 

Figure 7. Energy distributions of neutral and positively charged 
hydrogen atoms backscattered from Ta bombarded with 18.5-keV 

protons. The charged fraction N+/N+ + N° is given by dots. 
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256 RADIATION E F F E C T S ON SOLID SURFACES 

of energy distributions of all particles backscattered into the whole half-
space are shown in Figure 8. Both spectra with primary energies Ex — 
10.22 keV and E l s = 4 . 1 6 k e V (measured with 8.32-keV H 2

+ molecular 
ions) show a distinct maximum at « 1 keV. This is caused by the fact that 
the scattering cross section increases as the ions lose energy in the solid. 
Below the maximum the probability of multiple scattering and removal 
from the beam exceeds the probability of backscattering events. By 
integration of the spectra in Figure 8 over all energies, the particle reflec
tion coefficient R N —the number of backscattered-to-incoming particles— 
can be determined. R N can also be determined from the number of back-
scattered particles measured at a specific angle (e.g., B = 135°), as the 
angular distribution is well approximated by a cosine distribution (42, 
43). 

0 2 A 6 8 10 
ENERGY EMERGING RARTCLES IkeV) 

Journal of Applied Physics 

Figure 8. Energy distributions of all particles backscattered 
into 2ir solid angle when a Nb target is bombarded with 10.22-

keV Hi and 8.32-keV H f * ions 

Another method was used by Sidenius et al. (44) who mounted the 
targets inside a proportional counter so that all backscattered particles 
were absorbed and created pulses proportional to their energy. In Figure 
9 from Ref. 43 results from the two experiments (43, 44) for stainless 
steel and N b are compared with theoretical calculations. To compare the 
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10. VERBEEK Backscattering of Light Ions 257 

reflection coefficients for different materials, they were plotted vs. reduced 
energies (20): 

e — Ε - aM2/[(M1 + M 2 ) Z 1 Z 2 e 2 ] 

where a — 0.468 ( Z i 2 / 3 + Z 2
2 / 3 ) " 1 / 2 A is the screening length in the inter

action potential. 
In the theoretical work of Weissmann and Sigmund (45) and of 

B0ttiger and Winterbon (46) the slowing down of the protons i n an 
amorphous solid of infinite extent is calculated by the Boltzmann transport 
equation. This model assumes that the atoms start from a plane in the 
solid. A l l atoms which finally come to rest behind this plane are con
sidered to be backscattered. B0ttiger and Winterbon (46) also include 
a surface correction. J . E . Robinson (47), O. S. Oen and M . T. Robinson 
(48), and Ishitani et al. (49) obtained values for R N by computer simula
tion. These simulations also assume amorphous materials. In all theoreti
cal calculations an analytical approximation to the Thomas-Fermi inter
action potential was used. 

For stainless steel the measured values of agreed wel l with the 
computer simulations of Oen and Robinson (48). The fact the experi
mental results for N b from two different experiments are considerably 
lower than those from the calculations can probably be attributed to two 
main differences. 

( 1 ) The N b target had rather large crystal grains. Thus the back-
scattering was more from individual single crystals than from amorphous 
material. This leads to larger penetration depths and hence less back-
scattering. 

(2) The N b was very likely covered with an oxide layer which also 
reduces the backscattering. 

A number of authors (50, 51, 52) determined reflection coefficients 
by measuring the amount of gas which is trapped in the target. When no 
gas is released thermally, the sum of the trapping and reflection coeffi
cients is unity. However, this method is restricted to certain ion target 
combinations. 

The knowledge of reflection coefficients as well as energy and angu
lar distributions is very important for plasma experiments. Therefore, 
more experiments are necessary. Another important number in this con
text is the energy reflection coefficient R E , the total energy carried away 
by the backscattered particles related to the incoming energy._It is R E — 
RE/EU where Ε is the mean energy of all reflected particles. Ε can be de
termined from the spectra in Figure 8. As seen from Figure 9 again good 
agreement of the experimental values and the calculations was achieved 
while the experimental data for N b are below those expected from the 
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ε, REDUCED ENERGY 

Journal of Nuclear Materials 

Figure 9. Particle and energy reflection coefficients 
RN and RE as function of the reduced energy. Hatched 
area: comuuter simulation (48); theoretical curves: 

H, D (45); H, D (46); ex
perimental data Δ H -> SS, A Η -+ NB (44); Ο Η -> 

SS,nD-»SS,*H-> Nb, M D-» Nb (43). 

computer simulations. The energy reflection coefficient R E was directly 
measured by a Danish group (53) using different calorimetric methods. 
They found fair agreement with the computer simulation of Oen and 
Robinson (48). 

Low Energies 

A t very low energies the fraction of the backscattered particles which 
are charged becomes very small. A t energies below « 200 eV, the ioniza
tion method by stripping i n a gas cell breaks down and because the cross 
sections for electron loss are small compared with those for scattering in 
the gas, and the latter effect distorts energy and angular distributions. In 
the energy range above several tens of eV the ionization by electron 
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10. VERBEEK Backscattering of Light Ions 259 

impact is also impossible since the required electron densities cannot be 
achieved. The detection methods for neutrals also break down. A l l cur
rently used methods for detecting neutrals depend on the creation of 
secondary electrons. A t energies where the potential emission of ions 
dominates the kinetic emission (£200 e V ) , there is no longer any emission 
of secondary electrons by neutrals. Because of the lack of detectors the 
time-of-flight methods are then also no longer usable at these low energies. 

Therefore, one has to rely on the results of computer simulations. 
These are, in turn, especially suitable for low energies since it is easy to 
obtain sufficient statistics without too much computer time. Energy and 
angular distributions for protons scattered from C u obtained recently by 
Oen and Robinson (48) are shown i n Figure 10. The energy distribution 
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Figure 10. Energy (left) and angular (Hght) distributions of hydrogen atoms 
backscattered from Cu bombarded with 100-eV and 5000-eV protons. (Com

puter simulation by Oen and Robinson (48). 
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260 RADIATION E F F E C T S ON SOLID SURFACES 

with a primary energy of 5 keV shows a maximum at « 1 keV which 
agrees with the experimental observations. A t a primary energy of 100 eV 
the spectrum is sharply peaked at high energies corresponding to back-
scattering from the surface. The angular distributions show remarkable 
deviations from a cosine distribution, which would give the dotted lines. 
The backscattered intensity is peaked in the entrance direction which 
was normal to the surface. A t grazing incidence the authors found re
flection coefficients close to one with the intensity highly peaked i n the 
direction of specular reflectance. 
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Depth Distribution and Migration of Low Ζ 
Elements in Solids Using Proton Elastic 
Scattering 

ROBERT S. B L E W E R 

Sandia Laboratories, Albuquerque, Ν. M. 87115 

Rutherford ion backscattering spectrometry (RIBS) is a 
powerful analytical technique but is insensitive to light 
atoms in higher Ζ hosts. This can be overcome by using 
nuclear elastic scattering cross section anomalies which exist 
for ~ 2.5-MeV protons incident on such low Ζ elements as 
D, 3He, 4He, 9Be, 12C , and 16O. Optimum detection sensi
tivity (0.5 at. % He in Cu) is achieved using foil targets 
mounted on an efficient transmitted-beam trap. Since cross 
section enhancements for D and 4He are more than 100 
times greater than Rutherford values, thick as well as foil 
targets can be analyzed. The depth distribution of helium 
and hydrogen isotopes can be observed nondestructively 
within the first 10 µm of a solid surface with a resolution of 
better than 750 Å. Tenets of the technique and results from 
its application to new energy research materials problems 
are described. 

O i n c e the introduction of commercially available solid state particle 
^ detectors and the publication of 'Ton Implantation in Semiconduc
tors" ( I ) in 1970, surface and near-surface elemental analysis by Ruther
ford Ion Backscattering Spectrometry (RIBS) has become widely used 
and has joined a host of other techniques which use particles or electro
magnetic radiation to probe the character of surfaces. Using incident 
helium ions of 2-3 M e V energy, several investigators (2, 3, 4) have 
demonstrated the fractional monolayer detection sensitivity and ^ 100-Â 
depth resolution that are possible when analyzing high Ζ impurities i n 
low Ζ lattices. For many applications, however, the need arises to test 
for the presence and to observe the depth distribution of low Ζ atoms in 
higher Ζ substances, e.g., hydrogen isotopes in metals. 

262 
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11. B L E W E R Depth Distribution and Migration 263 

Though conventional helium ion backscattering has become a pow
erful analytical tool in revealing the concentration and depth profiles of 
impurities in the near-surface region of solids, it cannot detect helium 
and hydrogen isotopes in materials for kinematic reasons. Proton back-
scattering could remove the kinematic limitations. However, for a given 
energy, the Rutherford elastic scattering cross section of elements de
creases as the square of decreasing atomic number, and unfavorable cross 
section considerations have discouraged experimenters from working 
along these lines. This paper reports on investigations using a modified 
form of proton backscattering which have been able to detect less than 
7 at. % concentrations of such low Ζ elements as D , 3 H e , and 4 H e with 
depth resolutions below 750 À. Mervine et al. (5) have observed helium 
in an implanted P d foil using proton backscattering. Hel ium has also 
been detected in metals by forward scattering (6) and nuclear reaction 
techniques (7), but the experiments reported by the author two years 
ago (8) are believed to be the first description in the open literature of 
the use of an ion backscattering technique to determine helium depth 
distributions. This capability is important in unravelling the physics of 
the behavior of gases in metals, an area which is becoming particularly 
important with respect to emerging energy technologies. In fact, largely 
because of these technologies, there has been a surge of interest in the 
field. Within the last two years, several other ion beam techniques have 
been developed to detect and profile low Ζ elements in materials. Re
views of nuclear reaction methods by F . L . Vook and by J . C. Overly 
and of elastic recoil techniques by B. Terreault appear in this volume. 
Backscattering phenomena which occur at lower energies are reviewed 
by H . Verbeek. 

Helium Ion Backscattering 

If a monoenergetic, mass-analyzed beam of ions impinges normally 
on a solid surface, most particles penetrate into the surface to depths of 
the order 1-10/xm for incident 2.5-MeV 4 H e ions or protons and ult i 
mately come to rest within the target. However, many of the incident 
particles elastically scatter from target atoms, and a small fraction 
(~ 10~4) undergo large angle collisions ( > 90° ) , are scattered in the 
backward direction, and escape from the target. The energy Ε of each 
such ion after scattering is related to its energy before scattering EQ by 
the formula: 

E = kE0 (1) 

where k is the kinematic recoil factor and is determined from the laws of 
conservation of energy and momentum. Specifically: 
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264 RADIATION E F F E C T S ON SOLID SURFACES 

cos θ + [ ( M / m ) 2 - s in 2 θ] 1 / 2 1 2 

1 + M/m (2) 

where θ represents the scattering angle (laboratory system), and m and 
M denote the mass of the incident ion and struck target atom, respectively. 
k equals the fraction of the incident particle energy which is retained 
after backscattering from a target atom and therefore varies from 0 (for a 
head-on collision with a target atom of equal mass) to 1.0 (for a head-on 
collision with a target atom of infinite mass). For a fixed type of incident 
ion at a given incident energy and backscattering angle, there is a unique 
value of retained energy as a result of a collision between that ion and a 
given target atom. Thus each backscattered ion which escapes from the 
target carries information through its remaining energy about the mass 
of the target atom with which it collided. Moreover, since the probability 
that a certain incident ion w i l l scatter through a given angle is known 
(Rutherford scattering cross section), the concentration of each different 
species of atoms in the surface of the target can be deduced by counting 
the fraction of incident ions which are backscattered at the energy which 
is appropriate for that element. 

In addition to the discrete kinematic energy loss, incident ions also 
lose energy continuously by electronic excitation (ionization) while trav
eling through the solid to and from the point of collision. The energy 
loss can be characterized by the relation: 

where Ν is the target atom density, and c is called the stopping cross 
section, c is a function of ion energy Ε and, in the energy range of interest 
in RIBS (1.0-2.5 M e V ) , decreases with increasing energy. The value of 
c has been measured for many materials, and formulas providing good 
estimates for c are available for those elements for which experimental 
data do not exist (9, 10, 11, 12, 13). Because of this additional "drag" 
energy loss, ions backscattered from target atoms which are beneath 
the target surface wi l l emerge from the target with a smaller fraction of 
their original energy than those which rebound from like atoms in the 
first monolayer. This energy dispersion of backscattered ions from any 
given type of target atom is a distinct analysis advantage. Since e can 
be experimentally measured, it is possible to correlate the energy of the 
backscattered ion with the depth in the target at which it was scattered 
through Equations 1 and 3. For a typical experimental run, an incident 
dose of ~ 10 1 6 ions /cm 2 (10 monolayers) provides data with adequate 
statistical accuracy for composition and depth profile analysis of the 
constituents of the target. Thus the RIBS method is essentially non-

(3) 
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11. B L E W E R Depth DistHbution and Migration 265 

destructive. Because of the ability to "see" the depth profiles and iden
tify the mass of both host and all "impurity" atoms i n the target, RIBS 
has been called "mass sensitive depth microscopy" (3). 

Several factors influence the choice of incident beam. The variation 
of k with target atom mass is shown in Figure 1 for four types of inci 
dent ion. It is necessary to use an ion beam composed of atoms which 
have lower mass than the lightest target atom species one wishes to 
detect. It is also useful for detection and analysis purposes to select a 
probe beam for which the percentage change in k value between adjacent 
elements is greatest among the target species of primary interest. For 
instance, protons are optimum for analyzing targets with low Ζ constitu
ents ( M = 2-20) while 1 2 C + or 1 6 0 + ions would provide greater energy 
separation of backscattered ions for heavy elements ( M > 50). 

100 . . ι ι ι ι ι ι J -

mL J c o s Ô + [ ( M / m ) 2 - s i n 2 β ] \ 
E o ( 1 + M/m J 

1 1 1 1 I I M 1 _ 
_ 9 0 

i » 
" k 

. . ι ι ι ι ι ι J -

mL J c o s Ô + [ ( M / m ) 2 - s i n 2 β ] \ 
E o ( 1 + M/m J 

P R O T O N S ^ - ~ —' 

I 60 
θ ' 164° (LAB) / 

! » -

l 4 0 

£ 30 

' 12 + / / 
" c I O N S / / 

-

1 » 
LU 
° - 10 

. X / V l O N S 
-

η ι ι ι ^ \ 1 1 1 1 ^**T^ 1 1 .1 1 I 1 1 1 ι I 
υ 1 2 5 10 20 50 100 200 

TARGET ATOM MASS (AMU) 

Figure I . Variation of the kinematic recoil factor k for each of four incident 
ions as a function of target atom mass 

Range and stopping cross section characteristics of the incident ion 
beam also influence the choice of analysis beam. For example, protons 
penetrate, and therefore sample, much greater depths of a given target 
than oxygen ions, as shown in Figure 2 for gold, but because the stopping 
cross section for oxygen in solids is much greater than that for protons, 
the depth resolution for a gold sample w i l l be considerably better for an 
incident oxygen beam than for a proton beam. The inherent energy reso
lution (and thus mass and depth resolution) of the silicon surface barrier 
detector (energy analyzer) is also a factor, decreasing with increasing 
mass of the incident beam ions (14). 4 H e + ion analysis beams are most 
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0 2 4 6 8 10 12 14 16 

PROJECTILE ENERGY (MeV) 

Figure 2. Range and stopping cross section 
variation as a function of incident ion energy 
in gold for 1609

 12C, 4He, and *H (9). The 
vertical line at 2.5 MeV represents a commonly 

used ion backscattering analysis energy. 

commonly used because they represent the best trade-off i n factors dis
cussed above for analyzing targets containing medium Ζ materials. 

A schematic of the elastic scattering processes which occur i n a thin 
film containing a subsurface impurity layer deposited on a thick substrate 
is shown in Figure 3a. Typical spectra for an incident 4 H e + ion beam are 
illustrated at the base of Figure 3b. Details of the accelerator layout and 
of electronics needed to count detector pulses, are given i n Refs. 15 and 
16. For a backscattering event which occurs at the surface at an angle φ 
( = π — θ)9 the energy measured by the detector is given by E i = 
fcfiimEo where the value for kmm is determined by Equation 2 or may be 
taken from Figure 1 for a scattering angle of 164°. Conversely, those 
incident ions which penetrate to the film substrate interface before 
scattering suffer ( in addition to the recoil energy loss) ionization energy 
loss before collision, as well as on retraversing the film. These ions w i l l 
reach the detector with energy E 3 . The stopping cross section of 
metals for H e ions varies sufficiently slowly with energy that, when 
analyzing thin surface layers at energies above 1 M e V , an average value 
of c may be used for the inbound path and another average value for the 
outbound path. The measured energy difference A E f I i m — E± — E 3 is 
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11. B L E W E R Depth Distribution and Migration 267 

thus a direct measure of the film atomic areal density (atoms/cm 2 ) using 
the equations in Figure 3. This energy difference is easily converted to 
film thickness using the appropriate value of the film density. 

Likewise the depth of the impurity layer can be deduced by measur
ing E2 and subtracting its value from the energy E ' 2 of an incident ion 
assumed to strike an identical impurity atom on the surface: A E i m p u r — 

E 2 . Ions which penetrate the thin film and are backscattered 
i n the substrate experience stopping (energy loss) from cgUb which is 
different from ctnm i n magnitude although similar i n energy dependence 
and must be taken into account as indicated in Figure 3 i n the expression 
for E 5 . 

Strictly speaking, impurities, such as an implanted helium layer, alter 
the value of € f l l m , but most impurities are present at low concentrations 
and, for these cases, the effects are negligible. For compound or alloy 

ION ENERGY LOSS 
AFTER LEAVING 

POINT OF COLLISION 

1 I I Ί 

"impur* M$ub < Mfilm 
1 

\ l I2 

•3 E 1 E 0 

I M P U R I T Y \ ^ ^ 
P E A K \ 

F I L M 
P E A K 

~ t 
S U B S T R A T E P E A K 

1 I ι 
ι α 5 1.0 1 . 5 2.0 2.5 

B A C K S C A T T E R E D I O N E N E R G Y (MeV) 

Mimpur < M f i lm < M sub 

E5 E2 E3 E l E4 
I E ' * 

P E A K 

S U B S T R A T E P E A K 

0.0 0.5 1.0 1.5 2.0 2.5 
B A C K S C A T T E R E D I O N E N E R G Y (MeV) 

Figure 3. Representation of characteristic energies at which incident ions are 
backscattered from various elements of a thin film sample. The resultant spectra 
generated by *He* ions counted per energy interval (channel) on a multichannel 
analyzer are shown below for a high Ζ film on a given lower Ζ substrate (left) 

and for a lower Ζ film on the same substrate (right). 
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268 RADIATION E F F E C T S ON SOLID SURFACES 

targets, stopping cross sections can be added i n proportion to relative 
atom concentrations, although this procedure (Braggs Rule) introduces 
significant errors at energies below ~ 2 M e V in certain systems (17, 18, 
19,20). 

A n actual data plot of a spectrum for incident H e ions is shown i n 
Figure 4. In this case, a scandium deuteride thin film deposited on a 
~ 4μΐη molybdenum foil substrate has been analyzed. The sample con
tains a buried helium layer. The energy at which the 4 He* analysis beam 
ions are backscattered from surface scandium atoms is indicated by the 

Ε -2.5MeV ο 
DETECTOR ANGLE · 164° - π-φ 

< 

Mo FOIL 

Mo Er 

0.0 0.5 1.0 1.5 2.0 
BACKSCATTERED PROTON ENERGY (MeV) 

2.5 

Figure 4. 4He backscattering spectrum of a scandium deuteride thin film 
deposited on a molybdenum foil. The film has been implanted prior to 

analysis with ~ 3 Χ 1017 He+/cm2 at 160 keV. 

vertical line so marked in the figure. In this example the kinematic energy 
loss from the film atoms is greater than that from the substrate atoms 
(i.e., the surface layer is lower Ζ than the substrate), so the film peak 
appears to "ride on top" of the substrate peak, and it may thus appear 
that the scandium is not the surface constituent. The leading edge of the 
molybdenum peak is displaced to an energy lower (by A E S c D 2 ) than it 
would have appeared had molybdenum been present at the sample sur-

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

6 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
6-

01
58

.c
h0

11



11. B L E W E R Depth Distribution and Migration 269 

face. A E S c D 2 is an energy decrement equal to the energy lost by incident 
ions in traversing in and out of the scandium deuteride thin surface film. 

The shaded area represents 4 H e ions backscattered from the scandium 
atoms in the film. 4 H e ions which penetrate the surface thin film and 
scatter against the molybdenum atoms provide most of the remaining 
counts in the spectrum. There are no 4 H e + ions backscattered from the 
pre-implanted 4 H e layer because this is forbidden by kinematics. The 
energy at which 4 H e ions would be backscattered from several other 
elements if they were present on the sample surface is also indicated in 
Figure 4. The ions backscattered from the surface layer of the thin film 
arrive at the detector with the least energy loss (thus highest remaining 
energy) relative to those ions backscattered deeper in the film, which 
appear at lower energies. This reflects the additional energy loss (drag) 
of those ions which do not scatter at the surface but which first penetrate 
into the lattice before scattering. For this reason the depth scale for each 
element present in the sample surface starts at the right side of its peak 
and proceeds from higher to lower energy with increasing depth. 

Two additional observations are of interest. A small peak occurs at 
an energy kErE0> which indicates a small amount (2.7 at. % ) of erbium 
present in the scandium deuteride film. Its width indicates that this 
impurity is distributed through the S c D 2 thin film but does not extend 
into the molybdenum substrate. Secondly, no rear side is observed on 
the molybdenum peak, which indicates that the foil is too thick for 
incident 2.5-MeV ions to backscatter from rear surface atoms and still 
possess sufficient energy to return through the front surface and reach 
the detector. More counts accumulate per energy interval at lower back-
scattered ion energies (i.e., at deeper foil penetrations) because of the 
energy dependence of c and because the Rutherford scattering cross sec
tion decreases as E~ 2 with increasing energy. This results in an upward 
curve of the substrate peak at low energies. 

Peak heights depend on the stopping cross section of the incident ion 
in the sample undergoing analysis. Materials with higher stopping cross 
sections produce larger energy loss per unit length of ion path travel and 
thus result in wider but lower peaks. However, an even stronger de
pendence exists of the peak height on the elastic scattering cross section 
of the target; indeed, the fraction of incident ions backscattered at a given 
angle and energy is, in essence, the basis of the definition of the scattering 
cross section, and for Rutherford (Coulombic) scattering, the scattering 
cross section increases as the square of the target atomic number. Thus 
the greatest sensitivity (typically less than one monolayer) is achieved for 
high Ζ elements with RIBS analysis. Moreover, because ~ 2-MeV helium 
ions obey the Rutherford Scattering Law, the absolute concentration of 
target atom constituents can be determined by RIBS, an asset not com
mon to many surface analytical techniques. 
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"Proton Backscattering 

As mentioned previously, in order to observe the presence of light 
atoms such as helium and hydrogen isotopes in a target using ion back-
scattering techniques, it is kinematically necessary to use a beam of inci
dent ions of lower mass than the lightest impurity to be observed. 
Although this necessary condition is fulfilled for incident protons for all 
elements of atomic mass two or greater, researchers have traditionally 
been discouraged from developing the proton backscattering technique 
to observe low Ζ elements because the rapid decrease with decreasing 
atomic number of the Rutherford scattering cross section seemed to leave 
little hope of observing these elements against the host background yield. 
For example, in the case of equal atom concentrations of helium i n cop
per, the calculated Rutherford backscattering cross section for incident 
protons at a given energy is 210 times less for collisions with target atoms 
of helium than for collisions with target atoms of copper. Counting statis
tics considerably better than 0.5% would be required even to detect a 
sharply defined helium distribution of 50 at. % above the copper "thick 
target" yield. 

Thus a desirable condition to observe low Ζ elements is the elimina
tion of backscattering counts from host atoms in the energy region where 
protons backscattered from D , T, 3 H e , and 4 H e would fall (i.e., k — 0 - » 
~ 0.4 or kE0 = 0 -> 1 M e V , for E0 = 2.5 M e V ) . Since there is no solid 
material with an atomic number as small as that of these elements, except 
at very low temperatures, the thick target spectrum cannot be eliminated 
from this energy region simply by judicious selection of a very low Ζ 
host. However, the thick target background can be reduced to near zero 
i f a sufficiently thin foil (several μία) is used as a host lattice and if 
incident beam ions which fai l to backscatter in the foil target itself are 
efficiently trapped after they penetrate it and thus are prevented from 
reaching the detector. This is achieved by placing a "beam trapping cell" 
behind the foil and its holder as shown i n Figure 5. The trap is designed 
so that only those incident ions which backscatter i n the foil itself are 
i n the proper geometrical position to reach the collimated silicon surface 
barrier detector. The resultant effect on the spectrum is shown i n the 
lower part of Figure 6. The rear side of the molybdenum peak is now 
"observable" because of the lower stopping cross section of protons in 
M o vs. 4 H e + ions i n M o , so that the substrate no longer produces back-
scattered ions below ~ 1.7 M e V . Thus, counts registered i n this energy 
range have been reduced from the thick target case by more than 9 5 % . 

Other differences appear i n the proton spectrum as compared with 
the 4 H e + spectrum repeated from Figure 4 in the upper part of this figure. 
The position of the peaks of medium and high Ζ elements are shifted 
upward i n energy according to the kinematic relationships expressed i n 
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11. B L E W E R Depth Distribution and Migration 271 

Equation 2, leaving more than 50% of the spectrum available for ele
ments lower in mass than 7 L i . In fact, the dispersion i n k values is so great 
for proton backscattering in this mass range that peaks of each of the 
low Ζ elements and even isotopes can easily be resolved from each other. 
This means the depth distribution of each of the low Ζ elements which 
may be contained in the target film may be observed simultaneously with
out deconvolution, if present in sufficient concentrations to be observed. 

Figure 5. Beam trap and its relation to a He-implanted ScDg film-Mo 
fou sample and the solid state detector. Even if the incident beam 
strikes the foil target near its top (worst case), protons which penetrate 

the foil will not reach the active area of the detector. 

To this point, the kinematic requirement to observe backscattering 
from low Ζ elements has been satisfied, and the thick target yield has 
been reduced to allow a clear field for their observation. However, the 
calculated Rutherford scattering cross section for helium indicates that 
the yield from a 50 at. % helium distribution i n scandium deuteride 
should still be unobservable in Figure β above the remaining background. 
As can be seen, the actual experimental yield is many times greater than 
predicted, especially considering that the 4 H e concentration i n this sample 
is significantly less than 50 at. % . 

The explanation of this phenomenon lies i n the fact that for protons 
of 2.5-MeV energy, a strong nuclear (not Coulombic) elastic interaction 
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BACKSCATTERED PROTON ENERGY (MeV) 

Figure 6. Comparison of backscattering spectrum of helium-im
planted scandium deuteride on a molybdenum foil substrate using a 
4He* ion analysis beam (upper spectrum) as opposed to usina a proton 
analysis beam (lower spectrum). Incident beam energy equals 2.5 MeV 

in both cases. 
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Figure 7. Differential elastic scattering cross section in center-of-mass 
units as a function of scattering angle in center-of-mass units (22) 

exists with the H e atoms which for scattering angles ^25° results in an 
elastic scattering cross section much larger than the calculated Ruther
ford cross section. This fact was first observed by Rutherford's student, 
James Chadwick, i n 1921 (21) and thoroughly documented by Freier 
et al . in 1949 (22). The variation of the measured and the calculated 
(Rutherford) cross sections with scattering angle in the center of mass 
system is shown in Figure 7. For θ — 168° ( C M ) the enhancement is a 
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274 RADIATION E F F E C T S ON SOLID SURFACES 

factor of 214. This enhancement permits detection of concentrations as 
low as 0.5 at. % H e i n medium Ζ (e.g., copper) foils and is sufficiently 
great even to permit observation of concentrations of a few atomic per
cent i n thick targets (23). A comparison of the spectra obtained from 
He-implanted foils and thick targets has been published recently (24). 

FILM DEPTH (pm) 

Figure 8. Atom concentrations and depth distributions of species in a 
hei \ium-implanted erbium deuteride thin film. The projected range of the 

helium R p and its range straggling AR P are also indicated. 

Similar broad elastic scattering resonances exist for 3 H e , deuterium, 
and tritium. In Figure 6 the deuterium peak representing backscattering 
from deuterium atoms in the scandium deuteride film can be observed 
at the lowest energies. Its width is greater than that of the scandium peak 
because protons scattering at 164° (lab) from deuterium atoms give up 
~ 90% of their energy. For protons, stopping cross sections are generally 
higher in the sub-MeV range than above 1 M e V (see Figure 2) . Thus, the 
energy lost through electronic excitation on the return path of the proton 
through the film is much greater than on its inbound path, so the D peak 
is relatively wide. Conversely, protons which backscatter from scandium 
atoms retain most of their initial energy so Es ~ E0, c is relatively small, 
and €out ̂  «in. The detection sensitivity for D and 3 H e is within the same 
range as that for 4 H e ; concentrations of ^ 7 at. % and ^ 2 at. % , respec-
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tively, can be observed, with a sensitivity many times that expected from 
Rutherford theory. The elastic scattering cross section of the other low Ζ 
elements also displays broad as well as sharp-peaked resonances i n the 
low-MeV range of energy. These include 7 L i , 9 Be, n B , 1 2 C , 1 4 N , 1 6 0 , A l , 
and Si. A comparison of the magnitude of enhancements over Rutherford 
values can be found in Ref. 24. 

Applications 

RIBS is an appropriate analysis technique for samples whose ele
mental composition is desired. Its element-by-element depth distribution 
capability is most useful for samples whose compositional variation with 
depth is laterally uniform (i.e., layered structures). This includes a host 
of single or multilayered thin film structures, samples with various oxide, 
carbide, nitride surface layers, ion-implanted targets, etc. The power of 
the technique lies in the fact that while it is highly sensitive, it is also 
nondestructive so that it is unnecessary to erode away surface layers to 
reveal what lies beneath. For this reason RIBS is particularly well suited 
for sequential treatment effect studies such as migration of gases i n 
metals, corrosion effect studies, interfacial diffusion, and semiconductor 
device-aging investigations. Those studies involving low Ζ elements in 
higher Ζ hosts should be conducted using the proton (rather than 4 H e 
ion) backscattering technique described in the previous section. Several 
examples of the use of the proton backscattering technique for studying 
behavior of gases in metals are discussed below. 

Erbium Deuteride Study. The behavior of inert gas atoms in metals 
has been of interest for several years ( 15,16, 25, 26, 27). Activation ener
gies for diffusion of these gases, particularly helium, have been sought by 
thermally annealing metal samples injected to various concentrations. 
Because of the low solubility for helium in metals, microscopic bubbles 
are precipitated in the lattice of both heated and unheated samples at 
high concentrations (several atomic percent), but the degree of ordinary 
helium atomic diffusion, as opposed to helium migration via bubble 
movement, has been uncertain. 

The author has injected 4 H e atoms into erbium deuteride thin films 
at an energy of 160 keV to a fluence of 1.9 Χ 10 1 7 H e + / c m 2 (Hepeak /Er = 
0.15). The sample films were deposited on a 1.5-ftm Ta foil as a substrate 
to permit use of the proton backscattering technique to observe the 4 H e 
and D depth distributions. The foils were mounted as shown in Figure 5 
and analyzed with 2.5-MeV protons. The resultant spectra are similar to 
that in the lower part of Figure 6. The elemental concentration and depth 
profile information from the spectra can be represented as shown in F i g 
ure 8. The depth scale is established by measuring the energy width of 
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the E r peak in the backscattering spectrum and, by use of the equations 
i n Figure 3, solving A E E r D l . 8 = E i — E 3 for AxErDi. 8- (dE/dx) tnm must 
include the electronic stopping contribution of the D atoms in the film as 
well as that of the E r atoms. The atom concentration of the film can be 
deduced from the average height of the E r and D peaks and converted 
into concentrations through a knowledge of c (E) and the scattering yield. 
The mean depth R p of the helium layer may be calculated as described 
i n the previous section and is found to be 6150 A , agreeing within 6% of 
a theoretical estimate by D . K . Brice (29, 30). There is a depletion of 
deuterium within the first few hundred angstroms of the surface, where 

SURFACE 

i.o 0.5 αο 
FILM DEPTH (/urn) 

*He DEPTH DISTRIBUTION 

Figure 9. Changes in the helium depth distribution with increasing 
vacuum anneal temperature. The full width of half maximum 
(FWHM) of the distribution is unchanged at elevated temperatures. 

a thin ( ~ 700 A ) oxide layer exists. N o surface carbon is observable nor 
are any other low Ζ impurities. The deuterium concentration appears to 
decrease slightly with increasing film depth, an effect confirmed by ion 
microprobe analysis of the same sample. Logan and Davis have observed 
a similar effect i n titanium tritide film using a neutron time-of-flight tech
nique (3J, 32). Stopping cross section variations with energy are negli
gible i n sufficiently thin films for al l elements except, perhaps, those with 
Ζ < 2, and even for these elements the correction is relatively small and 
has not been applied here. 
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11. B L E W E R Depth Distribution and Migration 277 

It is of interest to determine the migration behavior of the D and 
4 H e in the E r lattice as the temperature of the sample is increased. B y 
using a heater attached to the sample holder in Figure 5, in situ sequential 
studies have been performed. The sample whose composition with depth 
is shown in Figure 8 was heated at temperatures of 150°, 260°, 400°, 
550°, and 700°C in the target chamber for 30 min at each temperature. 
After each anneal a new backscattering spectrum was taken. The sequen
tial behavior of the helium depth distribution could thus be observed. 

The 4 H e depth profiles after high temperature anneals are exhibited 
in Figure 9. No change in either the mean depth or mean width (spread) 
was observed during anneals up to 400°C. However, after the 550°C 
anneal, the apex of the distribution had been released, although the 
remainder was unchanged in mean depth or width. This implies that 
helium did not escape by simple Fickian diffusion processes since the 
width of the distribution is unchanged even though some gas has been 
released. This suggests that trapping of the implanted helium has oc
curred, possibly at damage sites. After the 700°C anneal, al l the helium 
had been released. S E M studies of this foil and similar samples of helium-
implanted copper, titanium, and titanium deuteride have revealed that 
helium-filled bubbles formed, which ruptured the surface and released a 
portion of the implanted helium directly to the vacuum. It is not clear 
whether al l the helium escaped by this process. Typical S E M micro
graphs of the sample discussed above are shown in Figure 10. 

The release behavior of the implanted helium and the deuterium is 
summarized in Figure 11. The deuterium in the sample maintained its 
original concentration and depth distribution with increasing tempera
ture through 550°C and then dissociated and was entirely released after 
the 700°C anneal. After the 550°C anneal, ~ 20% of the implanted 
helium was released, the remainder escaping as a result of the 700°C 
anneal. 

A portion of this deuteride sample was shielded during the original 
4 H e implantation, and analysis of the D-release behavior of that portion 
of the film is identical with the implanted section. Thus, there was no 
measurable effect either on the initial D distribution because of the 4 H e 
implant (with its attendant lattice damage) or on the deuterium release 
behavior as a result of the implantation. 

Fusion Reactor First Wall Investigations. Magnetic confinement 
schemes for fusion reactors require vacuum walls for the plasma container 
which can withstand high particle fluences of neutrons, D , T, and 4 H e . 
In addition, tritium implanted in the first wal l w i l l generate 3 H e i n the 
lattice of the first wal l material by radioactive decay. (n,a) reactions 
w i l l further contribute to the concentration of gases in this wal l so that 
structural degradation, blistering, and helium and hydrogen embrittle-
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278 RADIATION E F F E C T S ON SOLID SURFACES 

Figure 10. Scanning electron micrographs of unimplanted and AHe-implanted 
erbium deuteride after a 700°C vacuum anneal 

ment can be expected to result in significant materials problems. Since 
the walls of such a reactor w i l l reach temperatures of several hundred 
degrees centigrade, the migrational behavior of these gas atoms in their 
host material is of particular interest. The proton elastic scattering tech
nique seems ideally suited to study problems of this kind since the depth 
distribution of each of the low Ζ isotopes can be observed simultaneously 
(except 3 H e and Τ which are both mass 3) . Other ion beam techniques 
which are isotope specific can be used to measure the behavior of 3 H e 
separately (33). The author and R. A . Langley (15, 16, 34, 35, 36) are 
conducting studies in this field using the proton backscattering technique. 

"Hydrogen Economy" Energy Concepts. As natural gas and petro
leum sources dwindle, increased consideration is being given to the 
"hydrogen economy" concept (37), particularly in view of its low pollu
tion potential. Transport of gaseous or l iquid hydrogen in pipelines or 
tankers revives concern about hydrogen embrittlement of metals. Protec
tive coatings and the basic nature of hydrogen permeation and diffusion 
i n metals is an area that needs additional research. The use of metal 
hydrides as a thermally stable, rechargeable storage medium for hydrogen 
isotope fuels has also been proposed. Proton backscattering has much to 
offer as an investigative tool i n this area as well . 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

6 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
6-

01
58

.c
h0

11



11. B L E W E R Depth Distribution and Migration 279 

Intense Neutron Sources. Interest in neutron irradiation as a therapy 
mode for cancer patients is growing rapidly. Likewise, an intense large 
volume source of neutrons for testing materials properties of structural 
components in fusion reactors is needed. Presently, the most intense 
14-MeV neutron generator available (the Lawrence Livermore Labora
tory Rotating Target Neutron Source) uses an accelerated deuterium ion 
beam incident on a titanium tritide target ( T ( d , n ) 4 H e reaction). Trit ium 
in parts of the target beyond the range of the incident D ions apparently 
does not diffuse toward the surface to replenish it as the near-surface 
tritium concentration is depleted (31,32). This ultimately limits the life 
of the targets and may tend to reduce the percentage of time the facility 
is operational. This effect has more serious consequences i n clinical 
therapy applications because strict maintenance of dose fractionation is 
important, and tritium handling (target exchange) i n a hospital environ
ment necessarily must be minimized. Thus there is great interest i n 
diffusion behavior of hydrogen isotopes in targets under intense particle 
bombardAent (38,39). The proton elastic scattering technique is directly 
applicable to this problem area and is being used to develop an intense 
neutron source based on the T(d, n ) 4 H e reaction (40). 

1 I I ι ι I ι _ 
- a 

RELEASE OF D AND 4He \ 

-
FROM ERBIUM DEUTERIDE Λ * 

\ 
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\\ 
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1 1 l 1 l 1 \ a 
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Figure 11. Percent gas retained in the erbium deuteride lattice (by element) 
as a function of anneal temperature for both 4He-implanted and unimplanted 

ErD< Ί.8 
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280 RADIATION E F F E C T S ON SOLID SURFACES 

Summary 

Analysis of the composition and depth distribution of high Ζ ele
ments in low Ζ hosts on substrates has been achievable for several years 
by standard ion backscattering techniques. However, there is a special
ized form of proton elastic scattering which has only recently been shown 
to be able to detect the presence of small quantities of low Ζ elements in 
higher Ζ substrates, thereby removing what had been generally regarded 
as an inherent limitation to the range of elemental systems which could 
be studied by backscattering methods. Examples of studies being con
ducted in the fields of energy research and medical therapy demonstrate 
the applicability of the technique to problems of particular current 
interest. 
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Concentration Profiling of Lithium in Solids 
by Neutron Time-of-Flight 

J. C. O V E R L E Y and H. W. L E F E V R E 

Physics Department, University of Oregon, Eugene, Or 97403 

Lithium concentration as a function of depth below the 
surface of a solid of otherwise-known composition is deter
mined by measuring neutron spectra from the 7Li(p,n)7Be 
reaction. Depths of the order of 50 μm are probed nonde
structively in a single measurement with a depth resolution 
of a few microns or better depending on host materials and 
operating parameters. Sensitivity in the absence of back
ground-producing materials can reach several atomic parts 
per million at 10% accuracy. Since at high concentrations 
measurements may be made in a few minutes, changes in 
lithium concentration caused by beam heating may be fol
lowed in real time. 

ip\if fusion rates and equilibrium concentrations of lithium in solids 
under various physical conditions are of both basic and applied 

interest. For example, most fusion reactor designs use e L i as a coolant 
and for tritium breeding. The vessel which contains the molten lithium 
should maintain integrity at high temperatures in intense radiation fields 
for long times. Lithium which diffuses into the walls of this vessel may 
affect its strength by its presence- and by internal generation of tritium 
and helium through the 6 L i ( n , f ) 4 He reaction. These difficulties may be 
aggravated if diffusion is enhanced by high radiation fields. 

A variety of methods using nuclear reactions to determine depth 
profiles of selected materials have been described (1,2,3,4). Here we 
describe a related technique for measuring lithium concentrations in host 
materials of otherwise-known composition. It involves time-of-flight 
measurements of neutron spectra from the 7 L i ( p , n ) 7 B e reaction within 
the sample. A range of depths may be probed nondestructively in one 
measurement. A t high concentrations measurements may be made in 
minutes. They may be made under varying temperature conditions and in 

282 
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12. ovERLEY A N D L E F E V R E Concentration Profiling of Lithium 283 

the presence of some types of radiation. Similar techniques have been 
applied elsewhere (5) to deuterium and tritium concentration profiling. 

Method 

Qualitative. When protons with energy greater than 1.88 M e V are 
incident on a target containing lithium, neutrons are produced via the 
7 L i ( p , n ) 7 B e reaction. If the target is thick, a neutron energy continuum 
results because the protons continuously lose energy as they penetrate the 
target. Such continua have been studied (6,7) in detail by time-of-flight 
techniques for other purposes in our laboratory. The experimentally 
determined quantities are the number of neutrons detected per flight time 
interval as a function of flight time. 

Figure 1 shows two examples of flight time spectra, obtained at 0° 
with respect to the incident proton beam. Flight time increases to the 
left, and therefore neutron energy increases to the right. The sharp peak 
at the extreme right is caused by γ-rays produced by protons interacting 
in the target. The remaining structure is attributed to neutrons. The 
upper curve was obtained with a pure lithium metal target. The kinematic 
edge at channel number 700 corresponds to neutrons of maximum energy 
which are produced at the front surface of the target. The decrease in 

500 700 900 
CHANNEL NUMBER 

Figure 1. Time-of-flight spectra for apure lithium target (upper 
curve) and a gold target containing diffused lithium. Flight time 
is inversely proportional to channel number, and channel width 
is 0.46 nsec/channel. Data for these spectra were obtained at 
a proton energy of 2.85 MeV and a 2 m flight path. Integrated 
beam current was 500 / iC for the lower curve and 10 / iC for the 

upper curve. 
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284 RADIATION E F F E C T S ON SOLID SURFACES 

the number of detected neutrons near channel 550 is mainly caused by a 
decrease in reaction cross section which occurs for proton energies below 
2.25 M e V . The incident beam energy was 2.85 M e V for these spectra. 
The lower curve was obtained with a gold target containing diffused 
lithium. The integrated beam current for this spectrum was 50 times 
greater than that for the pure lithium target. 

The number of neutrons detected at a given flight time is related to 
the lithium concentration at a certain depth in the target. This depth may 
be deduced by calculating how much energy the incident protons must 
have lost to produce neutrons with the given flight time and then applying 
known proton energy loss relations. The lithium concentration as a func
tion of depth for the gold target shown in Figure 1 is intimately related 
to the ratio of the two spectra. 

Neutrons from the 7 L i ( p , n ) 7 B e * reaction which appear for proton 
energies above 2.38 M e V complicate the quantitative analysis of lithium 
concentration, but not intractably so. Since they constitute only about 
10% of the total neutron yield at these energies, we shall neglect them 
here for simplicity. 

Quantitative. The neutron energy spectrum can be expressed in 
absolute terms as the number of neutrons per proton produced with 
energy En at angle θ per unit energy and solid angle interval. For protons 
slowing down in a thick target and for population of a single final state, 
the absolute energy spectrum is (7) : 

c ΙΊΡ \ — Nn(En,°) σ(0) dEp neutrons m 

W n ) = Np
 = ~ d Ë ~ n proton - M e V - sr U ] 

where σ(θ) is the differential reaction cross section for protons of energy 
Ep> and c is the compound stopping cross section per reactive atom i n the 
target. A l l quantities except € are characteristic of the nuclear reaction 
while c is characteristic of the atomic composition of the target. 

The compound stopping cross section per lithium atom is given by: 

where n L and n H are number densities of lithium atoms and host atoms, 
respectively, and €L and c H are the corresponding atomic stopping cross 
sections. The latter are known to several percent for most elements. If 
the host substance consists of several different types of atoms, n H € H = 
SiUiCi where the summation extends over the constituents of the host 
material. 

To obtain the lithium content in a sample, one takes the ratio of the 
neutron spectrum from the unknown sample ( U ) to that from a pure 
lithium sample. From Equations 1 and 2 one obtains: 
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12. OVERLEY A N D L E F E V R E Concentration Profiling of Lithium 285 

SL(#n) ^LCL + ^HCH 

This expression contains the ratio of two absolute neutron energy spectra 
S ( E n ) . This ratio is obtained from measured time-of-flight spectra which 
we denote by N(t). If the two time-of-flight spectra are obtained under 
identical circumstances, N(t) may be substituted directly for S(En) since 
experimental parameters cancel. The atomic percentage of lithium is then: 

100 X , , . _ 100 Χ Γΐ + (φ™ - l) ±V (4) 
nh(x)+nH(x) " I ^ \Nv(t) J c H J 

This expression does not depend on experimental parameters, such as the 
neutron detection efficiency, which are difficult to determine absolutely. 
Neither does it depend explicitly on nuclear reaction parameters. 

When Equation 4 is evaluated at a neutron flight time t, the concen
tration is determined at a specific depth χ in the sample. This depth is: 

- s 
dEp dEn 

ni€L + n H € H dEn dt 
dt (5) 

W e do not evaluate Equations 4 and 5 directly, but we approximate 
them numerically. A depth increment Δχ is chosen arbitrarily. The 
proton energy at depth Ax in the target is calculated using the atomic 
stopping cross section for pure host material for protons at the known 
incident energy. Nuclear reaction kinematics are then used in a calcula
tion of flight times t and t + At for neutrons produced from lithium by 
protons at these energies. The average lithium content in the spatial 
interval Ax is calculated with Eqaution 4 with the ratio N L ( f ) / N u ( i ) 
determined by summing counts in the flight time spectra between t and 
t - f At. This first order l ithium content is used in Equation 2, and the 
stopping cross section obtained is used to calculate a revised proton 
energy at depth Ax. Revised neutron flight times and lithium content are 
calculated, and the entire process is repeated until self-consistency is 
achieved. The lithium concentration in the next depth interval is similarly 
calculated, using the now-known proton energy at depth Δχ. W e step 
through the target i n this manner. The number density of host atoms is 
held constant for the calculations presented here. One could easily use 
different assumptions in the iteration, however, such as keeping the total 
number density of atoms constant or maintaining constant total atomic 
volume. 
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286 RADIATION E F F E C T S ON SOLID SURFACES 

Experimental 

A pulsed proton beam is produced by the University of Oregon's 
5 - M V Van de Graaff accelerator. Beam pulse repetition rates are variable 
by factors of two from 0.0625 M H z to 2 M H z . The beam current is 
correspondingly variable without changing other operating parameters 
up to a maximum of about 5 μΑ. This is helpful when a wide range of 
neutron yields is encountered, as occurs when yields from pure lithium 
targets are compared with those from targets with dilute lithium concen
trations. A Klystron beam buncher compresses the time width of the 
beam pulses at the target to 1.2 nsec, full width at half maximum ( F W H M ) 
by impressing a 5-8 keV time-correlated energy modulation on the beam. 
The beam diameter at the target is determined by collimation and is 
0.15-0.8 cm. 

Two types of target chambers have been used in this work. One is 
equipped with a lithium furnace which enables thin lithium layers to be 
evaporated in situ. Since secondary electron emission during bombard
ment depends strongly on surface constitution, secondary electrons are 

8 0 0 0 h 

£ 6 0 0 0 h 

< 
ι 
ο 

Z> 
Ο 
ο 

4000 h 

2000 k 

450 550 
CHANNEL NUMBER 

650 

Figure 2. Partial time-of-flight spectra for a thin lithium layer evapo
rated on one side of an aluminum foil The curve displaced upward by 
2000 counts was obtained with the beam incident on lithium, the lower 
curve is for the beam incident on aluminum. Beam current was 0.2 μΑ 
at a 0.125 MHz repetition rate at a beam energy of 2.815 MeV. In
tegrated charge was 100 U.C. Flight path was 2 m, and the channel 

width 0.45 nsec/channel. The y-ray peak is off scale at channel 959. 
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12. OVERLEY AND L E F E V B E Concentration Profiling of Lithium 287 

Li on Heavy Duty AI Foil 

FRONT BACK 

J L J I L J l_ 
10 20 

DEPTH (MICRONS) 
30 

Figure 3. The time-of-flight spectra of Figure 2 transformed as if they repre
sented concentration profiles. The depth increment is 0.1 μm. 

suppressed by biasing the target at + 300 V with respect to its surround
ings. The other target assembly contains a 1.3-/on thick nickel foil through 
which the beam passes from the accelerator vacuum into air. Target 
samples are placed about 1 cm beyond the exit foil where they may be 
quickly positioned without venting the beam tube vacuum. 

The neutron detector is a proton-recoil scintillation counter consisting 
of a 1.27-cm thick plastic scintillator optically coupled to a high gain 
photomultiplier tube. A flight path of 2 m was used for most of this work. 
Biases are set to detect neutrons with energies greater than about 50 keV. 

A fast timing signal from the photomultiplier is used to start a time-
to-amplitude converter ( T A C ) . The stop signal is derived from a ferrite 
core beam pulse pickoff. The T A C output pulses are analyzed by an 
analog-to-digital converter and stored by an on-line PDP-7 computer. 
Overall time resolution may be gauged by the y-ray peak in Figure 1. Its 
ful l width at half maximum is about 1.5 nsec. Beam currents are inte
grated with an accuracy of 0.1% to a preset level. The current integration 
is corrected by a live charge measurement technique for large electronic 
dead times which are encountered with pure lithium targets. 

Figure 2 shows two more examples of flight time spectra. The target 
for these spectra was a thin lithium layer evaporated on heavy duty 
aluminum kitchen foil. The upper curve was obtained with a 2.8-MeV 
proton beam incident on the lithium layer. The two peaks are caused by 
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288 RADIATION E F F E C T S ON SOLID SURFACES 

neutron groups populating the ground state and first excited state of 7 Be. 
The lower curve was obtained with the target reversed so the beam 
traversed the aluminum before encountering lithium. The neutron peak 
is displaced to longer flight time (lower energy) because the proton 
beam lost energy in the aluminum. The peak is wider both because of 
energy loss straggling and because of effective stretching of the energy 
scale for long flight times. 

Resolution 

To illustrate depth resolution, the flight-time spectra of Figure 2 have 
been transformed as though they represented concentration profiles. 
Results of the transformations are combined in Figure 3. The left half 
shows the profile when the beam is incident on the lithium layer; the right 
half is for the beam incident on the aluminum side of the target The 
widths of the peaks—1.1 /on ( F W H M ) at the front surface and 2.4 /an 
at a depth of 24 μτη—quantitatively portray depth resolutions. 

Figure 4 summarizes expected depth resolutions ( F W H M ) as a 
function of depth for protons with energies of 4.8, 4.0, and 2.8 M e V inci 
dent on aluminum, copper, and gold. The curves terminate at a proton 
energy of 1.8 M e V and indicate the maximum depth which may be probed 
for each incident proton energy. The resolutions consist of the quadratic 
combinations of spreads from straggling, flight time spreads of 1.5 nsec, 
and a 5-keV incident beam energy inhomogeneity. Stopping cross sections 
and resolutions caused by straggling were calculated from the tables by 
Janni (8). The effects of flight time resolution were calculated for a 
neutron flight path of 2 m. For these parameters, depth resolution near 
the front surface of the target is limited by flight time resolution. Depth 
resolution may be improved by increasing neutron flight path, but ul t i 
mately incident beam energy spreads w i l l dominate. Where the curves 
rise with penetration depth, straggling is the main limitation on depth 
resolution. The calculations are in excellent accord with depth resolutions 
observed, as in Figure 3, for example. 

The diameter of the beam determines areal resolution. In principle, 
the beam diameter may be made as small as desired by appropriate colli-
mation (4) . However, as beams are made smaller, sensitivity suffers 
because beam intensities also decrease. In practice, beam diameters of 
about 1 mm are not difficult to obtain without appreciable loss. 

Sensitivity 

W e define the sensitivity of the technique i n terms of the minimum 
concentration of lithium atoms which can be conveniently measured. A t 
low concentrations Equation 4 may be written as: 
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12. OVERLEY AND L E F E V R E Concentration Profiling of Lithium 289 

K L ^ Nv(t) en / 6x 
r^L + r i H ~ tfL(0 € L 

Uncertainty in the measurement is governed mainly by counting statistics 
in the number of neutrons detected from the sample. For 1 0 % uncer
tainty, Nv(t) = 1 0 0 counts. We assume these counts are contained i n a 
100-keV neutron energy interval which is fairly typical of one depth reso
lution interval. W e assume further that the measurement requires 1 hr at a 
1-/AA beam current, that the neutron detection efficiency is 3 0 % , and that 
the detector has a diameter of 1 0 cm and is placed 1 m from the target. 

DEPTH (Microns) 

Figure 4. Depth resolution (FWHM) as a function of depth 
for targets of Al, Cu, and Au at incident beam energies of 
2.8, 4.0, ana 4.8 MeV. Effects included are: a beam energy 
spread of 5 keV, time resolution of 1.5 nsec, a flight path of 

2 m, and energy loss straggling. 

The number of neutrons detected from pure lithium under these experi
mental circumstances is calculated to be about 2.1 χ 1 0 8 . Combining 
these factors with typical values of stopping cross sections yields meas-
ureable concentrations of about 2 ppm of l ithium i n aluminum, 3 .5 ppm 
i n copper, and 5 ppm i n gold. 

These figures are somewhat misleading because the effects of back
ground subtraction have not been included i n the uncertainty i n N\j(t). 
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290 RADIATION E F F E C T S ON SOLID SURFACES 

One type of background is uncorrected with time. This arises in part 
from room-thermalized neutrons inducing (η,γ) reactions in the target 
room. This type of background may be substantially reduced by appro
priate shielding and through rejection of γ-ray events by pulse shape 
discrimination. This type of background may be reduced to less than 
100 counts/hr per 100 keV neutron energy interval. Since this background 
is small and because it can be estimated from the interval between the 
y-ray peak and the neutron kinematic edge (see Figure 1), it does not 
importantly affect sensitivity. 

A more important source of background arises from neutrons scat
tered from the target chamber and other nearby objects into the detector. 
This background is time correlated and appears as a long flight time tail 
on monoenergetic neutron peaks (see Figure 2). It may often be meas
ured by shadow bar techniques, but since it may exceed the signal of 
interest by a large factor, it may severely limit sensitivity. One trick for 
minimizing the effect of this background is to have the incident proton 
beam travel from low to high lithium concentrations. Under these circum
stances a dynamic range of 10 5 in detected lithium concentration is pos
sible. This is illustrated in Figure 3. W i t h the beam incident on the 
lithium surface layer, a lithium concentration of several percent is inferred 
within the aluminum. W i t h the beam incident on the other side, back
grounds are not as large, and the lithium concentration is inferred to be 
less than 0.02%. This run has not been fully corrected for background, 
and the data were obtained in a few minutes instead of 1 hr. 

A more important source of background stems from (p,n) reactions on 
particular constituents in the host material. Fortunately, the 7 Li(p,n) 7 Be 
threshold energy is uncommonly low so that for most substances there is 
at least a small proton energy interval where contaminant reactions cannot 
occur. Cross sections for the 7 L i ( p , n ) 7 B e reaction are also uncommonly 
high, with a value in excess of 40 mb/sr for a range of energies. Cross 
sections for competing reactions generally decrease with atomic number. 
For example, 3 7 C l ( p , n ) 3 7 A r has a differential cross section at 2 M e V of 
about 2 mb/sr while that for 5 9 C o ( p , n ) 5 9 N i is about 0.05 mb/sr (9). 

To check the influence of contaminant reactions in a practical case, 
we measured the neutron time-of-flight spectrum resulting from bombard
ment of type 301 stainless steel by a 3.8 M e V proton beam. The spectrum 
was transformed as though it represented a lithium concentration profile 
without subtracting backgrounds of any kind. Type 301 stainless steel 
contains about 16-18% chromium and 6-8% nickel. Target isotopes 
which can produce contaminant reactions and the proton energy at which 
they become possible are ^ C r (1.41 M e V ) , 5 7 F e (1.64 M e V ) , ^ C r (2.2 
M e V ) , M N i (2.5 M e V ) , 5 8 F e (3.15 M e V ) , e i N i (3.06 M e V ) . A l l in al l , 
about 5% of the atoms in the target can contribute to the neutron yield. 
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12. OVERLEY AND L E F E V R E Concentration Profiling of Lithium 291 

If these neutrons were mistakenly ascribed to lithium, a Hthium concen
tration of 0.4% would be inferred. W i t h a separate background measure
ment and assuming that a 10-to-l background-to-signal ratio is tractable, 
sensitivities of 400 ppm of lithium should be attainable in type 301 stain
less steel. Higher sensitivities would be achieved if pulse shape discrimi
nation were used. 

Examples 

Several years ago, while investigating suitable substrates for evapo
rated lithium targets, we evaporated some lithium on gold. It was 
apparent after washing off the lithium with water that the surface had 
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Figure 5. Lithium concentration profiles for 
two Li-Au targets (I and II). For insets A , run
ning parameters were the same as for Figure 2. 
Insets Β are after about 5 min of heating with 
a beam current of about 1.8 μΑ. Insets C are 
after 15 min of heating with a beam current of 

about 3.3 μ A. 

been altered. When we started these studies it was natural that this 
sample was one of the first candidates for investigation despite its indefi
nite history. Figure 5, IA and IIA, show the lithium profiles obtained 
from two targets (I and II) cut from the original piece. Results were 
puzzling, particularly since the concentration deduced at any depth 
depended on incident proton energy. Either the assumption that the 
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292 RADIATION E F F E C T S ON SOLID SURFACES 

l ithium and gold were intimately mixed was faulty, perhaps because of 
grain structure, or there were unknown, irregularly distributed contami
nations in the gold sample. 

The results of Figure 5 IA and IIA, were obtained at low beam 
currents and a proton energy of 2.8 M e V . After obtaining them, beam 
current was increased, and the targets were heated with a beam power 
of about 5 W . After about 5 min of heating at an indefinite temperature, 
probably of the order of 100°C, the results shown in IB and IIB were 
obtained. Adequate counting statistics could be compiled in less than a 
minute, and changes were observed in successive flight time spectra. 

100 

ο 
< 

ο 

I 

50 60 20 30 

DEPTH (Microns) 

Figure 6. Lithium concentration profiles for 
two Li-Al samples: Curve A is from a Li-Al melt 
in vacuum. Curves Β and C are from a melt done 
in an argon atmosphere. Data for Β and C were 
obtained at positions separated by 2.5 mm. For 
these data the 4 MeV beam was brought into air, 

and the flight path was 10 m. 

After an additional 15 min of heating at a beam power of about 10 W , the 
lithium distributions stabilized at the values shown in IC and IIC. 
These deduced concentrations were independent of incident proton 
energy. 

Figure 6 shows an example of areal resolution. W e have made a few 
attempts at producing a L i - A l intermetallic compound for use as a stable 
neutron source target of standard strength. In one such attempt, a lithium 
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12. ovERLEY AND L E F E V R E Concentration Profiling of Lithium 293 

and aluminum mixture in a B N crucible was heated in vacuum. In another 
attempt, the mixture was contained in a stainless steel boat and heated i n 
a tube furnace in an argon atmosphere. Curve A shows the lithium profile 
from the first melt. Curves Β and C are for the second melt and were 
obtained at points separated by 2.5 mm. In each case, the sample surface 
which had been next to the crucible wall was bombarded. For the second 
sample the lithium concentrations are low near the surface, and significant 
changes occur over distances of less than 2.5 mm. These data were 
obtained with a proton bombarding energy of 4.0 MeV, the samples were 
located in air, and the neutron flight path was 10 m. No corrections for 
excited state neutrons have been made, and we have assumed that the 
number density of aluminum atoms is the same as that for pure aluminum. 
Deviations from the latter assumption wi l l primarily alter the depth scale. 

Conclusions 

There are some advantages in using neutron time-of-flight techniques 
in depth profiling analyses. When probing with charged particles at 
depths of several microns or more, resolution is usually limited by energy 
straggling. Since neutrons are not susceptible to atomic energy loss 
mechanisms, greater depths and better resolutions may be achieved than 
with charged particle reactions at comparable energies. Resonance tech
niques involving γ-rays also have this advantage, but concentrations must 
be determined point-by-point. For near-surface concentration analysis, 
heavy ion reactions and backscattering measurements can provide superior 
depth resolution. However, resolution in these cases is often limited by 
energy uncertainties introduced by common charged particle detectors. 
A t sufficiently low energies, time-of-flight techniques are limited by inci 
dent beam energy spreads which are often much smaller. 

There are, to be sure, disadvantages inherent in neutron time-of-flight 
methods. The apparatus required is more complex and not as generally 
available as that used for other nuclear techniques. L o w cross sections 
and inefficient neutron detection may require large beam currents which 
might prove destructive to some samples. L o w cross sections and high 
backgrounds may also severely limit sensitivity. The situation for lithium 
profiling by neutron time-of-flight is particularly felicitous because of the 
large (p,n) cross section and low threshold energy. 
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Two Methods Using Ion Beams for Detecting 
and Depth Profiling Light Impurities in 
Materials 

B. T E R R E A U L T , M . L E R O U X , 1 J . G. M A R T E L , and R. ST-JACQUES 

Centre de l'Energie, INRS, Université du Québec, Varennes, Québec, Canada 

C. BRASSARD, C. C A R D I N A L , J. C H A B B A L , L . DESCHÊNES, 
J. P. LABRIE, and J. L ' E C U Y E R 

Laboratoire de Physique Nucléaire, Université de Montréal, 
Montréal, Québec, Canada 

We describe two methods of detecting and depth profiling 
light elements (H to O) implanted into higher Ζ materials 
without sample erosion. The first method, to detect simul
taneously C, N, and Ο in films a few micrometers thick uses 
Li-induced nuclear reactions producing fast forward alphas 
and deuterons. The detectability limits are about 10-7 

g/cm2, and the resolution is 0.15 μm. The second method 
can profile all elements lighter than carbon in thin or thick 
samples. The atoms knocked out of the targets are detected 
by 10—40 MeV heavy ions. Isotopes are distinguished; a 
detectability limit of 10-9 g/cm2 and depth resolution of 
300 Å were obtained, but 10-10 g/cm2 and 100 Å are possible. 

'TPhis paper deals with methods of detecting, i n a nondestructive way, 
light impurity elements in the first few micrometers or less of the 

surface of materials and of measuring their depth distributions. This is 
accomplished by using a collimated beam of mono-energetic particles as 
a probe. One then detects and energy-analyzes particles emerging from 
the interaction of this beam with impurity atoms which may be elas-
tically scattered beam particles, recoiling impurity atoms, or the products 
of a nuclear reaction. A general microanalysis apparatus is shown i n 

1 Present address: Alcan Aluminium, Laboratoire Analytique, Bâtiment 109, 
Arvida, Québec, Canada. 
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296 RADIATION E F F E C T S ON SOLID SURFACES 

Figure 1, which is referred to throughout for the definition of kinematical 
and geometrical quantities. Any particular method is characterized by 
(1) specificity and mass resolution, (2) sensitivity, and (3) depth 
resolution. 

A nuclear reaction is highly specific; it picks out one isotope of one 
element. W i t h the help of the kinematics one can often weed out all 
but the interesting process and obtain very clean signals. Conversely, 
to detect a wider range of impurities simultaneously, one may use elastic 
scattering. Impurities are distinguished by the atomic mass dependence 
of the energies and angles of the scattered beam and recoil. 

Figure 1. A typical microanalysis apparatus (not to scale) 

A high sensitivity is important not only because of time and money 
considerations but also because beam intensity and/or exposure time 
cannot be increased arbitrarily without excessively heating the sample 
and/or inducing structural changes, migration of impurities, or radiation 
damage. In this chapter we wi l l use the following conventional definitions: 

Sensitivity, S, is the mass of contaminant per unit area which can be 
measured in 1000 sec with maximum practical beam current, with a 10% 
statistical uncertainty after subtraction of background (if any). 

Detectability limit is a quantity 1/10 as large. 
If the beam and/or detected particles are charged, they lose energy 

continuously on their way into or out of the target so that the depth of 
implantation of the impurity can be deduced from the energy E 2 ( D ) of 
the particle as it reaches the detector. From Figure 1, one obtains: 
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13. TERREAULT E T A L . Light Impurities in Materials 297 

E2(D) = / [# i (0 ) -Beead(dE1/dx)] - sec β ^ (dE2/dx) (1) 

where / is the fraction of the beam energy transferred to the detected 
particle in the collision and depends on Eu Θ, and the masses, and 
(dElt2/dx) are the average energy losses per unit distance of the beam 
and detected particle, respectively. In the curly bracket of Equation 1, 
d applies in the "backward* geometry (detector Ό χ) and (t — d) i n the 
"forward" or "transmission" geometry ( detector D2 ). Hence, while mass 
resolution depends on the energy resolution 8 E 2 and the kinematical fac
tor f, depth resolution depends on SE2, kinematics, dE/dx, and the 
geometry. 

Previous Work 

The Rutherford backscattering (RBS) of light ions ( J , 2, 3) , so 
successfully used in detecting heavy impurities, is hardly applicable to 
light elements because of the Z 2 dependence of the cross section. Only 
at high concentrations and with suitable modifications has it been applied 
in this case. Blewer (4) devised a method applicable to thin targets 
(ca. 1 μτα) and impurity concentration of the order of 1 at. % or more. 
The method of Roth et al. (5) is practical at concentrations of the order 
of 100 at. % , is rather indirect, and cannot separate the effects of two 
or more different impurities. 

Other authors (6, 7, 8) have detected in coincidence the elastically 
scattered beam and the recoil, in the forward direction, through thin 
samples. Of these methods, that of Moore et al. (8), thanks to the use of 
heavy ion beams and hence high Ζ and large (dE/dx), is capable of the 
best sensitivity and depth resolution, and they obtained S ~ 10"8 g / cm 2 

and Sd ~ 1000 A with a mass resolution δΜ/Μ ~ 0.1. The limitations 
are the necessity of very thin samples (~0 .2 /AIII ) and complicated 
electronics. 

The most-used methods of microanalysis of light elements have been 
nuclear reaction methods. The extensive literature on the subject has 
been well reviewed ( J , 2, 9,10,11). Sensitivities of 10" 8 g/cm 2 and depth 
resolutions down to a few hundred angstroms have been obtained i n 
some cases. One may note that the best results for a particular chemical 
impurity have sometimes been obtained for a rare isotope rather than 
the one most likly to be encountered in practical problems. 

Recently we performed some analyses (12,13) with two new meth
ods we had devised. In the descriptions which follow we w i l l stress the 
principles, some aspects of which were not treated in any detail in these 
short communications, and we w i l l report some refinements of the 
analyses. 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

6 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
6-

01
58

.c
h0

13
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Detection of Carbon, Nitrogen, and Oxygen by 
Lithium-Induced Nuclear Reactions 

Principle of the Method. The method is distinguished by the 
following: 

(a) It uses nuclear reactions induced by a e L i beam which allows 
simultaneous detection of the three common contaminants 1 2 C , 1 4 N , and 

(b) These reactions give in the forward direction fast deuterons 
and alphas which are easily separated by a ΔΕ — Ε telescope. 

(c) These reactions have high-to-very high cross sections, but L i 
reactions on heavier elements (background) fall rapidly with mass. 

(d) The detection around 0 = 0° allows a very large counter solid 
angle without loss of energy resolution because dE2/E2 « sin Θάθ, so the 
ldnematical spread is only a second-order effect. 

The detecting apparatus is shown in Figure 2. The 7-MeV e I i beam 
was provided by the Université de Montréal tandem accelerator. The 
tantalum disc protects the detector from the direct beam and leaves an 
effective counting solid angle of 5 χ 10"2 sr. The nickel foils stop elas-
tically scattered L i atoms but let through fast alphas, deuterons, and 
protons which are separated digitally on-line by comparing their energy 
losses in the ΔΕ and Ε counters. A detector at 45° monitors the yield of 
Rutherford scattering, giving the product of target thickness by beam 
current. 

The cross sections of the reactions observed are shown in Table I 
with the expected sensitivities. The cross sections of the three reactions 
actually used in the analysis were measured in C 0 2 and N 2 gas targets as 
a function of energy. The results, shown in Figure 3, illustrate one 

1 β Ο. 

ALL DIMENSIONS IN CM. 
DETECTOR SENSITIVE 
AREA : 300mm 2 

-ABSORBER 
N i : llmg/cm 

Figure 2. Target and detection apparatus used in C , 
N, and Ο detection by Li-induced nuclear reactions 
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Table I. Forward Differential Cross Section at 6.7 MeV and 
Corresponding Sensitivities w i t h a 100-nA e L i + 3 Beam 

da/dO S 
Reaction (V>/st, ± 8%) (fig/cm2) 

1 2 C ( 6 L i , d ) 1 6 0 200 1.2 
1 4 N ( 6 L i , d ) 1 8 0 200 1.3 
1 4 N( 6 Li , « ) 1 6 0 65 4.0 
1 6 O ( 6 L i , d ) 2 0 N e 480 0.6 

difficulty with nuclear reactions—the unpredictable cross sections com
plicate the analysis and require tedious measurements. The depth reso
lution is limited by straggling in the nickel foils and is calculated to be 
0.15 /xm ( F W H M ) . 

Results w i th Niobium T h i n Films. Thin targets of niobium to be 
used in a study of sputtering (14,15), ca. 1 /un thick, were prepared by 
sputter deposition on copper backings which were then dissolved i n 
nitric acid. X-ray diffraction and electrical resistivity measurements 
showed that the films prepared under some well defined conditions of 
deposition had the structure and atomic spacing of bcc niobium and 
contained little impurity. 

The capabilities of the method are demonstrated in Figure 4. The 
effectiveness of particle separation is shown in 4a. In 4b the energy 

Figure 3. Energy dependence of the forward differential cross sections of the 
reactions used in the analysis of C, N, and Ο in niobium thin films 
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Figure 4. (a) Particle identification spectrum obtained in the analysis of a 
Ν b thin film by a 6Li beam, (b) Energy spectrum of the alphas from the above 
run. (c) Deuteron energy spectrum obtained with a target of tungsten oxide 
on carbon, (d) Deuteron energy spectrum obtained with a niobium thin film, 

showing carbon ana oxygen contaminants on the surfaces. 

resolution is indicated. The upper and lower peaks are caused, respec
tively, by the reactions where the residual nucleus 1 β Ο is left in its ground 
and first excited states. In 4c we show a spectrum obtained with a very 
thin layer of W 0 3 on a carbon backing. The carbon and oxygen signals 
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13. TERREAULT E T A L . Light Impurities in Materials 301 

Table II. Concentrations by Weight of Contaminants Measured in 
or on Four Sputter-Deposited Niobium Thin Films 

Film Thickness 12C 14N 160 
(pg/cm2) (ppm) (ppm) (ppm) 

850 1040 21 650 
900 500 12 300 

1250 340 7 280 
1600 175 39 150 

are well separated. Finally in 4d we see the same peaks as i n 4c, but 
with a niobium film. The splitting of each of the peaks shows that most 
of the contaminants are on the surfaces of the films; the width of the 
sub-peaks indicates the depth resolution. The concentrations of con
taminants found in or on four films analyzed are given in Table II. The 
nitrogen amounts detected correspond to less than one monolayer of N 2 . 

(b) 
Figure 5. A schematic ERD apparatus in two 
different geometries. Particles stopping in the tar
get or in the absorber are distinguished from those 

stopping in the detector (not to scale). 
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Depth Profiling of Light Impurities by Elastic Recoil Detection (EKD) 

Apparatus. In the E R D method, two detecting setups, both very 
simple, are possible. They are shown schematically in Figure 5. The 
first variant (a) works with targets up to 5 /xm thick. A beam of heavy 
ions ejects forward the target atoms by Rutherford collisions. The 
(target - f absorber) thickness is designed to stop the beam and the 
ejected heavy target atoms, but not the light impurities. A large detection 
solid angle 10"2 sr) is allowed thanks to the kinematical singularity 
referred to earlier in the section on the Li-beam method. The second 
variant of the method (b ) , with thick targets, works on the same principle 
except that the detecting angle θ cannot be zero, and consequently the 
counting solid angle must be closed down to about 10"4 sr. 

Detectability and Mass Resolution. To obtain good energy and 
mass resolution, the ejected impurity atom must lose not too large a 
fraction of its energy in the (target + absorber) which must stop "back
ground" atoms (beam, ejected heavy target atoms). Hence follow the 
following criteria: 

( 1 ) The impurity is "detectable" if its range is three times that of 
the longest-ranged background atom (at the angle Θ). 

(2) The impurity is "marginally detectable" if the ratio of the 
ranges is between two and three. 

Table III shows the recoil energies and ranges for various con
taminants in nickel, with three different beams and three detection 
angles Θ. The energies of the 1 6 0 and 3 5 C1 beams optimize roughly the 
depth resolution. A much more energetic 7 9 B r would be desirable, but 
it is not commonly available. The ranges are from Northcliffe and 
Schilling (16). The detectable impurities are framed by solid lines in 
the table, those marginally detectable by dashed lines. The CI beam is 
clearly preferable. It is also clear that with thick targets, the detection 
angle θ w i l l have to be kept smaller than about 30°. W i t h "fine tuning," 
carbon should be detectable; heavier elements w i l l require substantial 
modification of the E R D method. The mass separation is ca. 2 M e V / a m u 
(Table III) . Hence, if two impurities have a mass difference δΜ (amu), 
from Equation 1, they are distinguishable if: 

ά(μτη) ZhM (2 M e V / a m u ) / ( 1 0 MeV//xm) = 0.2 8M(amu) 

Sensitivity. The Rutherford differential cross section: 

da/dn = Ζλ
2Ζ2

2 e 4 ( i^ i + Μ2)2/±Μ2
2ΕΧ

2 cos3 θτ 

simplifies for M i > > M2 and M ~ 2 Ζ to: 

άσ/da ~ Z i 4 e 4 /4# i 2 cos3 0r, (0r = recoil angle) 
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13. TERREAULT E T A L . Light Impurities in Materials 303 

i.e., it is nearly independent of Z 2 contrary to the case of RBS of light 
ions on heavy impurities. W i t h a thin target and 1 W / c m 2 beam, the CI 
and Ο beams give S ~ 10"8 g / cm 2 , and the B r beam gives S ~ 10"9 g / cm 2 . 
W i t h thick targets, the sensitivity would be worse by about one order of 
magnitude. 

Table III. Ranges and Recoil Energies (in parentheses) of Various 
Atoms Embedded in Nickel under the Impact of Various 

Projectiles and at Various Angles of Detection θ 
Range (mg/cm2) and Energy (MeV) 

Beam θ Beam 59Ni SH 4He 7Li 12Q 

0 ° 2.8 1.2 1 9 1 4 12.3 Γ 7 . 7 Ί 3.6 
i e 0 (10 ) (6.7) (2.2) (5.3) (6.4) I (8.5) (9 .8) 

3 0 ° 2.6 1.0 1 2 1 0 8.5 1 5.6 2.9 
10 M e V (9.3) (5.0) (1 .7) (4.0) (4 .8) Î_(_6-iL (7.4) 

6 0 E 2.2 0.4 2.8 2.2 2.5 2 .0 1.3 
(7.6) (1.7) (0 .55) (1 .3) (1.6) (2 .1) (2 .5) 

0 ° 3.9 3.0 3 3 2 7 2 6 18.5 J " 8.0 "J 
3 5 C 1 (30) (28 .1 ) (3.2) (8 .7) (11) (16 .7) L(22.8)J 

3 0 ° 3.5 2.5 2 2 1 8 1 7 12.5 3.ÏÏ 
3 0 M e V (25 .5) (21 .1 ) (2.4) (6 .5) (8 .3) (12 .5 ) ( 17 .1 ) 

6 0 ° 2.6 1.3 4.5 3.9 4.3 3.7 2.3 
(15 .7) (7 .0) (0 .81) (2.2) (2.8) (4 .2) (5.7) 

0 ° 3.7 3.7 1 6 1 4 14.5 Γ 7 . 3 " ! 6.4 
7 e B r (40) (39.2) (2 .0) (5.6) (7 .2) !_(9.0)j (18.4) 

3 0 ° 2.9 3.1 11 9.5 1 0 6.0 4.9 
4 0 M e V (26 .5 ) (29.4) (1 .5 ) (4 .2) (5.4) (6.8) (13 .8) 

6 0 ° none 1.6 2.5 2.3 2.8 2.2 1.9 
(9.8) (0 .5) (1.4) (1 .8) (2 .3) (4.6) 

Depth Resolution. The depth resolution is dominated by the energy 
loss of the heavy ion and the straggling of the light atom. Also as a 
result of the dependence on M x and M 2 of the energy transfer factor / , 
the Ζχ dependence of the energy loss, and the Z 2 dependence of the 
straggling, it turns out that the depth resolution is, very roughly, inde
pendent of beam and impurity, except if M 2 is very different from 2 Z 2 . 
W i t h a combined (target traversed + absorber) thickness of 5 m g / c m 2 

as required to stop background atoms, one gets for the straggling 8 E ( 8 ) 

45 Z 2 (keV) and with a detector intrinsic resolution of 30 keV, then: 

withikf 2 = 2 Z 2 , hd ~ 300 cos α/cos 2 θ ( F W H M i n A ) 
M2 — Z2 (protons) , Sd ~ 500 cos a/cos 2 θ 
M2 = 3Z2 (tritons), Sd ~ 200 cos a/cos 2 θ 

Results with Hydrogen and Lithium in Copper. W e fabricated by 
evaporation on carbon or copper backings sandwich targets with two 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

6 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
6-

01
58

.c
h0

13



304 RADIATION E F F E C T S ON SOLID SURFACES 

minute layers ( ^ 1 / A g / c m 2 ) of "impurity" (isotopic 7 L i F or natural 
L i O H ) separated by 25-135 f ig /cm 2 of copper. Beams of 25-40 M e V and 
about 10 nA of 3 4 C 1 + 5 were used. Absorbers were nickel foils of 5-7 μία. 
Only the thin target geometry (0 = 0°, A Q = 1 0 r 2 s r ) has been tested 
successfully because the standard target holder shadows the sample for 
a > 65°. 

Figure 6a shows the mass discrimination capability. The ratios of 
the heights of the e L i and 7 L i peaks agree with the natural abundances. 

3000 

CO 

Z 

o 2000 

ΟΤ UJ 
ω 2 

1000 

INCIDENT PARTICLES 
35 

α 
C / o t 35 MeV 

TARGET 
LiOH+Cu+LiOH+Copper booking 

r - X 5 

? Li, 

JL 

6 " , | fi 

li Η 70C 

600 

500 

400 

300 

200 

100 

100 200 300 400 
CHANNEL NUMBER 

500 

Figure 6. (a) Energy spectrum of particles ejected from two 
hyers of natural LiOH separated by 1000 À of copper. Var
ticles coming from the first and second hyer are labeled 0 and 
1. Peak Pg is hydrogen on the back surface of the copper 
backing, probably caused by accumulation of water vapor. 
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13. T E R R E A U L T E T A L . Light Impurities in Materials 305 

The H - t o - L i ratios however are different in the two layers of L i O H , 
giving evidence for water vapor introduced at the interface between 
successive evaporations. 

Figure 6 b - d shows the depth resolution i n more detail than i n 6a. 
The target thicknesses are nominal, based on evaporation time. The 
peaks are somewhat wider than calculated, so it is possible that the 
energy resolution was underestimated. However the distances between 
the peaks are also larger than -expected by factors of 1.5-1.9, indicating 
that either the (dE/dx) of the heavy ions or the copper thicknesses are 
larger than we think. These thicknesses have been concurrently or sub
sequently measured by other methods. Alpha particle energy loss gave 
values consistent with the peak separations above while both the yield 
of Rutherford scattering of the beam on the copper and the C u x-ray 
fluorescence yield are consistent with the nominal values. The sensitivity 

INCIDENT PARTICLES ~| 
3 5 C / ot 35 MeV 
TARGETS 7 L i

 7 L i 0 

LiF + Cu + LiF + C ι ι 

400 ! 1 
300 _ Ax(Cu) = 300A 

200 -

100 -

OU
 N

TS
 

800 
7 υ , " Ί c 

~Ax(Cu)*750A : 7 . : 
0 ο 600 ; Γ 

u. ο 400 ! 

M
BE

R 200 
1 f' . ν 1 

Ζ 
800 *: 7 L i 0 b 

Ο 1 
600 Ax(Cu)«l500A j 

400 
200 

. 1 .*··- <w/ \ L _ • a - e e : i L _ J 

400 500 
CHANNEL NUMBER 

Figure 6. (b-d) Energy spectra of par
ticles from two layers of isotopic 7LiF 
separated by various amounts of copper. 
In (b) and (c) the target surface was 
normal to the beam; in (d) it was tilted 

at 30° to the beam. 
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306 RADIATION EFFECTS ON SOLID SURFACES 

estimated by using the nominal amounts of lithium compounds is S = 
10"8 g / cm 2 which agrees with calculations. 

More carefully prepared and characterized targets wi l l have to be 
used to check the details of the method. However a mass separation of 
1 amu, a depth resolution of a few hundred angstroms, and a detection 
limit of about 10"9 g / cm 2 have been achieved by E R D without special 
care. 

Future Prospects. We attempted in thick target geometry with 
a = β = 65° and θ = 50° to detect helium implanted in niobium. The 
signal as expected was a broad shoulder on the upper edge of the back
ground from the elastic scattering of the beam. It w i l l be a relatively 
simple matter to build a target holder allowing incidence and detection 
at grazing angles. Clearly this thick target method is the one which must 
be developed for many applications. 

Going a step further one realizes that the depth resolution and the 
possibility of analyzing heavier impurities by E R D are both limited by 
the need for an absorber to eliminate the backgorund. The obvious 
solution is to use magnetic separation. One needs a magnet of 10"4 sr 
acceptance (with thick targets), and one has then in reality a high energy 
secondary ion mass spectrometer ( " H E S I M S " ) differing from the stand
ard SIMS in that atoms are extracted from depths down to thousands of 
angstroms instead of the first few monolayers, with a depth resolution 
better than 100 A and without significant erosion of the surface. 
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Lattice Location Studies of Gases in Metals 

F. L . VOOK and S. T. PICRAUX 

Sandia Laboratories, Albuquerque, New Mex. 87115 

Ion channeling and nuclear microanalysis techniques can 
determine the crystallographic lattice locations of implanted 
or dissolved gases in single crystal metals. Ion-induced nu
clear reaction, x-ray, or backscattering measurements of 
channeling angular yield distributions along specific axes 
and planes clearly indicate lattice locations of gases for high 
symmetry sites. Interstitial and substitutional sites can be 
clearly distinguished. Light gas atoms such as hydrogen 
and oxygen occupy well defined interstitial positions, 
whereas heavier noble gas atoms do not occupy well de
fined interstitial or substitutional sites. In bcc metals deu
terium is located in tetrahedral sites in W, Cr, and Mo at 
low temperature and in distorted octahedral sites in Cr and 
Mo at higher temperatures. For implanted He in W, mul
tiple He atoms are trapped by lattice vacancies. 

T V ^ a n y of the physical properties of metals are modified by the presence 
and lattice location of gases. In particular, the nature of hydrogen 

and helium in metals has applications to reactor technology, aerospace 
propulsion, the hydrogen economy, and hydrogen-doped superconduc
tors. The interaction of hydrogen with structural materials has had 
renewed interest with the increased use of ordinary Ή as an aerospace 
and terrestrial chemical fuel and with the growing interest in the heavier 
isotopes, deuterium and tritium, as nuclear fusion fuels. The techno
logical importance of hydrogen and helium in metals includes the effects 
of embrittlement at low concentrations and hydrogen storage in hydrides 
at high concentrations. In addition, the first wall structural material for 
controlled thermonuclear reactors and the fuel cladding for fast breeder 
reactors w i l l include metals that w i l l be subject to large fluences of 
hydrogen and helium. 

The microscopic lattice location of hydrogen and helium in solids 
bears on the solubility and migration of these gases, which in turn is 
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14. νοοκ A N D piCRAux Lattice Location Studies 309 

important for understanding such effects as damage trapping, bubble 
nucleation, embrittlement, and blistering in reactor environments. Most 
of these physical processes involve the near-surface regions of solids and 
can be examined by newly developed experimental techniques using ion 
channeling. Reference 1 presents a recent review of the lattice location 
of impurities by channeling. 

Lattice Location by Channeling 

The channeling technique is one of the few techniques that gives 
direct lattice location information. For interstitials it has been applied 
only in a few cases to give detailed results. In this section we use lattice 
location channeling measurements of implanted deuterium in W , Cr , 
and M o to illustrate the technique. 

The controlled introduction of hydrogen isotopes into the near-
surface region by ion implantation allows the study of metal systems with 
low hydrogen solubility. Such systems are difficult to investigate by 
traditional techniques such as neutron diffraction or N M R which nor
mally require high concentrations throughout the crystal. In contrast, 
the ion channeling technique requires moderately high concentrations 
(~ 0.1 at. % hydrogen) only near the surface, and this can easily be 
achieved using ion implantation. Ion channeling also has been used to 
investigate the lattice location of dissolved gases in metals. For example, 
deuterium in N b (2, 3 ) , a metal with high hydrogen solubility, has been 
investigated. Other location experiments are summarized below. 

Results have been reported for the lattice location of deuterium 
implanted in the V I B transition metals W , Cr , and M o (4, 5, 6). The 
early experiments were made at room temperature since the hydrogen 
diffusivity in these metals is relatively low. More recently the measure
ments have been carried out at 90 Κ as well as room temperature for 
Cr , Mo , and W (6). No other information is available for the lattice 
location of deuterium in these metals because of their low hydrogen 
solubility. Results of the studies show that the implanted deuterium 
occupies well defined lattice sites in these materials and that the location 
depends on implantation and anneal temperatures, implanted concentra
tion, and state of radiation damage. 

Measurements. In the studies of W , Cr , and M o the D or 3 H e atoms 
were introduced by ion implantation into high-purity <100> single-
crystal samples, and the nuclear reaction, D ( 3 H e , p ) 4 H e , was used to 
detect implanted D or implanted 3 He. Initial experiments were con
ducted by implanting the appropriate ions along non-channeling direc
tion 7° from the <100> axes. Fifteen- and 30-keV D were introduced 
into C r and W , respectively, by accelerating the molecular species D 3

+ to 
45 and 90 keV; 3 H e + implants were done at 60 and 200 keV. Implantation 
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fluences were approximately 3 Χ 10 1 5 D atoms/cm 2 and 1 Χ 10 1 5 He 
atoms/cm 2 . The projected range for 15-keV D in C r is 1140Â, for 30-keV 
D in W is 1270A, and for 60- and 200-keV 3 H e + into W , it is 1140 and 
3310Â (7, 8) , respectively. Analysis of the lattice location of the im
planted D ( 3 H e ) was performed with incident 750-keV 3 H e (500-keV D ) 
ions by monitoring the ion backscattering from the samples and by using 
the high energy protons from the nuclear reaction to monitor the im
planted ions. This nuclear reaction has a Q value of 18.3 M e V and a peak 
cross section of ~ 70 mb/sr at a 3 H e beam energy of ~ 650 keV. A 300 
m m 2 surface barrier detector with 500-/xm depletion depth was located at 
a scattering angle of ~ 135° with a solid angle « 0.1 sr. Angular collima-
tion of the incident beam resulted i n an angular divergence ( ful l angle) 
< 0.06°, and the angular resolution of the goniometer was 0.01°. The 
elastic backscattering signal from the samples was accepted within an 
energy region corresponding to a depth region ~ 1000A centered at the 
projected range of the implanted impurity. 

The lattice location results for implanted deuterium i n W and C r 
at room temperature follow. Channeling angular distributions for <100> 
scans of D in C r and W are shown in Figure 1 ( 5 ) . The backscattering 
and nuclear reaction yields have been normalized by the random (non-
channeled) yields. The random levels indicated by the dashed lines at 
1.0 correspond, respectively, to ~ 4000 and 14,500 counts for scattering 
from C r and W and 610 and 180 counts for the reaction yield from D in 
C r and W . The low backscattering minimum yields of 1.7 and 1.1% for 
the <100> axes in C r and W , respectively, observed pior to implanta
tion indicate good crystalline quality. For W the strong enhancement 
i n the D yield (flux peak) is seen with a full angular width of 0.2° and 
a maximum relative yield of 1.8, whereas the W channeling critical angle 
is 2.01°. In contrast to W(where the D yield does not drop below the 
random level), the <100> D data for C r show a sharp flux peak with 
maximum relative D-yield of ~ 1.3 and width ~ 0.3° superimposed on 
a broad dip with minimum relative D-yield of ~ 0.73. The angular width 
of the D-dip of ^ 1.4° is similar to that observed for C r of 1.38°. These 
data as discussed below suggest that D is localized near the tetrahedral 
interstitial site in W and the octahedral interstitial site in Cr . In addition 
to these axial data, corresponding data were taken of the {100} plane for 
W and Cr. These planar angular scans also confirm the location of the D 
site near the tetrahedral interstitial position in W and the octahedral 
position in Cr . 

As seen from the example in Figure 1, the lattice location infor
mation is contained in the angular scans of the yield of close impact 
parameter events. In Figure 1 these events are elastic backscattering for 
the host lattice and a nuclear reaction for the impurity gas atoms. The 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

6 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
6-

01
58

.c
h0

14
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technique is not limited to these processes, and for heavy mass impurities 
in light mass hosts, backscattering alone may be used, whereas ion-
induced x-rays may be used for intermediate mass impurities i n heavy 
hosts. 

. . ι ι ι I I , 1 

W(D) (100) 

ι ι ι , ι ι ι ι 1 

TETRAHEDRAL SITE 

- it O. 

a m m m p 

\\J\ 
Cr(D) <100) 

1 1 ' I 1 1 1 I 1 

OCTAHEDRAL SITE 

A 

ANGLE (degrés) ANGLE (degrees) 

Physical Review Letters 

Figure I . Angular scans through the (100) axis for (a) W and (b) Cr for 3 X 
l(?5/cm2 30- and 15-keV D imp fonts, respectively, at 296 K. A 750-keV 3He 
analysis beam was used; O, backscattered yields for W and Cr; Δ , proton 

nuclear reaction yields from D (5). 

Analysis. The analysis of the angular scans requires a knowledge of 
the channeling effect which has been reviewed by Gemmell (9) and 
others (JO). Channeling of a collimated beam of ions incident on a single 
crystal along an axial or planar direction occurs by a series of correlated 
small angle-screened Coulombic collisions. Using a continuum potential 
averaged along atomic rows or planes the critical angle of an incident 
beam relative to a row with which axial channeling w i l l occur is ^ 
(2Z1Z2e2/Ed)^ as long as Ε > ( 2 Ζ ι Ζ 2 Α ί / α 2 ) , where Zxe and Ε are the 
atomic charge and the energy of the incident ion Z2e, d is the average 
atomic charge and spacing along the row, and a is the Thomas-Fermi 
screening distance. Typical critical angles as seen in Figure 1 are < 2°. 

The most important feature of channeling is the spatial distribution 
of impact parameters with respect to the crystal rows or planes imposed 
on the incident beam of particles. Figure 2 is a schematic of channeling 
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312 RADIATION E F F E C T S ON SOLID SURFACES 

in a crystal with a plot of the average potential and particle density across 
the channel. Two features are evident for the channeled particles: 

( 1 ) Close impact parameter processes such as elastic backscattering 
and nuclear reactions are forbidden for substitutional impurities or host 
lattice atoms 

(2) Close impact parameter processes with interstitial impurities are 
enhanced with a yield that depends on the beam density and precise 
lattice location of the interstitials. 
For high symmetry sites, a knowledge of the beam density across the 
channel can be used to infer the lattice location. 

The spatial probability density of particles across a channel is largest 
near the center. The transverse energy Ej_ of a channeled particle is 
conserved, and EL = E\f? + U(x,y) where ψ is the angle of the particle 
with respect to the crystal rows or planes, Εψ2 is the kinetic energy caused 
by particle momentum transverse to the channel, and U(x,y) is the 
potential energy of the screened coulombic interaction with the lattice 
atoms. 

Multi-row continuum potentials have been used to determine the 
spatial distribution of the incident ion flux density in the channel as a 
function of incident angle ψ. The flux density / as a function of lateral 
channel position 7 is given by: 

ί<Τ,Ψ) - f dA(rln)/A(E±) 

tf±0W) >U(r) 

where A is the transverse area inside the equipotential contour corre* 
sponding to E ± = Εψ2 + U(7in). This analysis assumes statistical equi
librium and thus does not take into account oscillations in the beam 

Ψ - 0 

AV. POTENTIAL U(y) 
PARTICLE DENSITY F(y) 

Figure 2. Schematic of channeling in a crystal with plot of representa
tive average potential and particle density across the channel 
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14. VOOK AND PICRAUX Lattice Location Studies 313 

DISTANCE FROM CHANNEL CENTER (A) 

Proceedings of International Conference 
on Ion Beam Surface Layer Analysis 

Figure 3. Calculated (100) continuum potential contours and flux density 
curves for 0.7-MeV He in bcc Cr with lattice rows at ABCD and distance AC = 
2.88À. The flux density along direction AC is given as a function of incident 
angle ψ relative to (100) direction ( ) and along direction EF is given for 

Φ = 0(—)(6). 

probability density with depth as discussed in Refs. 9 and 10. However 
these effects, which are most pronounced for planar channeling, usually 
do not preclude location analysis by statistical equilibrium models. Often 
the impurities are distributed in depth over several oscillations. This 
equation has been solved numerically, and Figure 3 gives an example of 
the continuum potential contours for He incident along the <100> 
direction in bcc C r and the flux density along the Une E F for φ = 0 and 
along A C as a function of ψ. The calculation used a minmum value for 
A = πα2 at the center, the Molière approximation to the Thomas-Fermi 
potential and a static lattice. 

Figure 4 gives a <100> scan for 1 Χ 10 1 5 D / c m 2 in W , implanted 
at 15 keV at room temperature and measured at room temperature with 
a 750-keV 3 H e beam (11). The upper solid line through the data indi 
cates that the resolution was high enough to resolve the side band flux 
peaks not seen in Figure l a . The dashed curve labeled "T site" gives the 
calculated angular distribution for the D localized in the tetrahedral 
interstitial position including a rms transverse vibrational amplitude of 
Ρ = 0.2A. The good agreement in the maximum may be fortuitous, but 
the agreement is within the localization distance of 0.3A obtainable from 
the calculations for this site and confirms the lattice site. Similar calcu
lations confirm the nearly octahedral site for D in C r in Figure l b . 
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314 RADIATION E F F E C T S ON SOLID SURFACES 

ANGLE (degrees) 

Figure 4. Angular scan through (100) for 1 X 1015/cm2 

15-KeV D implanted W before ana after 71-μΟ irradiation 
with 750-keV 3He+ (11). ( ), calcufotions for T-site 

occupancy (6). 

The reason different D locations exist for similar transition metals is 
not known, but recent low temperature implantation and annealing 
results have given added insight (6). For low fluence implantations at 
90° Κ into both C r and W , the D is located predominately near the 
tetrahedral interstitial position. However for C r the D moves into octa
hedral interstitial sites upon annealing to room temperature. Analogous 
behavior is observed for D implanted into Mo . For low fluence implanta
tion at 90° Κ the D is located predominately near tetrahedral sites, 
whereas upon annealing to room temperature, it moves to a position near 
the octahedral site. Detailed analysis of the D sites after annealing 
suggests that the D equilibrium position is displaced slightly (0.2-0.3A) 
from the octahedral sites, being along the axis of the two lattice nearest 
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14. νοοκ AND PICRAUX Lattice Location Studies 315 

neighbors for C r and in the plane perpendicular to this axis for Mo . 
These positions are shown in Figure 5 and labeled I and II for the C r 
and M o cases, respectively. Two possible interpretations of this change 
i n lattice site for D i n C r and M o upon annealing are that the new near-
octahedral positions are stabilized by D clustering or D-defect inter
actions. Both hydrogen-hydrogen and hydrogen-defect interactions are 
significant in the bcc transition metals, and for these V I B metals with 
low hydrogen solubility, the binding energies could be sufficient for 
such centers to be stable at room temperature. 

Complications 

Distorted Sites. Complications to the interpretation of the lattice 
location of impurities can occur if the impurity gases are i n slightly dis
torted positions near high symmetry sites. Figure 5 shows interstitial 
sites in the bcc lattice with two possible distortions. Also shown is a 
comparison of measured <100> angular distributions using a 0.7-MeV 

Mo (D) <100> 700 keV 3He 

ANGLE (degrees) 

Proceedings of International Conference 
on Ion Beam Surface Layer Analysis 

Figure 5. Comparison of measured (100) angular distnbutions using 0.7-MeV 
3He for D in Mo with calculated O-site and distorted O-sites I ana II where 

8 = 0.36 and 0.2Â, respectively, along the (100) directions shown (6) 
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316 RADIATION EFFECTS ON SOLID SURFACES 

3 H e analysis beam for D in M o with calculations for the O-site and a 
distorted O-site II where the distortion is 0.2Â along the <100> direc
tion shown. The narrowing of the dip caused by the l / 3 - O sites along 
the <100> direction is consistent with the distortion postulated. As 
discussed above, the detailed physical reason for these distortions is not 
known, but these results illustrate how the channeling technique can 
give rather detailed information in favorable cases. 

Bulk-Doped Crystals. Channeling analysis can be used for bulk-
doped host lattices. Carstanjen and Sizmann (2, 3) have used channeling 
in single crystal niobium together with the O(d,p)T nuclear reaction to 
study the lattice location of D in Nb . A n incident 300-keV D beam 
penetrating through N b loaded with 2 atomic % D was used. The N b 
was loaded in a 50-Torr D 2 atmosphere at 600°C, cooled to room tem
perature, and subsequently cooled to 150 Κ in vacuum for measurement. 

Figure 6 gives the angular dependence of the measured yields 
(proton/nC) of the D(d,p)T reaction ( • ) . Each experimental point 
required 1 μΟ of incident D . The solid Unes give the theoretical yield 
profiles assuming tetrahedral, octahedral, and hexahedral deuterium sites 

4.0 

3.0 

2.0 

1.0 

g 0.0 

J J.O 

2 . 5 h 

1 1 1 1 
8 OCTA 

1 1 1 

Nb(D) <100> 

y (03D 

^ • ^ ^ ^ H E X A j 

I 1 1 1 

• 

1 1 1 
1 1 1 1 

b ι 
1 1 1 

< m > 

] (011) 0CTA~ 

^ HEXA 

• A j 
. 1 1 1 1 

-3 -2 -1 0 1 2 3 

Physics Letters 

Figure 6. Measured yields (protons/nC) of 
the D(d,p)T reaction (Π) and calculated yield 
profiles assuming tetrahedral, octahedral, and 
hexahedral deuterium sites in niobium for (a) 
(100) with angular variation φ in the (031) 
plane and (b) (111) with angular variation ψ 

in the (Oil) plane (2, 3) 
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ANGLE, deg 
JETP Letters 

Figure 7. Angular scan along (100) axis of 
Nb in which *80 was dissolved to 0.1-1.0 
at %. Elastically scattered protons (O) 
incident at 700 keV and emitted a particles 
(%) from the lsO(p,a)15N nuclear reaction 
are shown. Insets give projected positions 
for octahedral site location (M) and tetra

hedral site location (+) (12). 

in niobium. For the theoretical curves, a rather large value of 0.4° 
standard width for beam divergence and crystal mosaic spread was 
assumed to achieve good agreement with the data. In contrast to the 
flux peak angular ful l widths of ~ 0.2° shown in Figures 1 and 4, the 
angular widths of the flux peaks in N b are unusually broad, ^ 1 . 5 ° , and 
nearly of the order of the channeling critical angle. This complicates the 
analysis and the identification of tetrahedral site occupation by channel
ing measurements. 

Figure 7 shows proton channeling studies of the lattice location of 
~ 0.1 at % oxygen dissolved in niobium (12). The 1 8 0 ( p , « ) 1 5 n nuclear 
reaction was used. The figure shows an angular scan through the <100> 
axis. The flux peaks observed for the <100> and several other direc
tions clearly indicated that the oxygen occupies a well defined interstitial 
location. Based primarily on their {100} planar data, the authors con
cluded that the oxygen occupies the octahedral interstitial position. 
However, the data do not indicate the 1/3 dip expected for the 1/3 
octahedral sites along the <100> axis. The reason for a lack of a 1/3 
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318 RADIATION E F F E C T S ON SOLID SURFACES 

dip along the <100> axis is not known but could possibly be explained 
by the broad enhancement in yield along channeling directions i n bulk-
doped crystals. This arises since a channeled beam w i l l lose energy with 
depth more slowly than a randomly aligned beam, and i n a bulk-doped 
crystal, w i l l therefore encounter more target atoms while still able to 
induce a nuclear reaction. Thus, this increase in yield along a channeling 
direction with an angular width of the order of the channeling host 
lattice ful l width could cancel the 1/3 dip. This broad enhancement 
effect can complicate lattice location measurements of interstitial impuri
ties i n bulk-doped crystals. 

Interaction with Defects. The lattice location of defects in metals 
can be influenced strongly by defects. In several cases the influence of 
radiation induced defects can be observed by their direct influence on 
impurities in changing the lattice site. Such radiation damage was com
mented upon by Carstanjen and Sizmann (2, 3) in the location studies 
of D in Nb. 

A detailed experimental observation of a radiation-induced change 
in the lattice location of implanted D in W was reported by Picraux and 
Vook (11). Figure 4 shows <100> angular scans of the D lattice loca
tion in W before and after 750-keV 3 H e fluences of « 5 X 10 1 6 / cm 2 . The 
3 H e beam was the same beam used to determine the D lattice location by 
means of the nuclear reaction, and 5 Χ 10 1 6 H e / c m 3 corresponded to a 
total of only 74 μΟ of 3 H e incident on ^ 1 mm 2 . Thus, in such cases where 
gas-atom defect interactions may be significant, it is important that the 
lattice location measurements use small measuring fluences. Typically 

2 μΟ are required to obtain one data point at these gas concentrations 
of a few tenths of an atomic percent. 

The rate at which the change in lattice site is induced by the 3 H e 
beam for a channeled and a random (non-channeled) irradiation was 
also measured. The flux peak decreased fairly rapidly with irradiation 
and reached a relatively stable level, ^ 1.2-1.3 for both aligned and ran
dom irradiation, even though only for random irradiation d id the W 
minimum yield increase slightly. The envelope of a shallow dip as well 
as the stability of the flux peak after the initial ~ 40 μΟ of 3 H e + irradia
tion would appear to confirm a change in the D location and cannot be 
explained simply by damage modification of the channeling. The data 
suggest that the change in location is induced fairly rapidly by a 3 H e 
fluence of only 20-30 μΟ (*& 1-2 X 10 1 6 / cm 2 ) and that the new position 
remains relatively stable. 

The angular scan after bombardment in Figure 4 gives some indica
tion of a small dip (~ 0.9) along the <100> direction as well as the 
central flux peak of somewhat lower magnitude. Additional angular 
distributions are needed to determine the new D location. However, the 
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14. νοοκ AND PICRAUX Lattice Location Studies 319 

<100> scan suggests that the D is distorted appreciably from the 
tetrahedral interstitial site. 

Another example of the interaction of a gas in a metal with defects 
is the lattice location studies of implanted He i n W . Experiments of 
Kornelson (13) and calculations by Wilson and Bisson (14) indicate 
that a purely interstitial He atom would migrate rapidly through W , 
whereas vacancy trapping of single and multiple He atoms results in 
highly stable structures. 

ANGLE (Degrees) 

Figure 8. Angular scans through the (100) axis of W 
for an implant of 1 Χ 1015 (60-keV) 3He/cm2 and for 
a multiple implant of 1.5 Χ 1014 (200-keV) 3He/cm2 

plus 0.9 Χ 1014 (60-keV) 3He/cm2. Analysis is done 
using a 500-keV beam, and results are plotted on a 
single curve of relative yield vs. absolute angle. Data 

from Ref. 4. 

Figure 8 shows a new plot of combined angular scans (4) through 
the <100> axis of W for axial channeling measurements for 60-keV 3 H e 
implanted to a fluence of 1 χ 10 1 5 / cm 2 at room temperature and similar 
results for a multi-energy implant consisting of 1.5 X 10 1 4 200-keV 
3 H e / c m 2 + 0.9 X 10 1 4 60-keV 3 H e / c m 2 . For the nuclear reaction yield 
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320 RADIATION E F F E C T S ON SOLID SURFACES 

from the implanted 8 H e , the scale has a factor of two magnification com
pared with the data for the elastically backscattered D ions. The flux 
peaks superimposed on a narrow dip indicate that the H e location is 
neither a simple interstitial nor a purely substitutional location. The 

<100> AXIS Φ(DEGREES) 

Journal of Nuclear Materials 

Figure 9. Effects on (100) angular scan by 750-keV 3He bombardment of W 
to a fluence < 5 X 10*5/cm2 prior to 30-kéV D implantation (16) 

central narrow dip and the wider envelope of the dip indicate that some 
component of the H e is located along or near the <100> rows. The flux 
peaks on either side of the narrow central axial direction indicate that 
some of the He atoms are located at positions displaced from the centers 
of the channel. 
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Comparisons of the experimental angular scans with site location 
predictions for two and for three H e atoms trapped in a W lattice 
vacancy (15) agree well with most of the implanted He atoms being 
trapped as (3He + vacancy) defects with a smaller component as (2He 
+ vacancy) defects. Some fraction of (6He + vacancy) centers may also 
be present since these also may have relative He locations similar to the 
(3He + vacancy) center. 

Another damage-related complication is the enhanced trapping of 
hydrogen by prior radiation damage (16, 17). Figure 9 shows the angu
lar scans of 30-keV D implanted into W with and without a prior 750-keV 
3 H e bombardment to a fluence of < 5 X 10 1 5 / cm 2 . The prior 3 H e im
plantation enhanced the retention of D in the near-surface regions by 
50-200%. The effect shown was initially observed for D introduction by 
implantation in pre-damaged W and A u and by soaking pre-damaged P d 
in D 2 gas (16). In the case of the W crystal shown, the amount of D 
retained in the pre-damaged region corresponds approximately to that 
introduced by implantation. 

In addition to monitoring the total D retained in the solid, the chan
neling lattice location was measured. The open triangles correspond to 
a pre-damaged region on an adjacent area of the surface. As can be 
seen, for the pre-damaged region an almost 50% increase in the total D 
retention is observed, but no increase is observed in the magnitude of the 
central flux peak. This indicates that the additional deuterium which 
has been trapped is not located simply on tetrahedral interstitial sites 
and may be randomly located with respect to the host lattice. 

Recently damage trapping of He has been observed in M o following 
implantations of He, O, Ne, or B i (17). Large enhancements in the amount 
of hydrogen retained in pre-implanted samples were observed over sam
ples without prior implantation. Depth profiles of the implanted hydro
gen indicated that the hydrogen is trapped at the damage created by the 
initial ion implantation. Lattice location measurements of the trapped 
H were not made, however. 

Other Location Measurements 

A summary of all the published lattice location measurements of 
gases in metals known to the authors is given in Table I, including intro
duction and detection methods of the impurity and the observed pre
dominant lattice location. For substitutional and nearly substitutional 
impurities having aligned channeling fractions > 50%, the symbol S is 
used. For aligned fractions between 25% and 50%, S -R is used. In 
some cases the assigned location appears to be tentative. Also the effects 
of experimental conditions such as temperature and radiation damage 
may not be completely determined. 
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Most of the lattice location experiments have been made for impuri
ties introduced by ion implantation. In some cases impurities have been 
introduced by diffusion or growth from the melt. Where both techniques 
of impurity introduction have been used, the agreement in site location 
has been good. 

Table I. Summary of Location Studies of Gases in Metals 

Method Method 
Host Impurity Intro.' Detect." Location' References 

T i 0 I , D , M (ρ,α) (d,p) 0 18,19,20 
C r D I (*He,p) T , 0 5,6 
V K r I B S R 21 
Fe F I (p,«y) R 22 

A r I x-ray R 28,24 
X e I B S R - S 25,26 

22 N i F I (p,«y) R 
25,26 

22 
A r I x-ray R 24 

C u D I (d,n) I 27 
X e I B S R 26 

N b D D (d,V) Τ 28,29, SO 
0 D (p,«) 0 12 

M o D I ( 3He,p) T , 0 6 
T a X e I β' emit. — 31 
W D I ( 3He,p) Τ 4,5,6 

3 H e I (d,p) D U 
R n I a emit. S 81 

a Method of impurity introduction : I = ion implantation, D = diffusion, M = 
grown from the melt. 

* Method of impurity detection: BS = ion backscattering, (a,b) == notation for 
ion-induced nuclear reaction with the incident particle and b the emitted particle, 
x-ray = ion-induced x-rays, a emit, and β* emit, correspond to detecting radioactive 
α, β+, or β' decay. 

0 Categories of lattice site location : S = > 50% of the impurity on or near 
substitutional sites, I = interstitial with Τ = tetrahedral and Ο = octahedral inter
stitial sites, R = random sites, i.e., no strong orientation dependence, D = defect 
association. 

In general the lighter gas atoms such as hydrogen and oxygen 
occupy well defined interstitial positions, whereas the heavier noble 
gases Ar , K r , Xe do not occupy simple interstitial or substitutional sites. 
This could indicate a tendency for these heavier gas atoms to occupy 
low symmetry sites or a distribution of sites. Often only small channeling 
dips have been observed in these cases. Based on a series of channeling 
and hyperfine measurements of Sb, Te, I, and Xe implanted in Fe, 
de W a r d and Feldman (25) have suggested that lattice vacancies may 
be associated with noble gas impurities. 
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14. VOOK AND PICRAUX Lattice Location Studies 323 

Summary 

The channeling lattice location technique can give detailed infor
mation on the site location of gases in metals in favorable cases. Intersti
tial impurities can be localized to ^ 0.4A from the structure of flux peaks 
and to £ 0.2Â from the structure of dips. In some cases, such as D i n C r 
and M o , detailed information can be obtained on distorted interstitial 
sites. Site locations can generally be obtained for sharp flux peaks by 
comparing angular scans for axial directions with continuum potential 
model calculations in combination with planar angular scans. Relatively 
few lattice location measurements have been made for gases i n metals; 
the most extensive studies have been carried out for hydrogen i n the 
transition metals. In general the lighter gas atoms such as hydrogen and 
oxygen occupy well defined interstitial positions. In contrast, the heavier 
noble gases do not occupy simple interstitial or substitutional sites. 

Results indicate D is located in tetrahedral positions i n W , M o , and 
C r at low temperature. A t higher temperatures hydrogen migration can 
result in new lattice locations because of defect and/or D - D interactions 
(e.g. D moves to distorted octahedral sites in C r and M o ) . In W , im
planted H e is trapped in vacancies and has been observed as multiple H e 
atom configurations. Interaction of defects with interstitial gases can 
cause a change in site, and this has been observed for D i n W . In bulk 
D-doped Nb , the D site exhibits wider than expected flux peaks that 
complicate exact site determination. Hydrogen can be trapped at ion 
damage giving a randomly appearing lattice location. Further work with 
careful attention to experimental details is required to unravel the sites 
of gases in metals. 
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Surface Chemical Analysis with a Combined 
ESCA/Auger Apparatus 

P A U L W. P A L M B E R G 

6509 Flying Cloud Dr., Eden Prairie, Minn. 55343 

There are several unique advantages in combining x-ray 
photoelectron spectroscopy (ESCA) and Auger electron 
spectroscopy (AES) into a single instrument. The occur
rence of surface segregation can often be detected without 
sputtering by measuring the magnitude of photoelectron 
and/or Auger peaks at two substantially different kinetic 
energies. ESCA contributes in-depth chemical bonding 
information which can be corrected with composition pro
files obtained by AES. 

A number of analytical techniques capable of determining the chemi-
cal composition of the outermost layers of solids have been developed 

within the past 10 years. These include Auger electron spectroscopy 
( A E S ) ( J , 2 ) ; photoelectron spectroscopy (3) , which is commonly 
termed E S C A (electron spectroscopy for chemical analysis); ion scatter
ing spectroscopy (ISS) (4); and secondary ion mass spectroscopy 
(SIMS) (5). While each of these techniques can provide elemental 
analysis of a surface, important differences exist with respect to sensi
tivity, depth of analysis, quantitative capability, spatial resolution, radia
tion damage, data acquisition speed, and chemical bonding information. 
Because of these differences, it can be very advantageous to combine 
two or more of the techniques into a single instrument. 

There is an instrument which has the high sensitivity and excellent 
two-dimensional spatial resolution capability of the A E S technique com
bined with E S C A , which is the least damaging of al l surface analytical 
techniques and which provides direct information on chemical binding. 
Experimentally, this combination is simplified because both techniques 
require energy analysis of emitted electrons. In switching from one 
technique to the other, it is only necessary to change the operational 
mode of the electron spectrometer and the excitation source from an 
electron beam to a monochromatic x-ray beam. 

325 
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326 RADIATION EFFECTS ON SOLID SURFACES 

Experimental Apparatus 

A detailed description of the double-pass cylindrical mirror analyzer 
( C M A ) for operation as a combined E S C A / A u g e r spectrometer has been 
reported elsewhere (6) and w i l l be discussed only briefly here. This 
apparatus, shown schematically i n Figure 1, includes spherical grids for 
pre-retardation followed by a double pass cylindrical mirror analyzer. A 
coaxial electron gun is used to excite the target for A E S measurements, 
and an x-ray source mounted external to the C M A is used for photo
electron excitation. 

OUTER MAGNETIC SHIELD 

MAGNETIC SHIELD 

OUTER CYLINDER 

INNER CYLINDER 

ROTARY 
MOTION 

SPHERICAL GRIDS 

TARGET APERTURES 
RADIUS* Ρ 

15 CM 
I.D. FLANGE 

Figure 1. Schematic of double pass CMA 

In the Auger mode of operation, the inner cylinder, which is con
nected directly to the outermost spherical grid, is placed at ground 
potential so that electrons emitted from the target enter the C M A with 
their initial energy, E . In this mode the double pass C M A operates 
identically to conventional, single stage C M A ' s . The resolution, R = 
ΔΕ/Ε, is 0.6% in this non-retarding mode which is used for A E S measure
ments to optimize the sensitivity. Because photoelectron peaks are gen
erally narrower in energy than Auger peaks and because chemical bonding 
information in E S C A requires precise energy definition, higher energy 
resolution is required. To meet the energy resolution requirements for 
E S C A , the spherically shaped retarding grids are used to slow the elec
trons from their initial kinetic energy to a lower pass energy. Using a 
C M A with a relative resolution of 1%, for example, 1000 eV electrons 
can be analyzed with an absolute resolution ΔΕ of 0.5 eV by first reduc
ing their energy to 50 eV. To improve the sensitivity for E S C A measure-
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15. P A L M B E R G ESC A/Auger Apparatus 327 

ments relative to that obtained with aperture sizes appropriate for A E S , 
the apertures between the two C M A stages and those at the exit of the 
second stage can be enlarged by a rotary motion feedthrough. 

The electron multiplier is operated in a pulse counting mode to 
detect the E S C A signals and in the analog mode to detect the Auger 
signals. Because the photoelectron current exiting from the analyzer is 
typically in the range 10~14-10~15 amp, the pulse counting mode is re
quired for optimum signal-to-noise performance. In the A E S mode of 
operation, however, the current exiting from the analyzer is in the range 
of 10~10 amp, which is much too large for pulse-counting detection. The 
voltage across the multiplier is therefore reduced to limit the electron 
multiplier output current, and the signal is processed by standard lock-in 
techniques. 

In addition to electron beam and x-ray excitation, the sample can 
also be sputter etched with an inert gas ion beam without repositioning. 
Rapid in-depth composition profiles can be made by simultaneous sputter 
etching and Auger measurements (7). In-depth information can also be 
obtained with E S C A by turning the ion beam off prior to E S C A analysis. 
The secondary electron signal generated by the incident ion beam is 
small compared with the Auger signal and therefore does not cause an 
interference problem. In E S C A , however, where the signal levels are 
much lower, the secondary electrons generated by the ion beam prevent 
simultaneous E S C A analysis. To obtain in-depth chemical bonding infor
mation with E S C A with good in-depth resolution, it is necessary to 
defocus or raster the ion beam to obtain a uniform etch rate over the 
area sampled in the E S C A mode. The area sampled in E S C A with the 
double pass C M A is circular with a diameter of 1.5-3 mm, depending on 
the operating parameters. 

Applications 

In addition to combining the best features of each instrument, the 
combined E S C A / A u g e r apparatus provides more peaks from each ele
ment, resulting in better element discrimination and some information 
related to the depth distribution of surface elements without sputtering. 
It is also possible to obtain in-depth chemical bonding information by 
obtaining photoelectron spectra after sputtering for various time intervals. 

Element Discrimination. In the A E S and E S C A techniques, the 
sensitivity to a particular element can sometimes be reduced when a 
second element is present which produces peaks in the same energy 
range. As seen in Figure 2a, M n is difficult to detect with high sensitivity 
in an Fe matrix because of peak overlap between the major L M M Auger 
transitions. In the E S C A spectrum of Figure 2b, however, the M n peaks 
are completely removed from the iron spectrum, and hence the detection 
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AES 

1000 800 600 400 200 0 
BINDING ENERGY, eV 

Figure 2. Element identification. Auger 
and ESCA spectra of heated stainless 

steel. Ep = 5kV,Alka. 

limit and quantitative capability are greatly improved. The reverse can 
also occur where a peak overlap problem occurs in the photoelectron 
spectrum but not in the Auger spectrum. 

Nondestructive, In-depth Composition Information. In-depth 
composition analysis can be readily obtained by simultaneous A E S and 
inert gas sputtering (7), but can sometimes lead to erroneous conclusions 
because of sputtering effects such as preferential removal of certain 
elements or knock-in collisions. Hence it may be desirable to determine 
the occurrence of surface segregation, for example, without sputtering. 
When peaks of significantly different energy are generated from the 
element of interest by E S C A and/or A E S , the degree of surface segrega
tion on a specimen can be determined by comparing E S C A and A E S 
spectra with similar data from a specimen in which the element of inter
est is distributed uniformly in the escape depth region. 

A n illustration of this method for sulfur segregated on vanadium is 
presented in Figures 3 and 4. Sputtered cadmium sulfide is used as a 
reference in which the S is distributed uniformly throughout the escape 
depth region. In Figure 3, within the escape depth of 150 eV electrons, 
the concentration of S in V is about 44% of that in CdS. Within an 
escape depth of 2120 eV, however, the concentration of S on V is only 
13% of that in CdS. In CdS the larger escape depth at 2120 eV con
tributes proportionately to the Auger signal. In the heated V specimen, 
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x1 

329 

x40 CdS 

λ 
S(2120) 

Cd 
S(150) 

600 " 2000 2200 
ELECTRON ENERGY, eV 

x1 

S(150) 

x40 

S(2120) 

S150 (SonV) 
S150(CdS) 

SonV 

=0.44 

S 2120 (SonV) 
S 2120(CdS) 

200 400 600 2000 2200 
ELECTRON ENERGY, eV 

Figure 3. Surface sensitivity—AES. 
Auger spectra from CdS and heated 

vanadium. E e = 5fcV. 

C d S 
x1 

Cd3d, 

Cd3da 

Cd 3Pa/ 
Cd3s 

01s 

QnnV S2p(SonV) 
S O " V

V 2 p V 2 p , ^ 
n i \ K.E.S(2p) = 1323eV 

1 ~A Â ι * 
x15 

V 3s 

,ev 
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Figure 4. Surface sensitivity—ESCA. ESCA 
spectra from CdS and heated vanadium. Al k a . 
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330 RADIATION E F F E C T S ON SOLID SURFACES 

however, where the S is likely segregated into a layer of thickness less 
than either escape depth, the variable escape depth has little effect on 
the observed ratio of high and low energy Auger signals. The ratio of 
escape depths can then be derived (8) from the formula: 

λ(Ε2)/λ(Ε1) = Ιγ(Ε1)Ι0ΛΆ(Ε2)/Ιγ(ΕΛ)Ι0αΒ(Ει) (1) 

where λ (Ε) is the escape depth for an Auger or photoelectron of kinetic 
energy E, and I is the measured Auger or E S C A signal. In the derivation 
of Equation 1, it is assumed that the backscattering contribution to the 
Auger signal is identical in CdS and V . From Figure 3 it can be deter
mined that λ (2120)/λ (150) — 3.34 which compares favorably with a 
ratio of 3.75 expected (9) from a square root dependence of escape depth 
on electron energy. If sulfur were segregated uniformly over a thickness 
of λ(2120) the experimental value for λ(2120)/λ( 150) (from Equation 
1) would be near unity. Since the measured value is substantially dif
ferent from unity and near that expected for a λ α £ 1 / 2 dependence, it can 
be concluded that S is segregated almost entirely within a depth of 
λ(150). 

It is also possible to use a combination of photoelectron and Auger 
peaks to determine the extent of surface segregation. The intensity of the 
S-2p photoelectron peak from CdS and V may be determined from the 
E S C A data in Figure 4. When the E S C A signals are inserted into E q u a 
tion 1 along with the Auger signals from the 150-eV S peak, a value of 
2.44 for λ (1323)/λ (150) is obtained, which again reasonably agrees with 
a value of 2.96 expected from an E 1 / 2 dependence. 

Radiation Damage. In general, the radiation damage caused to the 
sample surface during A E S analysis is several orders of magnitude 
greater than that during E S C A analysis. This difference can be explained 
in terms of the relative ionization cross sections between core and 
valence band levels in the two techniques. In the A E S technique, where 
the solid is excited by an electron beam, the probability for ionization of 
a lattice electron decreases rapidly with increasing binding energy. 
Hence, valence band electron excitation is much more probable than core 
level ionization. Since Auger transitions require initial ionization of a core 
level, only the less probable core level ionization events contribute to 
the Auger signal, and the more probable valence band excitations only 
contribute to lattice damage. In the E S C A technique, where the sample 
is irradiated with an x-ray beam, the photoelectron ionization cross sec
tions for core levels are considerably more probable than direct photo-
ionization of the valence band. Hence, most of the x-ray energy is lost 
through production of photoelectrons which contribute to the E S C A 
signal. 
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15. P A L M B E R G ESCA/Auger Apparatus 331 

The observed damage in the A E S technique is also increased be
cause the electron beam is normally focused to a small spot whereas the 
x-ray beam floods the entire area accepted by the energy analyzer. This 
effect could, of course, be eliminated by either defocusing the electron 
beam or rastering the beam over the acceptance area of the analyzer. 

Radiation damage effects are generally most severe for organic mate
rials and physisorbed surface layers. In many organic materials the elec
tron beam damages the surface so rapidly that the Auger analysis is 
meaningless. Also, the electron beam can remove physisorbed layers so 
rapidly that they do not contribute to the Auger spectrum. In such sys
tems, it is therefore necessary to use the E S C A technique where the 
radiation damage is usually sufficiently low to allow meaningful data to 
be taken. Radiation damage can be ascertained by observing the time 
dependence of the spectrum. 

Although the radiation damage effects are most severe in organic 
systems, they can also occur in many inorganic compounds such as alkali 
halides and some metal oxide materials. A n example of electron decom
position in metal oxides is shown in Figure 5 where the oxygen and 

ION 
BEAM 
OFF 
I AlxlO 

Figure 5. Electron beam frag-
mentation—sapphire (ALOs). 

I Jo i s 20 25 Auger peak-to-peak amplitudes of 
TIME (MINUTES) Ο and Al in Al2Os vs. time. 

aluminum Auger signals are monitored as a function of time. During the 
initial 5 min, the sample was simultaneously sputtered to eliminate the 
effect of electron beam fragmentation. After the ion beam was turned 
off, the oxygen signal decreases slowly while the aluminum signal re
mains at a nearly constant level. This effect occurs because the electron 
beam preferentially desorbs oxygen from the surface. When the same 
sample is observed with the E S C A technique, no radiation damage is 
observed. 

In-Depth Profiling. The combination of ion-etching and the A E S 
analysis has been used extensively to profile the depth distribution of 
elements in thin film structures. As mentioned previously the secondary 
electron signal generated by the ion beam is sufficiently small i n com-
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Figure 6. In-depth composition 
profile of Nichrome film on silicon. 
Nichrome heated in air at 450°C for 

30 sec. 

-150Â-

Cr 

Ni. 

10 15 20 25 30 
ETCHING TIME, MINUTES 

40 

parison with the Auger signal to permit simultaneous Auger analysis and 
sputter etching. The rapid data acquisition capability of the Auger tech
nique permits several elements to be monitored at frequent intervals 
while the surface is continuously eroded with the ion beam. 

In a combined E S C A / A u g e r apparatus the Auger in-depth composi
tion profile can be used as a convenient bench mark for determining the 
level within the thin film structure at which more detailed E S C A infor
mation is obtained. A n example of this procedure is given in Figures 
6 and 7. The Auger in-depth composition profile (Figure 6) is for a 
Nichrome film on a silicon substrate which was heated i n air at 450°C. 

578 576 574 572 858 856 854 852 850 
BINDING ENERGY, eV 

Figure 7. Variation of chromium and 
nickel 2Ps/2 photoelectron spectra as a 
function of depth in Nichrome film. Ni
chrome heated in air. Depth indications 

are in Figure 6. 
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15. P A L M B E R G ESCA/Auger Apparatus 333 

As indicated, the effect of heating in air is to form a chrome oxide layer 
on the surface. To determine the chemical state of chrome and nickel 
throughout the thin film structure, a second identical film was examined, 
and the sputtering was interrupted at points A , B, C, and D for detailed 
chemical analysis with thé E S C A . As indicated in Figure 7, the energy 
position of the chrome peak is consistent with the formation of chrome 
oxide throughout the oxygen-rich region. The chrome peak shifts to a 
lower binding energy corresponding to the metallic state as the oxide 
layer is sputter removed. The E S C A data indicates that the nickel is 
oxidized in the outer surface layers but that it is in the metallic state in 
the interior of the chrome oxide film. The complete compositional profile 
could have been obtained with the E S C A technique alone but the time 
required to generate the profile of Figure 6 would be much longer 
because of the necessity to terminate sputtering during the E S C A meas
urement and because of the lower data acquisition speed of the E S C A 
technique. 

Summary 

The combination of A E S and E S C A in a single instrument not only 
combines the strongest capabilities of each individual method but also 
improves the capability for element discrimination and nondestructive 
in-depth composition information by comparing the magnitude of Auger 
and photoelectron peaks. The power of the in-depth profiling technique 
is also considerably enhanced by using the E S C A technique to evaluate 
the chemical state of thin film constituents at various depths. 

The range of materials and problems which can be examined with 
the combined E S C A / A u g e r system is considerably increased over that 
for either single purpose instrument. For materials such as organics, 
which are easily damaged by an electron beam, E S C A is a more appro
priate tool. For inorganic materials which generally resist radiation, 
A E S offers the advantages of high spatial resolution and speed. 
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Interface Phenomena in Solar Cells and Solar 
Cell Development Processes 

WIGBERT SIEKHAUS 

Materials and Molecular Research Division and Energy and Environment 
Division, Lawrence Berkeley Laboratory, University of California, 
Berkeley, Calif. 94720 

Processes on interfaces critically influence the formation 
and performance of thin film as well as single crystal silicon 
solar cells. The present limitations of the single crystal 
ribbon growth process are resolvable through surface reac
tions at the gas/liquid silicon interface. The diffusion of 
carbon substrate material into thin film silicon can be 
measured as a function of substrate crystallinity by Auger 
depth profiling. An ultrathin layer of aluminum affects 
thin film crystallinity. Impurities are distributed between 
grain boundaries and crystallites in thin films and may 
affect the chemical vapor deposition mechanism. Electronic 
states measured by electron loss spectroscopy strongly de
pend on surface structure and impurities. 

Tjhotovoltaic electric power generation w i l l become economical if the 
cost of the generating equipment can be brought to ^ $2.40/m 2 times 

efficiency ( % ) ( 1 ). There are two options available if one wants to 
achieve that goal (Figure 1) : to develop inexpensive concentrators in 
conjunction with high cost, high efficiency cells or to develop inexpensive 
cells. 

Both options have a multitude of interface problems. For the first 
option, inexpensive optical coatings or lenses must be developed with 
high reflectivity or transmissivity throughout the solar spectrum. These 
properties must be preserved for 30 years in an atmosphere made corro
sive by air pollution. That is a formidable interface problem. 

High concentration factors imply collectors tracking the sun. These 
cannot be built for less than $100/m 2 . Consequently, solar cells must be 
developed with efficiencies higher than 2 5 % . This appears to be achiev-
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16. SJJEKHAUS Interface Phenomena in Sofor Cells 335 

able only by multilayered cells in which materials are stacked with 
increasing band gap energy. A t the layer interfaces of such cells, prob
lems of interdiflusion and mismatch of optical properties must be 
controlled. 

ECONOMIC PHOTOVOLTAIC POWER GENERATION 
$ 1 . 5 0 / m 2 x E f f i c i e n c y (%) 

H i g h C o n c e n t r a t i o n 
( > Ί 0 0 0 χ ) 

- • T r a c k i n g C o n c e n t r a t o r s 
a t $ 1 5 / m 2 . S o l a r C e l l 
C o s t I m m a t e r i a l 

No ( l o w ) C o n c e n t r a t i o n 

S i l i c o n , 10% E f f i c i e n c y , 
$ 1 5 / m 2 

M a i n C o s t i n P u r i f i c a t i o n a n d C r y s t a l G r o w t h 

I n e x p e n s i v e T e c h n i q u e s 
f o r P u r i f i c a t i o n a n d 
C r y s t a l G r o w t h 

X 
T h i n F i l m C e l l Formed by 
C h e m i c a l V a p o r D e p o s i t i o n 

Figure 1. Cost reduction options 

The second option, development of inexpensive solar cells, is our 
concern. Examples w i l l be restricted to silicon, the material presently 
receiving the most attention. The present cost of silicon solar at 12% 
efficiency is $7000/m 2, and radical changes in the techniques of cell 
formation are necessary before the cost can be substantially reduced. 
Two techniques are presently under development—growth of thin single 
crystal ribbons and growth of thin films on various substrates. 

The EFG Process 

In the edge fed growth ( E F G ) ribbon process (Figure 2) , l iquid 
silicon rises in a size-defining capillary slit and forms—with the top of 
the capillary at the bottom and a solid silicon ribbon at the top—a 
meniscus from which the ribbon is withdrawn at 2.5 cm/min . The ribbon 
is ~ 200/A thick and 2.5 cm wide. There are three interfaces involved in 
this process—the l iquid silicon-solid silicon interface, the l iquid s i l i con-
gas interface, and the capil lary-l iquid silicon interface. The capillary is 
usually made of carbon, which goes into solution at the bottom of the 
capillary and segregates at the meniscus, forming SiC crystallites at the 
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Figure 2. EFG single crystal ribbon growth 

top of the capillary which change its and the ribbon s shapes. The crys
tallites occasionally detach themselves and are included into the ribbon. 
This is at the moment a serious, unsolved interface problem which must 
be controlled. A t the l iquid silicon-solid silicon interface, solidification 
proceeds rapidly, ^ 10"6 sec/monolayer, which leaves little time to 

I m p u r i t y DxlO 5 

2 , 
cm / s e c 

Β 3 3 ± 4 

Ρ 2 7 ± 3 

Sb 1 4 ± 5 

Ga 6 . 6 ± 0 . 5 

I n 1 . 7 ± 0 . 3 

Ca 2 . 3 

D i f f u s i o n d a t a , V o l . 3 , p . 8 6 
V o l . 4 , p . 144 

Figure 3. Impurity diffusion coefficients in 
liquid silicon at 140° C 
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16. siEKHAus Interface Phenomena in Solar Cells 337 

correct stacking faults, but which is slow enough for impurities to segre
gate and diffuse into the meniscus (Figure 3) . In contrast to the Czoch-
ralsky process, these impurities cannot return to the melt, but rather are 
accumulated in the meniscus. They influence meniscus surface tension, 
which changes the shape of the meniscus, and apparently introduce 
periodic fluctuations in ribbon shape, ribbon purity, and crystallinity. To 
eliminate this, and possibly also the SiC carbide formation problem, we 
propose to use the l iquid silicon-gas interface at the meniscus to remove 
impurities by gas-surface reactions. Figure 4 shows the process, in 
which impurities concentrated in the meniscus are segregated to the 

Figure 4. Edge fed growth surface segrega
tion purification process 

meniscus surface and removed by reactions with a gas. At a meniscus 
height of 0.5 cm, a ribbon thickness of 200/x, and a gas-surface reaction 
time of 1 msec, an impurity concentration of ^ 1% could potentially be 
removed through the meniscus interface. This surface segregation puri 
fication process may allow crystal growth from low grade silicon, signifi
cantly reducing cost. Alternately, it may permit growth of extremely 
pure, single crystal ribbons with a very low density of crystal imperfec
tions. There are three problem areas in which research must be carried 
out before the E F G surface segregation purification process ( E F G - S S P P ) 
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338 RADIATION E F F E C T S ON SOLID SURFACES 

An economically competetive solar cell consists of a substrate on which a 100 μ thick silicon 
layer is deposited, covered by a transparent conductor containing a metallic grid. 
The problems to which research is directed are identified in the cell by the letters a, b, b\ c. 

Transparent Conductor 

Substrate 
Research Areas: 

a) Low temperature catalysis of the decomposition of SiH4, S1CI4 on a low melting 
point substrate material (e.g. AI) to form large area silicon sheets. 
Research tool: molecular beam deposition. 

b) Catalysis of large grain crystallization by use of suitable impurities. 
Segregation of impurities onto grain boundaries. 
Research tool: low energy electron diffraction, Auger spectroscopy. 
a,b,b',c. Dependence of electronic surface states on impurities. 
Research tool: photoelectron spectroscopy, energy loss spectroscopy. 

Figure 5. Thin silicon film solar cell design and related research areas 

», b _ | c . 
0 5fe 40 60 & Ï0Ô Ϊ20" Ï4Ô" Tl>6 Ï8Ô" 

SPUTTERING TIME, MIN 

Figure 6. Interdiffusion at the carbon-silicon interface. Auger 
depth profiles of nigh temperature deposited (1150-1200°C) 
silicon films on (above) (a) edge (prism) plane of pyrolytic 
graphite, (right) (b) basal plane of pyrolytic graphite, (c) ex-

traded graphite, and (a) glassy carbon. 
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340 RADIATION E F F E C T S ON SOLID SURFACES 

can be perfected—surface segregation of impurities, effect of impurities 
on surface tension, and gas/ l iquid metal impurity surface reactions. 

Tbm Mm Cells 

The other option to reduce silicon solar cell cost is to develop thin 
film solar cells. There are interface problems encountered there also. 
Figure 5 shows a thin film cell which may soon become economical and 
lists the interface problem areas to which research must be directed. The 
cell consists of a conducting substrate upon which silicon is deposited, 
preferably by chemical vapor deposition, forming crystallites comparable 
i n size with the film thickness ( 100/A). The p-n junction is formed during 
deposition by changing the dopant in the carrier gas. A transparent 
(semi) conducting layer is deposited on top of the silicon film. This 
layer contacts each grain so that current transport across grain bounda
ries is minimized. A metallic grid is imbedded in the transparent layer 
to reduce its sheet resistance. In an alternate cell design, the transparent 
conductor is one part of a silicon-transparent conductor heterojunction. 

Interface Diffusion. A serious difficulty i n thin film development is 
the diffusion of substrate material into the silicon layer. A high tempera
ture material suitable as a substrate is carbon. Figure β summarizes the 
silicon-carbon interdiffusion for various allotropie forms of carbon (2) ; 
carbon diffuses deeply into silicon, and for al l subtrates except glassy 
carbon, silicon also diffuses into carbon. In both cases, a high resistivity 
SiC layer is formed, which reduces cell efficiency. 

Since many attempts to bui ld diffusion barriers have failed, it is 
highly desirable to investigate whether chemical vapor deposition and 
growth of large crystal grains can be accomplished at a lower tempera-

/////Si///// 

SiH 4-*[SiH 3-]-»Si + 2H2 

S i C l 4 + ZH 2-»[SiCl 3-]-*Si + 4HC1 

SiH 4 + B ^ - ^ I S i R j - j - ^ S i + Β + 5H. 

1100°C 

1200°C 

300-600°C 

Figure 7. Chemical vapor deposition reactions 
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«• T 'C 
1155 1060 977 903 838 779 727 679 626 596 560 527 

1 0 Δ Β 2 Η 6 B/Si=376x10'A 

Journal of the Electrochemical Society 

Figure 8. Influence of deposition temperature on the growth rate of poly-
erystalline silicon films without and with additional doping of AsHs, PHS, and 

B,H6 

ture. Figure 7 shows the reaction equations of two reactants, S i H 4 and 
S1CI4, and points out that addition of diborane ( B 2 H e ) to the chemical 
vapor allows deposition at a substantially lower temperature. The actual 
reaction mechanism is now being investigated (3) , but much more 
research using modulated molecular beam spectroscopy is needed before 
it can be determined how the deposition mechanism is influenced by 
impurities in the gas stream. Figure 8 shows that a p-type impurity 
increases the deposition rate while a η-type dopant decreases the deposi
tion rate. Since both S i H 4 and S1CI4 are tetrahedral molecules carrying 
a slight negative excess charge on the hydrogen atoms, it is tempting to 
propose (Table I) (5) that the p-dopant forms a charge layer at the 
surface which attracts such molecules, whereas η-dopants form a repulsive 
layer. Table I shows that a prediction of the model, the reduction of the 
deposition rate in the presence of B 2 H e of diamond from CBU (a molecule 
with a slight positive excess charge on the hydrogen atoms), is verified 
by the literature. Experiments to study the influence on the deposition 
rate of surface charges induced by electric fields are presently carried 
out in our laboratory. There is, in summary, justifiable optimism that 
C V D deposition rates may be catalyzed to proceed at lower temperatures. 
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342 RADIATION E F F E C T S ON SOLID SURFACES 

Low Temperature Crystal Growth. Crystal growth at temperatures 
much below the melting point of silicon can be achieved i f the silicon 
surface is covered during deposition by a thin layer of a low-melting 
point l iquid alloy of silicon (vapor-l iquid-solid ( V L S ) techniques). 
Experiments have shown that both on S i 0 2 (6) and pyrolytic graphite 
(7) , crystal grain size and crystal orientation is significantly improved if 
Si deposition is preceded by the deposition of a thin aluminum layer 
( - 5 0 0 A ) . 

Figure 9. Electron diffraction micrographs of (a) silicon film deposited on 
quartz at 600°C and (b) silicon film deposited on quartz at 600°C with prior 

coating of a Si-AC-Si layer 

Figures 9a and b compare diflEraction electron micrographs of Si 
films deposited at 600°C without (a) and with (b) the predeposition. 
Figure 10, an Auger depth profile of such a film on quartz, confirms that 
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16. siEKHAus Interface Phenomena in Solar Cells 343 

Table I. Predicted and Observed Dopant Gas Effects on the 
Deposition Rates of Silicon and Carbon Chemical Vapors0 

SiHt SiCli ecu 
Bonding characters S i * - H - s i * - α  C - - H * c * - c r 
B2H6 I ϊ D I 

I ' V D * 
P H 3 D D I D 

D * 
A s H 3 D D I D 

D> 
β I and D indicate an increase and decrease, respectively, in deposition rate. The 

first row for each dopant gas is for the predicted effects, the second row for the 
observed effects. 

* Data from Ref. 9. 
9 Data from Ref. 10. 

the aluminum initially deposited onto the quartz surface is carried along 
during deposition and concentrated on top of the silicon layer. Figure 11 
shows a similar deposition at 600°C on a graphite surface. Aluminum 
is apparently distributed uniformly throughout the silicon layer and even 
diffused into the graphite substrate. A clear silicon-graphite interface is 
formed with little interdiffusion, and no SiC formation is observable i n 
the Auger spectrum. The depositions reported i n Refs. 6 and 7 were 
done using silicon evaporation. Further work w i l l show whether this 
technique can be used at al l during silicon vapor deposition from silicon. 

/ x 

\ 

X 

' - V..:. A l 5 X \ 
-ν· V·*"".".·/·.. . > \ 

- I I L I L _ ! _ l Ι 
Ο 20 40 00 10 100 120 

SPUTTERING TIME, MIN 

Figure 10. Auger depth profile of a silicon 
film deposited at 600°C onto a thin aluminum 

layer on a quartz substrate 
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C2.5X 

AI5X 

Si 

_ J I I Ι 
Ο 20 40 60 80 100 120 

SPUTTERING TIME, MIN 

Figure 11. Auger depth profile of a silicon film 
deposited at 600°C onto a graphite substrate 

covered with a thin aluminum layer 

Grain Boundary Effects. It is likely that even under the best condi
tion, thin films w i l l contain grain boundaries, although probably substan
tially fewer than today. To assess their influence on the electrical per
formance and the time-stability of thin films, one needs to know the 
distribution of impurities at the grain boundaries. Experiments i n our 
laboratory to determine the impurity distribution by Auger spectroscopy 
of surfaces created by fracture along grain boundaries have not been 
successful thus far because silicon cleaves easily. There is, however, 
indirect evidence that at least doping impurities are to be found i n high 
concentration along grain boundaries of films formed by chemical vapor 
deposition. Figure 12 (8) shows that while there is an almost linear 
relationship between the donor concentration in the solid and the dopant 
concentration during chemical vapor deposition, the donor concentration 
in polycrystalline films falls abruptly by five orders of magnitude as the 
dopant concentration is reduced below one part in 10,000. The authors 
show then (8), that the total concentration in the chemical vapor: 

ND
T = phosphorous/silicon 0.35 Χ 10 2 2 (1) 

and, starting from the assumption that al l grain boundaries are covered 
with dopants before any dopant is incorporated into the grain, that the 
electrically active dopant concentration: 
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16. siEKHAus Interface Phenomena in Solar Cells 345 

ΝΏ = i V D T - NGB (2) 

can be fitted nicely to a relationship (Figure 13) : 

ND = ΝΌΎ - 4.05 Χ 10 2 0 S (3) 

where S (S — 0.024) is the fraction of the surface atoms covered or 
associated with an electrically inactive dopant atom. A n average grain 
size of cubic shape is assumed to define the number of surface atoms. 

Surface States. To analyze surface and interface states associated 
with all boundries i n cells, polycrystalline or single crystal, we use elec
tron loss spectroscopy, which, i n conjunction with uv spectroscopy, 
allows definition of empty and filled surface states. 

Figure 14 shows the loss spectra of the silicon (111 — 2 X 1) surface 
as a function of oxygen exposure. O n the clean surface, bulk and surface 
plasmons were observed at loss energies of 16.5 eV and 10.6 eV, respec
tively. The 5-eV transition is possibly a bulk transition. Three surface 

10 ι 1 1 1 1 1 Γ 

P/Si ATOM RATIO IN VAPOR 

Figure 12. Donor concentration, ND vs. Ρ7Si atom 
ratio in vapor for poly Si samples deposited on thermal 
SiOs substrates. Deposited at 650°C from SiH. (Δ), 
deposited at 840°C from SiBrA-H2 (A). Phosphorus-

doped, single-crystal silicon. 
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346 RADIATION E F F E C T S ON SOLID SURFACES 

state transitions were observed, S i at 2.5 eV, S 2 at 7.4 eV, and S 3 at 14.5 
eV. The S 0 transition at 0.6 eV, as seen in high resolution energy loss 
spectroscopy, is lost in the elastic background. However, according to 
recent theoretical calculations, the S 0 and S i transitions have similar 
initial states and are therefore directly correlated. By exposing the surface 
to oxygen, the S± and S 3 transitions are effectively removed at a coverage 
of 0.1 monolayer while S 2 increases. A t the same time, a loss peak at 
3.3 eV appears and becomes well established at monolayer coverage. 
This transition lies far below the bandgap and is not important to the 
electrical performance of S i cells. 

It is apparent that interfaces introduce a multitude of electronic 
states and that these can be controlled by adsorption or segregation of 
suitable impurities onto such interfaces. W e are continuing to investigate 
the effect of impurities likely to be found i n practical cells onto electronic 

10 20 

IO ι 

Ε 

Ζ 
,19 U H O 10" 

ζ 
ο 

ι-

I ιο 1 8 

Ο 
ο </> ID 
ο 
χ 
CL 
CO i r 1 7 
ο 10 
χ Ο

ΙΟ .16 

10 10 

P/Si ATOM RATIO IN VAPOR 

i d 3 

Figure 13. Total phosphorus concentration, ND
T, and 

donor concentration, ND, vs. P/Si atom ratio in vapor 
for poly Si deposited from SiHA at 650°C. Total phos
phorus concentration (A), donor concentrations (Δ)— 

see Equation 1, calculated from Equation 3. 
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16. siEKHAus Interface Phenomena in Solar CeUs 347 

Figure 14. Effect of oxygen adsorption on the strength and position of energy 
loss peaks as a function of Θ, oxygen coverage. (Θ=1 represents one monolayer). 
The most effective trapping state St (tied to S0) close to the top of the valence 
band is clearly eliminated by oxygen adsorption. The abscissa gives the loss 
energy in eV, measured from the elastic peak, and the shaded bands are absorp

tion bands as measured by uv transmission spectroscopy of St0 molecules. 

interface states. The following interface problems are encountered in 
thin film cells. 

( 1 ) Catalysis of chemical vapor deposition 
(2) Catalysis of crystallization 
(3) Impurity segregation on surfaces, interfaces, and grain bounda

ries 
(4) Control of surface and interface states 
( 5 ) Control of interface diffusion 

Research in our and other laboratories is directed toward solving or 
circumventing them. . « · » 

American Chemical 
Society Library 

1155 16th St.. N.W. 
Wishing**. DC. 20036 
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Literature Cited 

1. Wolf, Martin, IEEE Photovoltaic Specialist Conf. 9th, 1972. 
2. J. Appl. Phys. (1975) 46, 3402. 
3. Farrow, R. F. C., J. Electrochem. Soc., Solid-State Sci. Technol. (1974) 

121 (7), 889. 
4. Eversteyn, F. C., Put, Β. H., J. Electrochem. Soc., Solid-State Sci. Technol. 

(1973) 120 (1), 107. 
5. Chang, Chin-An, J. Electrochem. Soc. (1976) 123 (8), 1245. 
6. Chang, Chin-An, Siekhaus, W. J., Kaminsky, T., Appl. Phys. Lett. (1975) 

26 (4), 178. 
7. Chang, Chin-An, Siekhaus, W. J., Appl. Phys. Lett. (1976) 29 (3), 208. 
8. Cowher, M. E., Sedgwick, T. O., J. Electrochem. Soc., Solid-State Sci. 

Technol. (1972) 11, 1565. 
9. Cotton, F. Α., Wilkinson, G., "Advanced Inorganic Chemistry," p. 466, 

John Wiley & Sons, New York, 1966. 
10. Poferl, D. J., Carducer, N. C., Augus, J. C., J. Appl. Phys. (1973) 44, 1428. 
RECEIVED January 5, 1976. Work supported by U.S. Energy Research and De
velopment Administration. 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

6 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
6-

01
58

.c
h0

16



17 

Ion Microprobe Studies of Surface Effects of 
Materials Related to Fission and Fusion 
Reactors 

C A R L E. JOHNSON and D A V I D V. STEIDL 

Chemical Engineering Division, Argonne National Laboratory, 
9700 Cass Ave., Argonne, Ill. 60439 

Secondary ion mass spectrometry performed with an ion 
microprobe mass analyzer has been used to investigate sur
face chemical problems related to fission and fusion reactors. 
Ion microprobe analysis of nuclear reactor fuel elements has 
shown that oxygen and fission products are involved in the 
corrosive attack of fuel cladding, and these data have helped 
to establish conditions for optimum fuel performance. For 
fusion reactors, the containment of tritium is a principal 
criterion in reactor design. Ion microprobe analysis has con
tributed to a better understanding of the relation between 
the permeability of containment materials to hydrogen iso
topes and the impurities present on the surface of these 
materials. 

/ ^ r o w i n g interest in the detailed characterization of materials and i n 
fundamental surface studies has stimulated the development of a 

variety of new analytical techniques. Among the most promising of these 
is secondary ion mass spectrometry (S IMS) , which is performed with an 
ion microprobe mass analyzer ( I M M A ). The SIMS technique can provide 
surface (lateral) and in-depth analysis of the concentrations and distribu
tions of elements and/or isotopes in solids with excellent resolution. 
Analysis is based on the emission and subsequent mass analysis of sec
ondary ions ejected from a sample when it is bombarded with a high 
energy ionic beam. Most elements can be detected with a sensitivity i n 
the ppm range, and for some elements the sensitivity can extend even to 
the ppb range. However, the rare gases present a most difficult challenge 
to the analyst, and high sensitivity for the elements gold and carbon can 

349 
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be achieved only by bombarding the respective samples with cesium and 
nitrogen ion beams. 

Ion bombardment of a solid can produce secondary ions by two 
different processes—kinetic ( I , 2) and chemical (3, 4, 5, 6) . When a 
primary ion of ~ 20 keV energy strikes the surface layers of a material, 
it transfers kinetic energy to the atoms in the lattice, initiating a collision 
cascade. This interaction results in the ejection of sample atoms from the 
surface and their excitation to metastable and ionized states. Any un
bound electrons in the excitation volume (for example, from conduction 
bands ) w i l l have a much higher velocity than the solid state ions, causing 
most of these ions to be neutralized before they can escape into the 
vacuum of the sample chamber. However, an atom may escape from the 
sample surface as a neutral particle while maintaining an excited state. 
Such a metastable atom can eject an Auger electron in the vacuum above 
the sample and become ionized. The kinetic ionization process predomi
nates in the bombardment of metals and some semiconductors with ions 
of inert gases. 

The chemical ionization process depends on one or more chemically 
reactive species being present in the sample to reduce the number of 
conduction band electrons available for neutralization of the ions pro
duced at the surface of the solid. W i t h an increase in the surface work 
function of the sample, more positive ions are produced at the sample 
surface and thus become available for mass analysis. It is assumed that 
the kinetic ionization process continues concurrently with the chemical 
process. However yields of secondary positive ions are significantly higher 
when chemical ionization is taking place than when kinetic ionization 
alone is occurring. In the chemical ionization process, most ions that are 
found in the vacuum were originally present as atoms in the outer 10-20 
A of the sample. 

Two techniques have been developed to take advantage of the higher 
ion yields produced in the presence of chemically reactive species. In 
one, Guenot (3) intentionally introduced oxygen into the sample chamber. 
W i t h this technique, an oxide layer is continually produced on the sample 
surface, and chemical ionization predominates. The advantages of the 
other technique—bombarding with a chemically active gas (principally 
oxygen) to achieve similar results—has been demonstrated by Andersen 
(4, 5) . Bombardment with a chemically active ion controls the sample 
surface chemistry and forces the predominance of the chemical ionization 
process. Andersen's experiments with aluminum (4, 5) demonstrate the 
two phenomena dramatically. When aluminum is bombarded with A r + 

ions, the positive A l + ion yield decreases exponentially with time (see 
Figure 1) (4,5). The ability to extract ions from the sample is progres
sively lost with time, probably because of the destruction of the oxide 
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17. JOHNSON AND STEIDL Fission and Fusion Reactor Materials 3 5 1 

layer which exists on the sample surface. The final level of A l + ion output 
under 9 0 A r + bombardment is interpreted to represent a dynamic equilib
rium between the arrival rate of the bombarding gas at the sample surface 
and the arrival rate of reactive gas molecules from the ambient gas. 

50 100 50 100 

TIME (SEC.) 

Figure 1. Bombardment of aluminum with argon and oxygen ions. Accéléra-
Hon potential, 11 kV; sample current, 4 X 10~9 A; probe size, 20 μ2. 

As can also be seen in Figure 1, when an aluminum sample is bom
barded with 3 2 0 2

+ ions, a result indicative of the chemical process is 
obtained. In this case, the preliminary rise in A l + ion output is interpreted 
to indicate the removal of an oxygen-rich layer on the surface. Its removal 
rate directly depends on the current density of the bombarding ion beam. 
After a slight drop, the A l + ion signal recovers to maintain a high, stable 
ion output. Under oxygen ion bombardment, it appears possible to main
tain appropriate surface conditions so that positive ion formation is 
significantly enhanced. As is pointed out in subsequent discussion, this 
kinetic and chemical relationship can be used to great advantage to 
examine material that is suspected to have undergone a corrosive oxidative 
reaction. 

The SIMS technique has excellent capability for determining the 
concentration of a given element of interest as a function of depth in a 
sample. McHugh (6) has studied in great detail the capability of the 
ion microprobe to resolve a 50-A 3 1 P layer located some 230 A below the 
surface of a 1050-A thick T a 2 0 5 film. The resolution of the experimentally 
determined depth (concentration) profiles was significantly influenced 
by the primary ion beam kinetic energy. This readily predicted result is 
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caused by atomic displacement cascades in the sample under the impact 
of the primary ion beam. M c H u g h showed that the best results were 
obtained with a 1.75-keV 1 6 0 + ion bombardment ( 0 2

+ at 3.5 k e V ) ; the 
3 1 P peak centered about 230 A but had a F W H M (full width half maxi
mum) of 78 A . The spread in the peak, which exceeded the expected 
50 A , resulted from atomic mixing as the primary ion beam etched away 
the sample. Another technique that could be used to improve the peak 
resolution would be to increase the angle of incidence that the primary ion 
beam makes with the surface of the sample. The oblique angle of inci 
dence would reduce the mean penetration depth of the particle and would 
give results equal to reducing the primary ion beam energy. 

Using the I M M A , we have recently analyzed the depth profile of 
5 8 N i in a sample of aluminum. In this experiment, the two samples were 
bombarded with 5 8 N i accelerated to 4 M e V , one with a beam current 
that was three times greater than the other. The predicted penetration 
depth (7) was calculated to be 2.08 μία. Both samples were analyzed 
using a 20-keV 2 8 N 2

+ primary ion beam. Excellent results were obtained 
with one sample showing a maximum in the 5 8 N i + intensity at 2.17 μπι 
and the other at 2.12 μΐη. The crater depth was generally determined 
using interference microscopy techniques. However, when surface rough
ness of the sample crater became too severe, light microscopy coupled 
with direct measurement proved very effective. The F W H M was 0.65 
μΐη and 0.60 μΐη, respectively. Integration of the area under each peak 
showed a relationship of 3/1. 

Instrumentation 

The general concept of producing a spatially resolved mass analysis 
of the surface of a solid by bombarding with a beam of primary ions and 
analyzing the secondary ions sputtered from the sample was introduced 
by Castaing and Slodzian (8). Their efforts resulted in the production of 
an ion emission microscope. More recently, L i e b l (8) designed an ion 
microprobe that has been more fully developed by Andersen and H i n -
thorne (10). 

Figure 2 is a schematic of the instrument used at Argonne. The ions 
for sample bombardment are generated in a hollow cathode duoplasma-
tron ion source which can produce a variety of gaseous ions. The ions, 
which are either positive or negative, are first accelerated to energies of 
5-22.5 kV. After being accelerated, the ions are passed through a primary 
mass spectrometer, which allows the experimenter to select a specific 
ionic species for the bombardment of the sample being analyzed. This 
beam is focused to form a small probe-like beam by means of an electro
static lens column consisting of a condenser and an objective lens. The 
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17. JOHNSON AND STEIDL Fission and Fusion Reactor Materials 3 5 3 

ion probe, which can be varied in diameter from about 2 to 300 m/x, is 
allowed to impinge on the sample and can be viewed during bombard
ment through an optical microscope. 

The sputtered ions from the sample surface are collected and mass 
analyzed by a double-focusing mass spectrometer that is similar to the 
Mattauch-Herzog type inasmuch as the velocity dispersions of the mag-

ION MICROPROBE MASS ANALYZER 

SAMPLE 

Figure 2. Schematic for the Applied Research Laboratories ion microprobe 
mass analyzer 

netic and electric sectors are matched so that sputtered ions with a wide 
range of initial energies may be accommodated. No entrance slit is used, 
and the bombarded area is stigmatically focused directly onto the resolv
ing slit. A retrofocal lens in front of the spectrometer increases the instru
ment s solid angle of acceptance. 

Both positive and negative sputtered ions can be detected by suitable 
arrangement of potentials on the conversion electrode and scintillator of 
a high gain device similar to the Daly type (11). A t the conversion elec
trode, secondary electrons are ejected by the sputtered ions; these 
electrons are accelerated toward a scintillator. The light emitted by the 
subsequent impact is detected by a photomultiplier tube. The resolved 
signals can be read either as direct current on chart recorders or as count 
rates in scalers capable of counting in the megacycle range. In scaler 
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counting, mass discrimination effects are minimized, and the counting 
efficiency is approximately the same for both light and heavy ions. 

The detector assembly allows automatic positioning of isotopes that 
are within a 15% mass range of each other. Our experience has shown 
that the precision of the data obtained from isotope ratio measurements 
is higher than that achievable by simple mass scanning and counting of 
ion peaks. To obtain the isotopic ratios, the two ion beams of interest are 
deflected by a set of electric deflection plates so that the beams are 
alternately switched in and out of the resolving slit and detector 500 
times per second, with each beam being recorded separately i n its re
spective scaler. Interference from any ion peak falling between the two 
isotopes being measured is eliminated by using a blanking pulse between 
the counting intervals. The precision attained by this method of measur
ing isotope ratios is close to that defined by counting statistics, with the 
practical limit being about 0.1%. 

The I M M A also allows the primary ion beam to be swept across the 
surface of the sample in a raster fashion by using the sweep plates of the 
primary column. The sputtered ions thus generated are mass analyzed, 
and the detected signals are viewed on an oscilloscope, which shows the 
two-dimensional distribution of the sputtered element in the area of the 
sample selected for analysis. 

Applications 

Although SIMS has only recently been applied to the analysis of 
surface materials i n fission and fusion reactor systems, the unique capa
bilities of this analytical technique provide the means to solve a wide 
variety of problems. We have selected only a few applications to illustrate 
these capabilities. Presented later are detailed discussions of studies 
devoted to understanding the mechanisms of cladding attack in fission-
reactor fuel elements and investigations of the surface characteristics that 
limit permeation of hydrogen through materials of construction for fusion 
reactor systems. In addition, highlights of several on-going studies in both 
of these areas are presented below. 

One of the suggested mechanisms of fission-reactor fuel cladding 
attack emphasizes the strong influence that carbon can exert on the 
chromium concentration at grain boundaries in the stainless steel cladding 
(i.e., in changing the surface composition of grains within the bulk stain
less steel). It is well established (12) that austenitic stainless steels 
become more susceptible to oxidation when the chromium concentration 
drops below 12%. If cladding attack is influenced by such a mechanism, 
it is expected that carbide precipitates (most likely chromium carbide) 
w i l l reside at grain boundaries within the cladding. Studies of fractured 
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cladding surfaces are under way to identify any carbide aggregates adher
ing to grain boundary surfaces. Although these studies w i l l be qualitative, 
owing to roughness of the fractured surface, the isolation and identifica
tion of any such precipitates w i l l significantly help to unravel the complex 
mechanism of cladding attack. 

In studies of fusion reactor systems, assessment of the stability of 
first-wall candidate materials to the lithium metal-plasma environment is 
of considerable interest. A few years ago, Brehm et al. (13) reported 
that niobium containing 3 0 0 - 5 0 0 ppm oxygen exhibited corrosive attack 
at the sol id- l iquid lithium interface and preferentially at the niobium 
grain boundaries. Because this metal is a prime candidate for the reactor 
first wall , the conditions under which such a reaction may limit the useful
ness of this material must be understood. In the fusion reactor, l ithium 
wets the first wal l and may enter the metal by a recoil reaction resulting 
from impingement of the plasma on the lithium-wetted surface. In our 
work, the extent of penetration of lithium into niobium by recoil is studied 
by means of the 1 0 B(n,« ) 7 Li reaction. The boron is vacuum sputtered 
onto a niobium plate and then bombarded by thermal neutrons. The SIMS 
technique is used to identify the presence of lithium, and depth-profiling 
techniques are used to determine the penetration depth of the recoil 
reaction. A knowledge of the kinetics of this reaction allows assessment 
of the significance of the reaction at reactor operating conditions. W i t h 
this as background, attention is now focused on the more detailed, com
plete studies. 

Cladding Attack in Fission Reactor Fuel. In studies of irradiated 
mixed oxide fuels, chemical reactions that occur during fissioning of the 
fuel are being identified by postirradiation examination of the fuel using 
ion microprobe mass analysis. Many techniques have been used in efforts 
to elucidate the behavior of fission products in irradiated fuels, but none 
have been as successful as ion microprobe analysis. The ion microprobe 
mass analyzer has contributed significantly to our knowledge of the effects 
of irradiation on nuclear fuel. This is caused mainly by the relatively 
high sensitivity of the instrument, with detection sensitivity to the ppb 
level in certain cases. This high detection sensitivity is especially impor
tant for the low mass range ( 7 < 1 1 ) , where other standard techniques, 
such as electron microprobe, either have poor sensitivity or do not work. 
Further, since the ion microprobe collects isotopic data, it has provided 
a direct means for differentiating between fission products and structural 
materials. 

In our studies of irradiated fuels (14, 15), particular emphasis has 
been placed on the chemical reactions and redistributions of fuel con
stituents that could contribute to corrosive attack of the stainless steel 
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cladding. Oxidation of the cladding caused by redistribution of oxygen 
within the fuel and interaction of the cladding with certain highly reactive 
fission products such as cesium are examples of these processes. Figure 3 
shows the radial distribution of fission-product cesium in a fast reactor 
fuel. 

Postirradiation examination of fast reactor fuel elements has fre
quently shown extensive intergranular attack of the inner wal l of the 
stainless steel cladding along with less serious uniform oxidation of the 
inner wall . Since the lifetime of fuel elements may be limited by the 
intergranular attack, it is important to understand the mechanism and 
parameters that control the reaction. A section of cladding from a urania -
plutonia fuel irradiated to a 5 at. % burn-up at 20 k W / f t was analyzed 
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Figure 3. Radial distribution of 133Cs in mixed oxide fast reactor fuels 
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Figure 4. Oxygen profile in irradiated stainless steel cladding. 
28N2

+ at 4.6 X 10~9 A with 10.5-μτη beam diameter. 

for oxygen, using the I M M A . A section of this cladding had been ana
lyzed previously for oxygen by vacuum fusion analysis and had contained 
3000 ppm oxygen. Archival samples (unirradiated) of this cladding 
contain about 100 ppm oxygen. The ion microprobe analysis for oxygen 
was carried out using a 2 8 N 2

+ ion beam. The beam current was 4.6 X 
10' 9 A , and the beam diameter was 10.5 μτη. Each sample location was 
first thoroughly cleaned by etching the surface with the nitrogen ion 
beam to ensure that the area being analyzed was free of surface con-
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tamination. After consistent analyses had been obtained for a given 
location, digitized data were collected for the 1 6 0 " mass peak in the 
secondary ion beam. These data were then converted into ppm of oxygen 
using steels of known contents as standards. The data are shown in Figure 
4, where the oxygen concentration is plotted as a function of distance from 
the inner surface to the periphery of the cladding section. The oxygen 
concentration is very high near the inner surface, but decreases quickly 
to a level near that of the archival cladding material. The steepness of 
the oxygen profile indicates that the oxygen is concentrated near the 
cladding-fuel interface. 

Figure 5. Ion microprobe scanning images of 16oxygen, 133cesium, ^rubidium, 
ana 98molybdenum at urania-^lutonia fuel-stainless steel cladding interface. 

All images 80 μτη X 100 μπι. 

Figure 5 shows ion microprobe scanning images of the distribution 
of 1 6 0 , 8 5 R b , 1 3 3 C s , and 9 8 M o in the cladding at the fuel-cladding interface. 
In each image, the degree of whiteness increases with ion concentration. 
Examination of the oxygen scanning image shows a very high concentra
tion near the interface. This layer is probably composed of chromium 
and iron oxides. The center of the first large grain near the interface, 
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shown at the top center of Figure 5a, is the location of the first sample 
point in Figure 4 (50/mi from the inner edge of the cladding). Most 
of the oxygen found by vacuum fusion analysis (3000 ppm) is located i n 
a thin layer on the inner surface of the cladding. Calculations have 
shown that complete oxidation to chromic oxide of the chromium in a 
l-μΐη thick layer of cladding would contribute 7800 ppm oxygen to the 
cladding. Close inspection of the image for oxygen shows that the degree 
of whiteness decreases with increasing distance from the interface. Thus, 
this qualitative pictorial information confirms the distribution shown in 
Figure 4. 

As is discussed above, the primary ion beams selected for a particular 
analysis can contribute significantly to elemental sensitivity. It has been 
well established that bombarding with reactive gases can provide signifi
cant signal enhancement, thereby increasing detection sensitivity. This 
feature can be used to advantage in studies where oxidation or nitrida-
tion may be of concern in assessing material performance. 

Ion-scanning images were obtained for a second area that showed no 
intergranular attack but was suspect on the basis of earlier nondestructive 
analysis results. Figure 6 shows ion images for 1 2 C , 5 2 C r , 5 5 M n , 5 6 F e , and 
5 8 N i . In this figure, the cladding makes up most of the upper portion of 
the ion images; the outer edge of the cladding is near the bottom of each 
image. In all the ion-scanning images shown in Figure 6, there is close 
correspondence in the location of each of the isotopes. The enhancement 
of the images suggests the presence of a chemically active material. 
Because the primary ion beam used in these investigations was argon, 
which is chemically inactive, the observed signal enhancement is believed 
to be caused by an oxidative reaction that had occurred earlier at this 
location. Subsequent analysis proved oxygen to be present in these 
locations, suggesting that the formation of ferrite, a complex iron-chro
mium oxide containing impurity levels of nickel and manganese could 
account for the enhancement. Examination of cladding by this technique 
provides the opportunity to identify areas where attack is just beginning. 
This is extremely important if the mechanism of this corrosive reaction 
is to be unraveled. 

Hydrogen Permeation in Fusion Reactor Structural Material. The 
distribution and migration characteristics of tritium in a reactor system 
are of concern to those working on the design of controlled thermonuclear 
reactors. To ensure containment of tritium (hydrogen) gas, its solubility 
and diffusion characteristics through structural materials must be deter
mined. Although solution and diffusion are largely bulk phenomena, 
diffusion often strongly depends on the properties of and interaction at 
surfaces. 
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Figure 6. Ion microprobe scanning images of outer edge of type 316 stainless 
steel fuel cladding—Area 1. All images 100 X 126 pm. Original magnification: 

a, 110X;b-f,548X. 

Permeation of a gas through a solid depends on the adsorption of and 
desorption from the metal surface. The rates of adsorption and release 
of a species from a surface strongly depend upon the number of active 
sites available at the surface. Hence, the rate of any process occurring 
as a result of adsorption or release can be expected to depend on the 
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number of such sites. In terms of the behavior of hydrogen isotopes in 
fusion devices, it is reasonable to assume that some of the impurity 
species likely to accompany hydrogen, such as Ο, N , and C either can 
permanently lodge on active sites, making these sites unavailable to 
hydrogen, or can compete with hydrogen for the active sites, reducing the 
probability of occupation by hydrogen. 

A frequently observed consequence of this kind of passivation is the 
reduced permeability of metals with surface layers of chemically bound 
impurities. Earlier experimental studies (16) showed that to achieve 
maximum permeability of hydrogen through vanadium, the metal had to 
be activated before each run. In that work, the vanadium foils were 
activated by heating to 850°C in vacuum, followed by cooling to 450°C. 
Permeability measurements were then made at 450°-550°C. A least 
squares refinement of the data of Heinrich et al. (14) is plotted i n the 
upper region of Figure 7. 

More recently (17), a study was initiated to measure the hydrogen 
permeability of high purity vanadium that had not been subjected to the 
vacuum baking procedure. These studies have shown that impurity layers 
on vanadium can reduce its hydrogen permeability by more than three 
orders of magnitude. A least squares analysis of the data collected for 
untreated (unactivated) vanadium samples at 350°-550°C is given i n the 
lower half of Figure 7. W i t h further heating above 600°C, there is a 
rapid increase in the hydrogen permeability, such that at 780° C the 
measured rate is more than one order of magnitude greater than the rate 
predicted by the curve for unactivated vanadium. In all cases, the 
vanadium samples became deactivated unless they were periodically 
baked at 850° C. In general, the lower curve in Figure 7 has been found 
to represent samples that are fully deactivated. This implies that a uni
form, relatively thin layer of impurities is probably responsible for the 
reduced permeability. 

Ion microprobe analyses were made of as-received vanadium samples 
to identify the elemental constituents of the impurity layer. The positive 
ion spectra shown in the upper scan of Figure 8 were obtained from 
samples of the high purity, as-received vanadium, and the lower scan i n 
Figure 8 was taken after the same material had been subjected to perme
ation measurements at high temperatures. Clearly, the surface of the 
as-received sample had picked up a significant quantity of oxygen, as 
evidenced by the appearance of the 1 β Ο + signal and the very large increase 
in the 6 7 V O + signal. The change in the surface characteristics undoubtedly 
arose from impurities on the surface while the sample was in the permea
tion apparatus. Traces of 6 5 ( V N ) + and ^ ( V C ) * are also observed i n the 
spectra, but the most prominent new mass peaks are clearly from oxygen-
containing species. A l l samples were mounted on an aluminum substrate; 
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Figure 7. Hydrogen permeabilities of activated and unactivated vanadium 
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CO 

3 9 K + 

2 3 N a + 
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Figure 8. Ion microprobe spectra of as-recewed vanadium (upper 
trace) and a vanadium sample that had been used for permeation meas

urements (lower trace) 

as a result, a 2 7 A1 + signal was frequently observed, the intensity of which 
was independent of the history of the sample and which is believed to be 
the result of contamination from the substrate. 

Ion microprobe data as a function of depth in the sample for the two 
vanadium specimens of different histories are given in Table I. For the 
sputtering parameters used in these studies, the time in seconds approxi
mately corresponds to the number of atom layers removed. The mass 
peak intensities at each time were normalized to a value of 100 for the 
5 0 V + signal (natural isotopic abundance of 5 0 V ^ 0.25% ), the assumption 
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being that 5 0 V is uniformly distributed throughout the bulk of the 
vanadium. 

For the as-received vanadium (sample I ) , the concentrations of the 
oxygen-containing species (O and V O ) decrease rapidly in the first sev
eral-thousand atom layers, whereas hydrogen appears to be rather uni -

Table I. Ion Microprobe Mass Analysis Data 
for Two Vanadium Samples 

Sample 
Time 

Mass Signal (arbitrary units) 

(sec) Ή * 50γ+ 

0 28 28 (100) 101 
900 28 7 (100) 61 

2100 29 < 2 (100) 35 
0 17 57 (100) — 

315 16 38 116 (100) — 
1535 72 32 116 (100) — 
2030 96 28 124 (100) — 

I I 

formly distributed. This is to be expected for a high purity material that 
could have suffered some surface oxidation prior to its use. However, 
because the material was maintained under ambient conditions, the 
oxygen did not have a chance to migrate very far into the bulk. Hydrogen, 
on the other hand, having a much greater mobility in metal lattices under 
ambient conditions, would be expected to reach a uniform distribution 
i n the bulk material over a long time. 

Sample II, which had been subjected to continuous permeation meas
urements for several weeks at up to 550° C, was cooled overnight to room 
temperature with continuous pumping at a pressure of < 10~4 torr prior 
to probe examination. The ion microprobe data for this sample (given i n 
Table I) also appear to reflect its laboratory history. The oxygen level 
again decreases with depth i n the metal, but not nearly as rapidly as for 
sample I, probably because the high temperature treatment resulted in 
greatly accelerated oxygen diffusion. The hydrogen level is depleted at 
the surface relative to the hydrogen level i n the bulk metal, indicating 
that on cool-down from 550°C under vacuum, a concentration gradient 
developed between the surface and bulk vanadium. A t 550°C, the vana
dium lattice is much expanded, thus allowing an increase in the solubility 
and permeability of hydrogen in vanadium. A t ambient temperatures, 
the loss of hydrogen from the surface, owing to the vacuum, can easily be 
visualized. However, at ambient temperature, the diffusion of hydrogen 
through the bulk vanadium would be very slow, and thus a large hydrogen 
concentration gradient would be established between the surface and 
bulk vanadium. 
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Two other features of the data in Table I should be noted. First, 
silicon is a common impurity in vanadium-rich ores. Therefore, it would 
be expected to be uniformly distributed throughout refined vanadium 
metal. The results for sample II and for all other samples where the 
2 8 S i + signal was on scale confirm this uniform distribution and give 
credence to the use of the 5 0 V + signal as an integral intensity standard. 
Second, the relative intensities of the l e O + and 6 7 ( V O ) + peaks are observed 
to vary with penetration depth. -This may be a consequence of changes 
i n the chemical state of oxygen as a function of depth in the sample, but 
it may also result from atomic and molecular recombinations occurring 
at the metal surface. 
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Surface Effects on Tritium Diffusion in 
Materials in a Radiation Environment 

G. R. CASKEY, JR. 

Savannah River Laboratory, Ε. I. du Pont de Nemours and Co., 
Aiken, S.C. 29801 

Tritium transport and distribution in a material are con
trolled by chemical potential gradients, thermal gradients, 
and cross-coupling to impurities and defects. Surfaces in
fluence tritium diffusion by acting as sources and sinks for 
defects and impurities. Surface films restrict tritium transfer 
between the solid and surrounding fluids. Radiation directly 
affects boundary processes such as dissociation or adsorp
tion, may erode a surface film or the surface itself, and 
introduces defects and impurities into the solid by radiation 
damage, transmutation, or ion implantation, thereby modi
fying tritium transport within the solid and its transfer 
across external interfaces. There have been no definitive 
investigations of these effects, but their practical significance 
has been demonstrated in tritium release or absorption 
studies with stainless steel, Zircaloy, niobium, and other 
materials. 

/ C u r r e n t interest in tritium migration in solids arises from technical, 
^ economic, and environmental considerations associated with operat
ing fission reactor plants and projected fusion reactor systems. In the 
first case, the interest is almost entirely caused by the possible environ
mental contamination by tritium leakage to plant effluents ( I , 2 ) . Small 
quantities of tritium are generated by both ternary fission and reaction 
of neutrons with boron and lithium. There are many ways that this 
tritium may eventually escape to the environment; for example, through 
permeation through the steam generator system. Fusion reactors, on the 
other hand, are designed to process continuously large (kilogram) quan
tities of tritium both in the feed and exhaust from the deuterium-tritium 
( D - T ) plasma and in the tritium breeding, extraction, and purification 
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18. CASKEY Surface Effects on THtium Diffusion 367 

systems (3, 4, 5, 6, 7). Efficient containment and recovery are essential 
in this case. Potential problems associated with fusion systems have been 
described in detail (4, 5, 6) , and several alternative approaches to mini 
mize tritium release have been advanced (4). In al l cases, knowledge of 
the diffusion and permeation characteristics of tritium i n structural mate
rials of principal interest is helpful i n analyzing containment, breeding, 
and handling problems. Potential materials include: stainless steel; alloys 
of niobium, vanadium, or molybdenum; Zircaloy-2; silicon carbide; 
beryllium oxide; alumina; oxides commonly formed as surface films on 
metals; tritides, such as T i T 2 which may be used in targets for neutron 
generation (8) and i n extraction systems; and various grades of steels 
for steam-generating systems. A small amount of experimental data is 
available on tritium diffusion i n these materials. There is much more 
information for protium and deuterium (9,10,11,12) which is applicable 
to tritium, if the data are corrected for the effects of isotope mass. 

Figure I . Diagram of interrelations among tritium diffusion, surface 
effects, and radiation 

Trit ium diffusion occurs in response to gradients i n chemical poten
tial and temperature in solids and is influenced by interaction with de
fects, impurities, and with surfaces. These interactions may involve: 

(1) Boundary processes such as dissociation and chemisorption. 
(2) External surfaces (such as those between two solids or between 

a solid and a fluid) and internal surfaces (such as grain boundaries) 
which act as sources and sinks for defects and impurities. 

(3) Surface films, such as oxides on metal surfaces, which may 
change the rate of tritium transfer between phases. 
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368 RADIATION E F F E C T S ON SOLID SURFACES 

Potential interrelations among these factors are represented diagram-
matically in Figure 1. Several possible effects of radiation on the processes 
affecting tritium diffusion are indicated, including: 

( 1 ) Catalytic effect on dissociation or adsorption. 
(2) Erosion of the surface or of surface films. 
(3) Increased defect and impurity fluxes to or from the surfaces. 
(4) Increased defect and impurity concentrations within the solid. 
The effects of these processes on tritium diffusion in solids have not 

been investigated. Several related problems, however, have been dis
cussed or are under investigation (13). For example, the effect of oxide 
films on tritium release and permeation in stainless steel (14), trapping 
effects in niobium (11), and photodesorption (15, 16) have al l been 
reported in some detail. This chapter w i l l focus attention on those aspects 
of tritium absorption and transport where information is available and 
where experimental investigation is in progress. W e w i l l also try to 
identify areas where additional investigation is needed. 

Interaction of Tritium Atoms with Defects and Impurities 

Tritium diffusion and its ultimate distribution throughout a solid is 
strongly affected by lattice defects and impurities because of repulsive or 
attractive interactions such as: trapping of tritium at immobile defects 
or impurities, diffusion of tritium in response to gradients in the chemical 
potential of impurities, migration of tritium with moving defects. These 
processes are related to radiation effects because radiation damage, trans
mutation, and ion bombardment change the number and distribution of 
defects and impurities and may implant tritium within the lattice. 

Tritium Solution in Solids. Dissolved tritium may occupy either 
octahedral (O) or tetrahedral (T) interstitial positions in metals de
pending on the crystal lattice of the host structure. Neutron diffraction, 
ion channeling, and nuclear magnetic resonance techniques have identi
fied the equilibrium interstitial sites i n several metals (17, 18, 19, 20). 
Generally, the T-site is occupied i n metals with a body-centered cubic 
( B C C ) lattice, and the O-site is occupied in metals with a face-centered 
cubic ( F C C ) or hexagonal close-packed ( H C P ) lattice. Chromium 
( B C C ) appears to be an exception, as an ion-channeling study indicates 
that the O-site is occupied (21). 

Atomic and molecular solutions of tritium have been observed in 
nonmetallic solids (22-29), but there is very limited direct evidence on 
the specific location of tritium in such materials. Generally, interstitial 
solution is assumed, although substitutional replacement may be antici
pated in some cases, as in polymers. Trit ium solution and diffusion in 
silica and silicate glasses is normally molecular (22, 28). However, 
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18. CASKEY Surface Effects on Tritium Diffusion 369 

atomic diffusion of tritium ions has been observed in quartz and fused 
silica (24), and electrolysis apparently introduces atomic hydrogen in 
vitreous silica (25). Trit ium solution in polymers is normally molecular 
as indicated by the direct dependence of permeation rate on the first 
power of the hydrogen pressure (26). In this instance, isotopic exchange 
of tritium with the hydrogen in the polymer could alter the diffusion 
kinetics and eventually degrade the polymer by breaking the bonds 
where replacement tritium decayed. Trit ium solution i n metal oxides 
may be atomic in the few cases where it has been studied, e.g., ZnO 
(27) and T i 0 2 ( 28). However, the pressure dependence of the permea
tion rate of hydrogen in Z r 0 2 suggests a molecular solution (29). 

Tritium diffusivity has been measured in various materials by gas 
phase charging (28), electrolytic charging (25), ion bombardment (24), 
and recoil from a L i (14). Results for several types of solid are shown 
i n Figure 2. Generally, tritium diffusivities correlate with protium or 
deuterium diffusivities by the inverse-square-root-of-mass relation where 
data exist to make the comparison. Silver and aluminum are apparent 
exceptions because of effects associated with ion implantation or radia
tion, as discussed later. Protium and deuterium diffusivities i n metals 
have been summarized previously (9, 10, 11, 12). Little work has been 
done with oxides, but this area is being investigated currently on mate
rials of interest in fusion reactor development (30). 

Trapping by Immobile Defects or Impurities. A n attractive inter
action between diffusing tritium and lattice defects or impurity atoms is 
not accounted for in the simple diffusion equation: 

dC/dt — V D V C (1) 

Therefore, this equation is not applicable under such conditions. More 
complex formulations are required to incorporate additional processes 
into the analysis. Formal representation of trapping has been approached 
in two ways: incorporation of additional terms in the continuum diffusion 
equation to account for trapping (31, 32, 33, 34, 35) and analysis based 
on the concept of mean-free passage time taken from the theory of 
stochastic processes (36). The former approach has been used exten
sively but may not be appropriate when considering singularities of 
atomic dimension. The latter approach takes into account details of the 
lattice, trap site, and shifting of the saddle point energy caused by the 
perturbation of the lattice by the defect, but it has not been applied to 
analysis of hydrogen diffusion experiments. 

Trapping sites that have been identified or suspected in metals 
include: dislocations in type 304L stainless steel, nickel, vanadium, 
niobium, iron, and molybdenum (37-42); interstitial or vacancy clusters 
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370 RADIATION E F F E C T S ON SOLID SURFACES 

Temperature, °C 
1000 500 100 20 

Figure 2. Diffusivity of tritium in various materials 

i n copper, silver, and gold (43); oxygen i n niobium and copper (44, 45); 
and voids or gas bubbles in iron, silver-lithium, and aluminum-Hthium 
alloys (46, 47, 48). Potential trapping sites in nonmetallic solids include 
Schottky or Frenkel defects and impurity atoms. 

General representation of diffusion with trapping at only one type 
trap has been developed (33) by replacing the simple differential equa
tion with: 

dC/dt + Ndn/dt — D V 2 C (2) 

where dn/dt = kC ( 1 — η) + pn, Ν is the number of traps per unit vol
ume, η is the fractional occupancy of trap sites, and k and ρ are capture 
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18. CASKEY Surface Effects on THtium Diffusion 371 

and release probabilities, respectively. The resulting equations are non
linear and have no general analytic solution. Finite difference methods 
yielded approximate solutions for boundary and initial conditions corre
sponding to permeation and evolution from a plane sheet (49). Exact 
solutions have been obtained for certain limiting cases where the equation 
reduces to a linear form (33, 34, 50). Characteristics of trapping effects 
on permeation and evolution (Table I) show that: apparent diffusivity is 
less than the true lattice diffusivity, actual solubility is greater than the 
lattice solubility, and steady state processes are unaffected. 

The significance of trapping on tritium diffusion within a solid 
depends on the concentrations of both tritium and trapping sites in the 
solid (33, 34). In the case of a Tokamak fusion reactor with a molten 
lithium blanket, the effective tritium pressure throughout the blanket 
region is very low; therefore, tritium concentrations are low. For example, 
in the University of Wisconsin Tokamak fusion reactor, U W M A K - I (7) , 
the tritium content of the lithium ( 105 kg) is estimated at 4.5 Χ 10"5 mole 
fraction which corresponds to an effective tritium gas pressure of 10"4 

Pa ( 10"9 atm). The quantity of tritium in solution in the large mass (6 X 
106 kg) of type 316 stainless steel alloy is only ~11000 cm 3 . If the void 
volume arising from radiation damage were 0.1% throughout the struc
tural framework of the blanket, the additional tritium trapped in the voids 
at 10 - 4 Pa ( 10"9 atm ) would be ~ 10"3 cm 3 . The effective tritium diffusivity 
w i l l not be altered significantly by such a small void volume. 

Internal Surfaces. Internal surfaces, such as grain and subgrain 
boundaries, may serve as trap sites or act as short circuit diffusion paths. 
For example, hydrogen solubility in polycrystalline nickel is distinctly 
greater than in single crystals over a wide temperature range. Further, 

Table I. Effects of Trapping and Surface Films on Permeation" 
Reversible Irreversible Continuous 
Trapping Trapping Film 

Steady state 
permeation rate 

(Poo) Poo = Ρ » (ideal) P * = P x (ideal) P „ < P» (ideal) 

A.pparent 
diffusivity ( D * ) D * < D L D* < Dh D * < Z>L 

Instantaneous 
permeation rate 
(Pt) Pt < Pt (ideal) Pt < P t (ideal) Pt < P t (ideal) 

Instantaneous 
evolution rate 

(ET) ET > ET (ideal) ET — ET (ideal) ET < ET (ideal) 
A DL = true lattice diffusivity. 
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Figure 3. Effect of metallurgical conditions on the 
apparent solubility of tritium in nickel 

the solubility in polycrystalline nickel deviates increasingly from the 
expected temperature dependence as the temperature is lowered below 
700 Κ (51). Trapping effects are also observed in tritium solubility 
measurements for cold-worked and annealed nickel (52) between 300 
and 500Κ (Figure 3). 

Tritium has been introduced into silver and aluminum by ion bom
bardment (47) and its diffusivity calculated from release rate measure
ments. The release rates were slower than expected from calculations 
based on gas phase charging and evolution measurements. This lowering 
of apparent diffusivity was attributed to the formation of tritium bubbles. 
The bubbles were assumed to form at accumulations of point defects or 
dislocation loops generated during ion bombardment when the lattice is 
supersaturated with tritium. Release rates were, therefore, controlled by 
bubble migration at low temperatures or resolution and diffusion at higher 
temperatures. As shown in Figure 2, apparent tritium diffusivities calcu
lated by this technique are very much lower than for other metals or 
alloys and are less than calculated from hydrogen diffusivity data (53). 

Neutron irradiation of A g - L i and A l - L i alloys generates tritium by 
an (n,a) reaction (48, 54). Autoradiographic examination of the alumi
num alloys containing 0.4^2.7 wt % lithium revealed gas bubbles along 
grain boundaries (54). These bubbles presumably contained both tr i 
tium and helium. Annealing of the irradiated samples apparently led to 
bubble agglomeration (54). After annealing at relatively high tempera
tures (i.e., 898 K ) , the Al -2 .7 wt % L i alloy was free of bubbles because 
all the tritium and helium was released during the anneal. The outgassing 
behavior of the silver alloy showed nonideal diffusion characteristics 
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18. CASKEY Surface Effects on Tntium Diffusion 373 

between 553 and 873 Κ (48). This nonideal diffusion was attributed to 
trapping of the tritium at point defect clusters and is similar to the results 
from ion bombardment (47). 

Tritium-Dislocation Interaction. There is much information on 
the interaction of hydrogen with lattice defects in metals and alloys. The 
prototypical case is that of α-iron where substantial deviation between 
the anticipated and measured temperature dependence of the diffusivity 
is observed at lower temperatures (Figure 4). In this case, the extent of 
cold work, and hence the dislocation density, substructure, and microvoid 
formation, appear to play major roles in affecting the measured diffusivity. 
Steady state permeation rates are unaffected (Ref. 55 and Figure 5) . 

The behavior exhibited by iron, however, is not unique. Similar 
features are observed in gold, where the diffusivity differences correlate 
with heat treatment and are attributed to vacancies, vacancy clusters, or 
stacking-fault tetrahedra (53). Platinum (53), silver (53), copper (53), 
nickel (52), molybdenum (56), vanadium (13), and niobium (10), 

Temperature, °C 
1000 500 100 50 

1000/T, ° K _ I 

Figure 4. Apparent diffusivity of hydrogen isotopes in α-iron and 
mud steel. Data of Ref. 91 obtained with tritium. All other data for 

protium. 
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374 RADIATION E F F E C T S ON SOLID SURFACES 

exhibit similar behavior. This behavior is also not unique to dislocation 
trapping, but occurs with any reversible trap. 

Evidence for trapping of hydrogen at dislocations i n the refractory 
metals has been derived from mechanical tests. Variations i n the yield 
points of molybdenum wires saturated with hydrogen at high temperature 

Temperature, °C 
600 400 200 150 

1000/T, °κ-' 

Figure 5. Permeability of hydrogen in a-iron 

and then quenched were attributed to hydrogen segregation at disloca
tions (37). Recent deuterium permeation studies and autoradiographic 
examination of molybdenum wire saturated with tritium at 428 Κ pro
vided further evidence of trapping but d id not identify the trapping site 
(56). Yield point behavior following hydrogen charging has been taken 
as evidence of a hydrogen-dislocation interaction i n vanadium (38), 
niobium (39), and nickel (57). 

Both external and internal surfaces can act as sources or sinks for 
dislocations (40). During plastic deformation, a dislocation may move 
inwardly from the external surface dragging tritium atoms which were 
picked up at the surface. This has been reported for type 304L stainless 
steel tensile specimens tested in a 69-mPa tritium atmosphere (40). 
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18. CASKEY Surface Effects on Tritium Diffusion 375 

Concentration of tritium along slip planes was also observed in the auto-
radiographs. A free surface is also a dislocation sink; therefore, tritium 
may be pulled out of the interior of a metal and rejected to the surround
ing atmosphere during plastic deformation. Trit ium release from iron, 
type 304L stainless steel, Inconel 718, nickel, and 5086 aluminum corre
lated with plastic deformation (40). 

Temperature is a particularly important parameter in the deforma
tion-enhanced tritium transport phenomenon. Both the binding of the 
tritium to the dislocation and the ability of the tritium to diffuse with 
the moving dislocation are temperature dependent. A t a high tempera
ture, binding is weak, and little transport occurs because of the small 
tritium atmosphere. At low temperatures, tritium movement is restricted, 
and the dislocations break away from the tritium atmosphere and, again, 
little transport occurs. Practical effects of dislocation transport are re
stricted, therefore, to an intermediate temperature range. 

Effects of Impurity Fluxes. Interstitial diffusion of tritium is gen
erally considered in terms of gradients in the chemical potential of tritium 
and temperature gradients (Soret effect). However, a diffusive flux may 
also develop in response to gradients in chemical potential of other inde
pendent species in solution. The phenomenological equations of irre
versible thermodynamics provide general relations among the thermo
dynamic forces and the conjugate fluxes (58). The special case of 
isothermal diffusion of one interstitial and one substitutional solute 
illustrates the nature of the cross effects (59). The interstitial J χ and 
substitutional J 2 fluxes are related to the concentration gradients V C i 
and V C 2 through the diffusion coefficients Dy : 

Λ — - D n V d - D 1 2 V C 2 (3) 

J2 = - D 2 1 v C i - D 2 2 V C 2 (4) 

For the assumptions made in the derivation, the ratios of the diffu
sion coefficients in the volume fixed frame of reference were found to be: 

and 

In Equation 5, X i is the mole fraction of i , ( L n ) k are coefficients in the 
Kirkendall frame of reference, and the interaction coefficients are from 
the Taylor expansion of the activity coefficients γι in the mole fraction: 
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376 RADIATION EFFECTS ON SOLID SURFACES 

\ηΎι = \ηΎίο + € i i X i + £ i j X j (7) 

The initial terms in the expression for the ratio of diffusion coefficients are 
of purely thermodynamic origin; the second terms are kinetic. 

The ratios D12/Du and D 2 i / D 2 2 cannot be calculated without the 
necessary thermodynamic and kinetic data. However, their magnitudes 
may be roughly estimated. This wi l l permit the assessment of the relative 
contribution of the cross terms to tritium diffusion in dilute solution. 
The thermodynamic terms X i c i 2 and X 2 e 2 i w i l l be less than 1 for dilute 
solutions because X i and X 2 < < 1.0, and interaction parameters are 
estimated to be between —5 and + 5 based on experimental determination 
of alloying effects on hydrogen solution in l iquid iron and cobalt (60, 61). 
Estimates of the kinetic terms indicate that they may be small also. 
In both expressions, ratios of L's occur, which are expected to be about 
1. More important, however, is the fact that these ratios are multi
plied by a mole fraction ( < < 1.0) or its square, except for the term 
[ X i 2 / X 2 ] [ ( L 2 2 ) k / ( L n ) k ] where the ratio X1VX2 could easily vary from 
10 2 to 10"2 depending on the concentrations. 

This type of analysis indicates that the contributions of D i 2 V C 2 and 
D 2 i V d to the fluxes Λ and J 2 are expected to be smaller than the direct 
diffusion effects. The contribution need not be insignificant, however, 
since the gradients may be relatively large under prevailing conditions 
i n fission or fusion reactors. Further investigation of the cross effects is 
clearly needed to evaluate their possible contribution to tritium diffusion. 

External Surface Films 

Oxides are probably the most common form of surface film on metals 
and also form on readily oxidized materials such as silicon. Control of 
surface oxidation during fabrication of large engineering structures 
depends on the alloy. Close control is necessary when fabricating refrac
tory alloys to avoid excessive oxygen pickup which severely degrades 
mechanical behavior. Thin oxide films w i l l be present on these alloys, 
however, as well as on structures fabricated from stainless steel, where 
oxidation control is less important. Furthermore, operating exposure to 
oxidizing atmospheres at elevated temperature w i l l lead to growth of 
oxide films, whereas contact with materials such as l iquid Uthium w i l l 
remove the oxide film. Oxide-metal interfaces act as sources and sinks 
for vacancies and oxygen atoms during growth or reduction of an oxide 
film. 

The extent to which tritium transport is affected by an oxide film 
w i l l depend on the stability of the oxide in the ambient environment, its 
thickness, its permeability relative to the substrate, and its structural 
continuity and perfection. Oxides usually have a lower permeability 
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18. CASKEY Surface Effects on Tntium Diffusion 377 

than the base materials and thus restrict tritium uptake and release. 
Anomolies in permeation behavior of Inconel (62), Incoloy 800 ( 63), 
type 304 stainless steel (64, 65), and niobium (66) have been observed 
and attributed to oxide films formed prior to exposure to hydrogen. 

Stability of Oxide Films. The thermodynamic stability of an oxide 
on a pure substance may be evaluated from available thermochemical 
data on dissociation pressure and for possible reactions with species in 
the surrounding environment that may contact the surface (67). For 
example, oxide reduction by hydrogen gas may occur: 

2nH 2 (g) + M m 0 2 n ( s ) 5 ± 2nH 2 0(g) + mM(s) (8) 

Possible reactions between oxides of chromium, niobium, iron, and 
molybdenum with hydrogen gas are readily evaluated by this equation 
and are illustrated in Figure 6. 

The stability of oxides on commercial alloys is more difficult to 
assess, since the composition of the oxide may vary widely depending 
on the circumstances surrounding its formation. O n stainless steel, for 
example, the oxide may be nearly pure C r 2 0 3 , FeO · C r 2 0 3 spinel, 
M n O · C r 2 0 3 spinel, or one of the iron oxides (63, 67,68). C r 2 0 3 is rela
tively stable in hydrogen, whereas the iron oxides may be reduced unless 
the oxygen potential of the gas phase is relatively high. 

Aluminum alloys are interesting, because several oxides of the gen
eral form A 1 2 0 3 · n H 2 0 may form where η is 0, 1, 2, or 3. The hydrated 
oxides readily form in the presence of relatively low water vapor pres
sures and are more stable in hydrogen than the pure «A1 2 0 3 (corundum). 

Effects of Oxide Films. Few experimental data exist on diffusivity 
or permeability of tritium (or any hydrogen isotope) in oxides which 
normally form as surface films on materials. Where data are available, 
tritium diffusivity and permeability for the oxide are lower than for the 
base material. This is shown for tritium diffusivity in silicon and silicon 
dioxide in Figure 2. Trit ium diffusivity in aluminum oxide and titanium 
dioxide (53) is also lower than in the corresponding metals. Experiments 
with oxidized zirconium, niobium, stainless steel (65, 69, 70), and tita
nium (71), conform to the expectation of a lower release, absorption, or 
permeation rate than with "clean" metal surfaces. 

Trit ium evolution from type 304 stainless steel, Zircaloy-2, and 
niobium has been analyzed successfully by assuming an oxide-metal 
laminate (70). The oxide films were assumed to be continuous and free 
of high diffusivity paths. The surface of the type 304 stainless steel 
specimen had an apparent diffusivity of about 10" 1 5 cm 2 /sec, a value 
comparable with results on type 302 and type 347 stainless steels ob
tained from hydrogen evolution following cathodic charging (72). In 
both cases, the boundary conditions at the oxides-metal interface are: 
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Temperature, °C 
1000 500 200 

1.0 1.5 2.0 

ι ο ο ο / τ , ο κ - 1 

a . I r o n O x i d e s 

Figure 6. Temperature dependence of the equilibrium pressure 
ratio (VH2O/PH2) 
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18. CASKEY Surface Effects on Tritium Diffusion 379 

D 0 dC0/dx — Dm dCJdx, and C c = C, m (9) 

This last condition is not true in general and should be replaced by 
C0/Cm = k, where the distribution coefficient k accounts for differences 
in the activity coefficients of tritium in the two phases (73). The neces
sary thermodynamic data are lacking, however, so the simpler condition 
C0 = Cm may be taken as an expedient approximation until solubility 
studies on oxides have been made. 

Hydrogen pickup by titanium and its alloys is delayed very effec
tively by the naturally occurring oxide films (71). Experiments on the 
hydriding of T i - 5 A l - 2 % S n alloy at low temperatures have been rational
ized with a model that represents the oxide film thickness δ and diffusivity 
D 0 as a film coefficient (h = 0 0 / δ ) in the relation: 

where C e is the surface concentration of hydrogen in the metal at satura
tion. In this instance, tritium diffusivity i n pure rutile ( T i 0 2 ) single 
crystals was known (28). The oxide film thickness was not measured, 
but was estimated from available studies (74) on titanium oxidation. 
Further, the large anisotropy in diffusivity observed in T i 0 2 is a charac
teristic that may be anticipated i n other oxides with non-cubic lattices. 
This factor could be significant in determining the overall permeation 
rate through highly textured metals where oxide film growth is epitaxial. 

Perfection of an oxide film on a metal base is questionable in light 
of the available information on the morphology of growing oxides (75). 
F i l m formation apparently begins by the nucleation of isolated islands 
which then grow together. Presumably, this growth pattern could lead 
to the presence of high diffusivity paths along the oxide grain boundaries. 
Permeation through stainless steel at low pressures has been analyzed by 
assuming an impermeable oxide with a small area of pores (69). The 
model predicts defect-controlled permeation at low pressures and either 
oxide- or metal-controlled permeation at higher pressures. The apparent 
thickness dependence of hydrogen diffusivity in oxides on type 302 and 
type 347 stainless steel alloys may result from changes in film perfection 
with oxide film thickness (72). 

Formation of an oxide film is often accompanied by some solution of 
oxygen in the metal. Since oxygen dissolves interstitially in many metals 
(75), for example, α-titanium, α-zirconium, niobium, and vanadium, an 
enhanced or diminished tritium concentration could occur from attractive 
or repulsive oxygen-hydrogen interaction. The only reported observa
tion of this effect is a study of the T i - O - H ternary, that demonstrates 
that the hydrogen concentration is lowered as oxygen concentration i n 
creases for a fixed hydrogen potential (76). 

DmVCm = h(Cs-C) (10) 
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380 RADIATION E F F E C T S ON SOLID SURFACES 

Effects Associated w i t h Unstable Films. Removal or growth of an 
oxide film during tritium transport may influence diffusion i n one of 
several ways: 

( 1 ) Interaction between the interstitial tritium and the vacancy flux 
caused by changes of oxide thickness. 

(2) Interaction between the interstitial tritium and oxygen flux i n 
the metal lattice. 

(3) Change of the chemical potential of tritium at the substrate 
surface upon addition or removal of an oxide film. 
Whereas removal of an oxide film may occur by several processes, such 
as erosion, reduction by tritium gas, dissociation, or chemical reaction, 
oxide growth is restricted by requiring an adequate oxygen potential in 
the environment at the interface. 

Oxide films may grow by cation diffusion in the substrate to the 
metal-oxide interface or by anion diffusion through the oxide to this 
interface (77, 78, 79). In both instances, there w i l l be a vacancy flux i n 
the substrate. Vacancies are generated at the interface and diffuse into 
the substrate or vacancies in the substrate diffuse to the interface, respec
tively. Furthermore, vacancy absorption by the substrate may lead to 
Kirkendall void formation along grain boundaries or at the substrate-
oxide interface. 

Trit ium migrates by interstitial diffusion, but a vacancy flux in the 
metal lattice could interact with diffusing tritium in the same manner as 
discussed for an impurity flux. Also, the presence of excess vacancies in 
the metal lattice or vacancy clusters could serve as trapping sites leading 
to a higher than normal accumulation of tritium near the surface and a 
lower apparent diffusivity. High concentrations of tritium in the near-
surface regions have been observed in copper (Figure 7), as well as i n 
silicon (80), stainless steel, zirconium, and niobium (70). Interpretation 
is not unequivocal, however, and a high surface concentration of tritium 
could be attributed to interaction with dissolved oxygen or with an oxide 
film directly, rather than an accumulation of vacancies with associated 
tritium atmospheres. 

Reaction between surface oxide films and hydrogen has been ob
served in permeation experiments. Apparatus constructed of type 304 
stainless steel has reacted with deuterium gas at elevated temperatures 
to produce water vapor which is then available for reaction with other 
surfaces (81). Thus, oxygen could be transferred from the oxide film on 
stainless steel to a more reactive metal such as niobium. Oxidation of the 
niobium would alter its permeability to hydrogen or increase trapping 
effects (82). 

Hydrogen evolving into a vacuum through an oxidized metal surface 
has reacted with the oxygen on the exit surface to form water vapor (83). 
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18. CASKEY Surface Effects on Tritium Diffusion 381 

This phenomenon directly affects a permeation measurement, especially 
at low hydrogen pressures, because all of the evolving hydrogen may 
not be accounted for unless the water vapor is measured, and this hydro
gen is included in the total quantity evolved. 

τ 

• Electrolytic Tough Pitch Copper, 
[ θ 2 ] = 260 ppm 

• Oxygen Free Copper, [ θ 2 ] = 10 ppm 

Axis 
of Rod 

Exposure Conditions 
262 °C 
1.5 otm of T 2 

260 hours 

0 0.01 0.02 0.03 0 .04 0.05 0 .06 0.07 
Depth, inch 

Figure 7. Tritium concentration as a function of depth into rods 
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382 RADIATION E F F E C T S ON SOLID SURFACES 

Boundary Processes 

The importance of boundary processes, such as dissociation and 
adsorption, on dissolution of tritium i n a solid and its subsequent diffusion 
is attested to by numerous observations. Carbon dioxide, carbon monox
ide, and sulfur dioxide, for example, poison the surface of iron preventing 
or hindering hydrogen solution (84). Consequently, radiation might be 
expected to influence tritium diffusion i n a solid either by directly affect
ing adsorption, desorption, or dissociation or by removing adsorbed 
species that might interfere with tritium diffusion across the surface. 

Boundary processes are the mechanisms by which the surface con
centration of tritium in a solid is established, and, therefore, they directly 
affect diffusion. In terms of the formal mathematical description, the 
boundary processes establish the boundary conditions required for solu
tion of the diffusion equations. Electron- and photon-induced desorption 
and sputtering are radiation effects that w i l l directly affect the boundary 
processes. These have been discussed earlier in this volume and w i l l not 
be covered further. 

Summary 

Three general processes may affect tritium diffusion in solids i n a 
radiation environment: 

( 1 ) Growth or reduction of surface oxide films may generate a flux 
of vacancies, oxygen, or metal atoms i n the bulk phases. 

(2) Rates of boundary processes which control tritium transfer 
across an interface (e.g., dissociation or adsorption by a solution) may 
be altered by radiation. 

(3) Surfaces act as sources and sinks for defects and impurities 
generated by radiation which may interact with diffusing tritium. 

Tritium diffusion in solids in a radiation field has not been investi
gated directly, and only a few materials subjected to radiation damage 
prior to the tritium diffusion measurements have been studied. Conse
quently, the relative importance of these various processes is difficult to 
evaluate. 

Estimates of trapping and interdiffusion effects discussed above sug
gest that these two processes should make only a minor perturbation on 
tritium diffusion and distribution in a fusion reactor system. The com
plexity of such reactor systems, however, requires a much more detailed 
analysis before definitive assessment of these effects can be made. Fur 
thermore, there are several important areas where information is cur
rently lacking that must be investigated if tritium diffusion in reactor 
systems is to be analyzed and controlled. These include: 

(1) Pressure and temperature dependence of tritium solubility in 
oxides and the influence of defect structures and the Fermi energy of 
the oxide on the tritium solubility. 
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18. CASKEY Surface Effects on Tritium Diffusion 383 

(2) Thermodynamics of metal-oxygen-hydrogen ternary systems 
and the possible altered hydrogen solubility in the near-surface regions 
when oxide films are present. 

(3) Trit ium flux in the presence of gradients or fluxes of vacancies 
or other impurities in a material. 

(4) Direct measurements of the effects of irradiation on transient 
and steady state tritium permeation through materials. 
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Absorption spectrum, self 215 
Activation energy 180 
Adsorbed gas layer 13,173 
Adsorption 13,171,183,347,360 
AES (Auger electron 

spectroscopy 65,325,334 
Alloys ( see also specific types ) 

erosion rates for 146 
positron wavefunction in 227 
radiation blistering in A12 

Alumina 30,163,187 
Aluminum 36,289,372 

alloys 377 
annealed 164 
atoms 37-39,44,45 
dimer molecules 37 
foil 286 
intermetallic compound, L i - . . . . 292 
ions 350 
oxide(s) 58 

AlO 40,44,45,47,62 
A10 2 49-52 
A1(0 2 ) 2 49,51 
A120 44,46,47,62 
AI2O2 47,48 
AI2O3 30,163,187 

-oxygen system 53 
partial pressures of 62 
powder, sintered 163 
sputtering 30,32 
substrate, niobium deposits on an 72 

Amorphous materials, sputtering of 1,12 
Angle of incidence 19,21,22 

effect on sputtering 19, 21, 22 
effect on blistering 112 

Angular 
correlations 221,227,229 
distributions 255, 259, 315 
scan 314 

Annealed polycrystalline 
metals 65,72,73,112 

Annealing studies 48,50,51,229 
Anneals, isochronal 231 
Annihilation rate, positron 219, 224,226 
Antimony 322 
Antisymmetric stretch of molecule 44 
Appearance potential 

spectroscopy 210,211 
Archival cladding material 358 
Areal resolution 292 

Argon 322,359 
atoms trapped near a tungsten 

surface 15 
ion(s) 15,24,350 

bombardment 12,21,37,54,55, 351 
matrices 38,54,55 
sputtering yield for 20 

Atom(s) (see also specific types) 
clusters and chunks of 92 
potential 5 
recoil 1,65,112 

Atomic 
absorption 30,32 
ions, irradiation with 20 
number 1,65,112,221 

Auger depth profile 343 
Auger electron spectroscopy 

(AES) 69,325,344 

Β 
Backscattered 

ions 1,26,65,245,262 
neutrals 245,262 
particles 

angular distribution of . . . .254,255 
energy distribution 130 
yield 251 

Backscattering 
Rutherford . . 7, 68,129,247,252,275 
spectrometry, Rutherford ion 

(RIBS) 262 
Backward sputtering 7,9,65 
Band assignments, absorption . . . . 40 
Bending mode, molecule 44 
Binary collision model 2 
Blister(s) 

appearance, critical dose for . . . 135 
"crow-foot" 152 
density 137,151 
diameter 125,126 
formation 133,154,157,159 
gas pressure inside a 126 
reduction 112 
sizes 153 
skins 127-129,131,144 

Blistering 97, 98,112, 233 
parameters 115 
radiation 97,112,116,161 

Bohr potential 5 
Bombardment ( see specific species 

and targets) 

1 In this index, many of the subjects are listed as being on the first page of the 
chapters. In most of these cases, information about the entries must be found within 
that chapter. 
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Bonding in AIO2, metal-to-oxygen 50 
Bom-Mayer potential 6, 7 
Boundary processes 382 
Bremsstrahlung 183,202 

isochromats, x-ray 204,206 
process . . .202,205 

Brice's expression for electronic 
stopping 127 

Bubble coalescence model 155 
Bubbles, gas 97,113,133,219 
Bulk doped crystals 316 
Bulk transition 345 

Cantilever beam technique 108 
Carbon 

chemical vapors 343 
detection of 298 
dioxide 179,180,184,190,192 
monoxide 174,193,200 
-silicon interference 338 

Cascade 19,89 
collision 2, 9,19, 27, 84, 91 
displacement 1, 65, 84, 112 
theory, random 23 

Cathode experiments, hollow 34 
Cells, solar 334 
Cells, thin film 340, 347 
Ceramic materials 97,112 
Cesium 356, 358 
Channeling 

condition of the projectile for . . 150 
ion 309 
lattice location by 309 
studies, proton 317 

Chemical 
analysis with a combined E S C A / 

Auger apparatus 325 
ionization 350 
sputtering 30,112,349 
trapping 1, 30 
vapor depozition ( C V D ) . . . .334, 340 

Chemisorbed 
gas 26,181,200,234 
positrons 234 

Chemisorption 26,181,212,234 
Chromium 237,309,354 
Chunk, neutron-sput

tering 65,75-78,89,92 
Cladding 

material, archival 358 
radiation attack by fission reactor 

fuel on 355 
stainless steel 354, 357 

Clustering, helium 159 
Clusters 92,227 
Coalescence model, bubble 155 
Coatings, protective 112 
Cold-rolled polycrystalline metals .72, 73 
Cold working 162 

effect on blistering 112 
effect on neutron sputtering . . . 65 

Collectors 65, 67, 68,112,183, 334 
Collimated beam of monoenergetic 

particles 295 
Collision(s) 

cascade(s) 2, 9,19, 27, 84, 91 
direct 27 
elastic 3 
inelastic 21 
model, binary 2 
model, single 247 
processes 2 

Collisional sputtering, Sigmund's 
theory of 30 

Compaction, radiation 107 
Concentration profiles 282, 287, 291 
Conducting liners, fusion reactors . 98 
Conduction band states 209 
Conductivity changes, surface . . . . 181 
Containment of tritium 359 
Contamination of surfaces . . . 68, 97, 301 
Continuum potential contours . . . . 313 
Controlled thermonuclear reactor 

( C T R ) .65, 97,112,277, 308, 349 
first wall 65,97,112,183, 245 

262, 308, 347 
Copper 20, 70, 71,186, 289 

A r + ions incident on poly
crystalline 12, 21 

hydrogen atoms backscattered 
from 259 

hydrogen and lithium in 303 
sputtering yields for 17,19, 22 

Core hole 209 
Coulomb potential 247 
Cracks 89,103,158 
Craters 112 
Crazing .97,112 
Crow-foot shaped blisters 152 
Crystal(s) 

bulk doped 316 
growth, low temperature 342 
point defects in 226 
ribbon growth of 336 
stored energy in 65 

Crystallographic orientation of the 
irradiated surface 150 

Cylindrical mirror analyzer 
( C M A ), double pass 326 

D 
Damage 1, 65,112, 262, 282 

distribution 1, 65, 93,112 
profiles . . . .93,112, 262, 282, 295, 325 
trapping 93,112,308 

Dechanneling 
( nonchanneling ) 112,151, 308 

Defect(s) 
annealing 47, 162 
interaction with 318 
interaction of tritium atoms with 368 
lattice 30,65,97,112,219, 

245,308, 369 
in metals 318 
trapping by immobile 369 
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INDEX 389 

Density 
of conduction band states 209 
of particles, spatial probability . . 312 
-of-states model 209,214 

Deposit(s) (see also specific types) 
on an aluminum substrate, 

neutron sputtered niobium . 72 
chunk, neutron sputtered 76, 77 
on the collectors, sputtered . . . . 68 
concentration of 74 
forms of 73 

Deposition reactions 340, 341, 343 
Depth 

distribution of damage 112 
implant concentration 112,295 
profiles 1,115,133,201,262, 

282, 295, 302, 343, 351 
resolution 288,289,303,305 
sampling 201 

Desorption 118 
efficiency, relative ion 176 
electron-induced 171 
ion-induced 1,174 
photon-induced 171, 177, 183 
thermal 189 

Detrapping 97,112,295 
Deuterides 30,262 
Deuterium 

(d,Be) reaction, neutrons from 
the 81-83 

( d,t ) reaction, neutrons from the 71, 79 
implantation in solids 97,112, 309 
as nuclear fusion fuel 308 
sites in niobium 316 
in solids 3,112,275 

Differential energy loss for H and 
He ions in Ni 250 

Diffusion 97 
barriers 340 
coefficients 120, 336, 375 
equation 369 
of hydrogen isotopes 373 
interface 340 
tritium 349, 366-368, 370, 371 

Dimer molecules 37 
Dipole layer, surface 236 
Dirac's theory of the electron 219 
Disappearance rate, three-gamma . 228 
Discrimination capability, mass . . . 304 
Dislocation s ) 90,112,219 

groups 90 
sink 375 

Displacement cascades . . . . 1,65,84,112 
Distorted sites 315 
Distribution, energy 24 
Distribution, state 209 
Donor concentration 345 
Dopant gas effects 343 
Doping impurities 344 
Doppler shifts 220 
Dose 

for blister formation, critical . . 133,135 
dependence 

of blistering 112 

Doses (Continued) 
of sputtering 13 

effect of total on blistering . . 112,136 
helium reemission as a 

function of 99 
for the onset of first gas burst . . 149 
rate 140 

Double pass C M A 326 
Duane-Hunt limit 203 

Edge fed growth ( E F G ) silicon 
ribbon production process . . . 335 

Elastic 
recoil detection ( E R D ) 295,302 
scattering 266, 273, 274,296 

Electric power, photovoltaic 334 
Electromagnetic radiation 202 
Electron(s) 

causing ion desorption 174 
coefficient, secondary 26 
deceleration of 203 
density of states, two- 209 
Dirac s theory of the 219 
energy, bombarding 176 
excitation 200 
gas model 233,234 
gun 175 
induced desorption (EID) ..171,177 
inelastic mean-free path of . . .201, 202 
interaction with adsorbed gas 

species 173 
spectroscopy 65,97,112,200 

for chemical analysis ( E S C A ) 325 
Electronic 

energy gap 238 
selvage of the solid 233 
stopping, Brice's expression for . 127 
structure, valence band 215 

Electrostatic spectrometers 253 
Energv(ies) 

analysis, solid state 216 
concepts, "hydrogen 

economy" 278,308 
in crystals, stored 65 
density, deposited 109 
dependence of ion sputtering 

yield 14 
distributions (see also specific 

kinds ) 23, 24,251, 253,259 
gap, electronic 238 
loss 14,65,250,264,347 
of neutron sputtered chunks, 

kinetic 78 
radiated 203 
resolution 300 
straggling 251 
surface binding 12, 23,31, 59 

Enthalpy of vaporization, partial 
molar 31,59 

Equilibrium pressure ratio 378 
Erbium deuteride lattice . .274,275,279 
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390 RADIATION EFFECTS ON SOLID SURFACES 

Erosion of surfaces 65,72,73,112, 
146,183 

E S C A (electron spectroscopy for 
chemical analysis ) 325 

Escape depth of electrons 328 
Excitation 

of bound electrons, 
characteristic 207,208 

probability 209 
thresholds 210 

Exfoliation of blister skins . .98,112,144 
External surface films 376 

Ferrite 359 
Films (see also specific types) . .13, 334 

cells, thin 340,347 
external surface 376 
oxide 377,380 
surface 371 
thin 299,334,340 
unstable 380 

Fine metal powders 224 
Firsov potential 1 
First wall, C T R 65,97,112,183, 

245,26? 277,308,347 
Fission processes 82, 83 
Fission reactors 65,69,112, 

183, 349, 355, 366 
fuel 355 
neutrons from 69 

Fluoride ions 176 
Flux 

density 312,313 
impurity 375 
neutron 67,71 
peaking 310 

Forward (transmission) sputtering 1,65 
Fractional energy loss 4 
Fragment production 172 
Frank-Condon transitions 172 
Frenkel-pair recombinations 154 
Fuel 

cladding 308,355 
* H as a chemical 308 
mixed oxide fast reactor 356 
nuclear 308, 355 

Fusion reactors 65, 66, 97,112,113, 
183,197,277,279,366, 349,359, 366 

Fusion technology 248 

Gamma quanta 219 
Gamma-rays * 186 
Gas(es) 

adsorption, photon-induced . . . . 184 
analyzer, residual 175 
bubble 113,134 
burst 113 
cell by 254 
chemisorbed 26,181 

Gas (es) (Continued) 
depth profile of the implanted . . 115 
desorption by 

electron impact 171 
ion impact 174 
photon impact 171,183 
thermal 189 

effects, dopant 343 
entrapment 97,112,262 
impurities, noble 322 
layer, adsorbed 13,173 
in metals 275,308 
pressure inside a blister 126 
projectiles, noble 30 
reemission 97-99,112,147 
release 97,112,171,183,188 

photon induced 184,188 
quantum yield for 191,192 
from surfaces under x-ray 

impact 183 
in solids 30,97,112,262,308 
solubility of the implanted 97, 

112,117 
species, adsorbed 173 
sputtering yield for chemisorbed 26 
transport theory of 1,97,112 

Gold 1,20,21,65,70, 
112,183,207,245,289 

atoms, sputtered 24 
deposits 69 
hydrogen atoms backscattered 

from 246 
sputtering yields for 19 
target 283 

Grain boundary effects 344 
Grain size 153,163,165,225 
Graphite 97-99,334 
Grazing angle of incidence 22 
Griffith criterion 89 

H 
Hard sphere potential 6 
Helium 245 

blistering effects 97,112 
clusters 159 
diffusion 97,112 
implantation 97,319 
ion(s) 123,125 

backscattering 245 
differential energy loss for . . . 250 
irradiation 97,112,120,121, 

262, 308 
lattice location 262,308,309 
in metals 112,308 
reemission 99,112,148 
release behavior of implanted .97,112 
in solids . . 1, 30, 97,112,262, 308, 319 
vacancy complexes 154 

3 H e beam 318 
High energy secondary ion mass 

spectrometer (HESIMS) 306 
Hydrocarbon formation 110 
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INDEX 391 

Hydrogen 245 
atoms backscattered from A u . . 246 
atoms backscattered from Cu, 

angular distributions of . . . 259 
in copper 303 
differential energy loss in 

nickel for 250 
economy 278,308 
embrittlement of metals 278 
enhanced trapping of 321 
implantation of vitreous silica 

and graphite 97 
in α-iron 374 
with lattice defects, interaction of 373 
in metals 308 
molecule, permeability in 

solids 359,361,362,374 
potential energy curves for 172 
reaction between surface oxide 

films and 380 
in solids 1,30,97,112 

X H as a chemical fuel 300 

Illumination intensity 179 
Impact parameters, collision 311 
Implantation 97,98,112,262,282 

depth of 296 
helium and hydrogen 77 
high temperature 103 
ion 30,97,112,309 
low temperature 98 
profile 130 
range, mean positron 222 
in vitreous silica 106,177 

Implanted layer, stresses induced 
in the 160 

Impurity (ies) 68 
depth profiling of light 295,302 
diffusion coefficients 336 
doping 344 
fluxes 375 
interaction of tritium atoms with 368 
interstitial 312 
introduction 322 
layer 267,361 
noble gas 322 
substitutional 312 
surface segregation of 340 
trapping by 369 
in vanadium-rich ores, silicon . . 365 

Incidence, angle of 19, 21, 22 
Indium 71 
Inelastic 

collisions 21 
energy loss 1,65 
mean-free path of electrons . . 201,202 

Inhomogeneities in solids 226 
Insulators 30,97,98,223 
Interatomic potentials 4 
Interdiffusion at the carbon-

silicon interface 338 

Interface (see also specific types) 
diffusion 338,340 
phenomena in solar cells 334 
problems in thin film cells 347 

Intergranular attack 356 
Internal surfaces 371 
Interstitial sites 368 
Inverse power potential 14 
Iodine 322 
Ion ( s ) ( see also specific types ) 

backscattering 1, 26, 65, 245,262 
beams 1, 30,97,112 265,295 
bombardment ( see also specific 

types ) ν . 2 
channeling 309 
desorption induced by 174,176 
dose 

effect on blistering 112 
effect on sputtering 13 

energy 
effect on blistering 5 
effect on sputtering 14, 26 

flux on the first wall, C T R 112 
implantation 30,97,112,309 
-induced nuclear reactions . . . 295,308 
-induced x-rays 216 
irradiation with molecular and 

atomic 20 
in the metal, range of 161 
microprobe mass analyzer 

( IMMA) 68,349 
microprobe studies 349,364 
range distribution . . .97,112,245,262 
scattering experiments 4,325 
scattering spectroscopy 325 
signal behavior, relative 176 
from a solid, backscattering of . . 249 
sputtered 353 
sputtering 1,30,65,112 

theory, Sigmund 86 
yields 14,17,20,23 

Ionization 30,171 
chemical 350 
dissociative 30 
kinetic 350 

IR data, matrix 53 
IR irradiation 30 
Iron 20,373,374 
Irradiated surface, crystallographic 

orientation of the 150 
Irradiation 

conditions, neutron 68 
embrittlement 112 
helium ion 97,112,120,121, 262 
hydrogen-isotope 97,112,118,119,262 
with molecular and atomic ions 20 
neutron 65 
on nuclear fuel, effects of 355 
observation techniques of surface 

topography after 115 
Isochromats, x-ray bremsstrahlung 206 
Isochronal anneals 231 
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392 RADIATION E F F E C T S ON SOLID SURFACES 

Κ 
Kinematic recoil factor 263,265 
Kinetic ionization 350 
Knudsen cell vaporization 

technique 35 
Krypton 20,37,38,322 

Laboratory system, scattering angle 3 
Lattice, ( see also specific types ) 

atoms 202 
defects 30, 65,112, 219,245, 

308,369,373 
dimensional changes in 97,112 
location 308,309 
site, change in 318 

Lead 20 
Lifetime measurements of positron 220 
Limiter 112,183 
Line radiation 183 
Liners, conducting and 

insulating 98,112 
Lithium 

- A l intermetallic compound . . . . 292 
concentration profiles 282, 291 
in copper 303 
induced nuclear reactions 298 
interface 355 
targets 283,291 

Lyman-α radiation from excited 
positronium 240,241 

M 
Magnesium 222 
Magnetic spectrometers 253 
Many-body resonances 214 
Mass 

-absorption coefficient, positron . 222 
analysis data, ion microprobe . . . 364 
difference 302 
discrimination capability 304 
of the incident ion 17 
resolution 302 

Matrix (see also different types) 
IR data for the aluminum-

oxygen system 53 
isolated A1 2 0 46 
isolation spectroscopy 30 
oscillator strengths 32 
spectra of aluminum atoms and 

aluminum dimer molecules . 37 
Mean-free path of electrons, 

inelastic 201-202 
Metal(s) 

behavior of gases in 112, 262, 308 
blister formation in 157 
bombarded with noble gas pro

jectiles . . . .30,112,245, 262, 308 
cold-rolled and annealed 

polycrystalline 72,73 
defects in 318 

Metal(s) (Continued) 
erosion in 2,73,146 
fast neutron sputtering yields 

for 82,83 
hydrogen embrittlement of . . . . 112 
hydrogen and helium in 308 
interface, oxide 377 
interstitial sites in 368 
lattice location studies of gases in 308 
neutron sputtering yields for . . . 84, 85 
oxides 195 
-to-oxygen bonding 50 
positron lifetimes in 221 
powders, fine 224 
projected range of ions in the . . 161 
radiation blistering in 112 
refractory 1, 65,112,171,183, 200, 308 
surface, adsorption on the 360 
surfaces, backscattering of light 

ions from 245 
voids in 227 
work function, effect on positron 

and positronium release . . . 235 
Methane 105 
Microanalysis apparatus 296 
Microprobe analysis 68, 349,364 
Mixed oxide fast reactor fuels . . . . 356 
Molecular ions, irradiation with . . 20 
Molecules 

to A lO molecules, ratio of 
AI2O 47 

matrix spectra of aluminum 
dimer 37 

ratios of aluminum atoms to 
AlO 44,-45 

Molybdenum 20,230,237,309 
foil 268 
neutron-irradiated 231 
surfaces, annealed poly

crystalline 122 
Momentum distribution 220 
Momentum transfer 91 
Monte Carlo calculations 133 

Ν 
Neon ions 20 
Neutral atoms 30 
Neutral backscattered particles . . . 254 
Neutrals, sputtered 32 
Neutron(s) 

activation 32,65 
detector 287 
energy spectrum 284 
flux 67,71 
-induced displacement collision 

cascades 84 
irradiation 68,231,279 
sources 

from the (d,Be) reaction . . . . 81 
from the (d,t) reaction 71 
from fission reactors 69 
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INDEX 393 

Neutron(s) (Continued) 
sputtering 65, 83 

of solids 65 
yields 82,85,87 

time-of-flight . . . 83,253,282,283,288 
Nickel 20,122,123,250 

352 372 
Niobium 1,65,72,73,112*, 355 

cold-worked polycrystalline . . . . 126 
deposits 72,74 
deuterium sites in 316 
4 H e + incident on 25,129 
monocrystal 150 
polycrystalline 119,139 
thin films 299 

Nitrogen 13,14,26,298 
Noble gases 14,30,322 
Nonchanneling (dechanneling) . . 151 
Nonconducting liners, fusion 

reactor 98 
Non-destructive, in-depth compo

sition information 328 
Nonlinear effects in the collision 

cascade 19 
Nuclear 

fuels 308 
reactions 296,298 

ion induced 295,308 
stopping cross sections, 

Thomas-Fermi 127 
stopping power . . 1,7,12, 65,112,249 

Ο 
Oblique ancle of incidence . . . 19,21,22 
Optical absorption spectroscopy . . 30,97 
Orientation of the irradiated sur

face, crystallographic 150 
Ortho positronium 219,228 
Oscillator strength 42 
Oxide(s) 1,30,97,171,183 

films 377,380 
-metal interface 377 
sublimation processes in 59 

Oxygen 358 
adsorption 347 
bonding, metal-to- 50 
detection of 298 
partial pressures of 62 
profile of irradiated stainless 

steel cladding 357 
system, aluminum- 53 
system, Z n O / 179 
x-ray-induced signal change for . 191 

Ozone 52 

Ρ 
Para positronium 219 
Partial molar enthalpy of 

vaporization 31,59 
Partial pressures 62 

Particle 
density 312 
emission from solids 65 
identification spectrum 300 
reflection coefficients 258 
scattering of 3 
separation 299 
-solid interactions 1,30, 65,97, 

112,171 
spatial probability density of . . . 312 

Penny-crack 90,91 
Percolation model, blistering 155 
Permeability, hydrogen 361,374 
Permeation 97,112,371 
Phase, dispersion of second 163 
Phonon 201 
Phosphorus 346 
Photocatalysis 183 
Photodecomposition 183 
Photodesorbed C 0 2 yield 180 
Photodesorption 171,183,184, 

186,193 
Photoelectron spectroscopy 325 
Photogenerated holes 181 
Photon 

bremsstrahlung 204 
energy 192 
flux 189,190 
-induced desorption 171,177,183 
-induced gas adsorption 184 
-induced gas release 184, 188 

Photovoltaic electric power 334 
Physical sputtering 1,107,112,349 
Plant effluents, tritium leakage to . . 366 
Plasma 

confinement 65,97,183 
experiments 197,248 
stability 65 
-wall interactions 97,112,183 

Plasmon excitation 202 
Plastic deformation 160 
Platinum 20,207 
Point defects in crystals 226 
Polishing the surface 65,112,153 
Polycrystalline 

materials . . . 1,20-22,30,65,112,183 
metals, annealed 72,73 

Positron 
annihilation 219,224,226 
beam 239,240 
binding energy 234 
chemisorbed 234 
implantation 222 
interaction with solid surfaces . . 219 
lifetimes 220-222 
mass absorption coefficient . . . . 222 
method 219 
-surface interactions 233 
wavefunction in alloys 227 
work function of metal for 

release of 235,236 
Positronium 

formation on surfaces 219 
Lyman α-radiation from excited . 240 
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394 RADIATION E F F E C T S ON SOLID SURFACES 

Positronium (Continued) 
ortho 219 
para 219 
work function of metal for 

release of 235 
Potassium edge 213 
Potential 

atom 5 
average 312 
Bom-Mayer β 
energy curves 172 
inverse power 14 
Thomas-Fermi β 

Powders, fine metal 224 
Power potential, inverse 14 
Power scattering 11 
Pressure 

inside a blister, gas 126 
critical, for blistering 134,153 
in a gas bubble 134 
partial 62,179 
ratio, equilibrium 378 

Primary ion energy 4 
Primary recoil, atom 1, 65 
Probe, collimated beam of mono-

energetic particles as a 295 
Profile 

in-depth 331 
Nichrome 332 
range 112,262 

Projectile 129 
channeling condition of the . . . . 150 
energy 123,125,129,135 
noble ffas 30,97,112 
-related parameters, blistering . 116 
-target systems, blistering 117 

Propane 105 
Protective coatings 112 
Proton(s) 246 

analysis beam probe 262 
backscattering 253,262,270 
channeling studies 317 
elastic scattering 262 

Purification process 337 

Q 
Quantum yield 191-193 

R 
Radial distribution of fission-

product cesium 356 
Radiation 367 

blistering 97,112,116,161 
compaction 107,109 
damage 318,321,330 
electromagnetic 202 
environment 366 
from excited positronium, 

Lyman-α 240 
synchrotron 171,183,186 
on tritium diffusion, effects of . . 368 
UV 38,171 
x-ray 183 

Range(s) 303 
of ions in solids 97,112,245, 262 
probability distributions 132 
profiles 112,262 

Reactor(s) 
construction materials 227 
fission . .65, 69,112,183,349,255, 366 
fuels 355,356 
fusion 65,66,97,112,113,183, 

197,277,279,359,366 
radiations 186 
thermonuclear 359 

Recoil 
atom 1,65,112 
energies 65, 303 
factor, kinematic 263,265 
primary 165 

Reemission 
gas 97-99,112,147 

burst, dose for the onset of . . 149 
helium 99,148 

Reflection coefficients 25,245,257 
Refractory metals 1,65,112,171, 

183,200, 308 
Release rates, tritium 372 
Resonances, many-body 214 
Rhenium surface 174 
Rubidium 358 
Rutherford 

backscattering 7,68,129,247,252,275 
differential cross section 252,302 
ion backscattering 

spectrometry (RIBS) 262 

S 
Sampling depth 201 
Sapphire 57,331 
Scandium deuteride thin film 268 
Scanning electron microscopy 

(SEM) 69,98 
Scattering 

cross section, differential elastic 273 
elastic 262,296 
large angle 26 
law, Rutherford 247 
power 11 
processes, elastic 266 
proton elastic 262 
resonances, elastic 274 
of two particles 3 
using an inverse power 

potential 14 
Screening function, Thomas-

Fermi 5 
Secondary 

electron emission coefficient . . . 26 
ion mass spectrometry 

(SIMS) 30,325,349 
Self-annihilation, orthopositronium 228 
Selvage of the solid, electronic . .233,236 
Semiconductors 97,219 
Sigmund ion sputtering theory . .7, 8, 30, 

86,87 
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INDEX 395 

Signal change for O2 release from 
surfaces, x-ray-induced 191 

Silica 97,106 
Silicon 20,97,112,338 

chemical vapors 343 
doping 334 
films 338,341 
impurity diffusion coefficients . . 336 
niobium deposits on a 74 
processes to produce ribbons . . . 334 
sputtering yields for 19 
in vanadium-rich ores 365 

Silver 19,20,70,372 
Single collision model 247 
Slow positron beam apparatus . . . 240 
Smakula's equation 43 
Soft x-ray emission spectra 209,214, 349 
Solar cells 334,338,340 
Solid(s) 

backscattering of light ions 
from a 249 

concentration profiling of 
lithium in 282 

electronic selvage of the 233 
inhomogeneities in 226 
ion bombardment of a 350 
low Ζ elements in 
neutron sputtering of 65 
particle emission from 
-particle interactions . . . . 1,30,65,97, 

112,171 
small 223 
solubility of gases in 97,112,117 
surfaces, positron interaction 

with 219 
transport theory, collision 

cascades in 1, 65,97,112 
tritium in 366, 368 
x-ray emission from the surface 

region of 200 
Solubility of the implanted 

gas 97,112,117 
Solubility of tritium in nickel 372 
Soret effect 375 
Spatial distribution of impact 

parameters 311 
Spatial probability density of 

particles 312 
Species identification 32, 35 
Spectra, aluminum atom matrix, 

UV-visible 37-39 
Spectra, soft x-ray emission 214 
Spectrometer, appearance 

potential 211 
Spectrometers, electrostatic or 

magnetic 253 
Spectrometry (SIMS), secondary 

ion mass 349 
Spectroscopy (see specific types) 
Spike effect, thermal 19 
Sputtered 

atoms, energy distribution of . . . 23 
deposits on the collectors 68 
gold atoms 24 

Sputtered (Continued) 
ions 353 
neutrals 32 
products 33 

Sputtering (see also specific 
types ) 30 

of amorphous and poly
crystalline targets 1 

backward 7, 9, 65 
chemical 30,112,349 
events described in the Sigmund 

theory 8 
ion 1,30,65,112 
neutron 65,83 
physical 1,107,112,349 
processes 30,31 
Sigmund's theory of collisional . . 30 
theory 3,86 
transmission (forward) 1,65 
yield (see also specific 

types) 1,26,31,76,77 
with angle of incidence, 

variation of the 19,21 
backward sputtering 9, 65 
energy dependence of the . . . 14 
experimental neutron 83 
fast neutron 84,87 
formula 11 
forward sputtering 1,65 
with ion dose, variation of . . . 13 
with ion energy, variation of . 14 
with mass of the incident ion, 

variation of 17 
for metals, neutron 82-85 
ratio of 27 

Stainless steel 122,, 175,185,328 
cladding 354,357 
target surfaces 186,187 

State distribution 209 
Stopping 

Brice's expression for electronic . 127 
cross sections 127,284 
power 1,7,12,65,249 

electronic 1,65,112,262 
nuclear .. 1,7,12, 65,112, 249,262 
reduced 1, 245 

Straggling 1,65,112,251 
Strain fields 65 
Stress(es) 65,97,112 

in the implanted layer 160 
maximum 158 
model 155 

Stripping in a gas cell 254 
Sublimation processes in oxides . . . 59 
Sulfur 328 
Surface(s) (see also specific kinds) 15 

adsorption on the metal 360 
backscattering of light ions 

from metal 245 
barrier detectors 247 
binding energy 12,23,31,59 
chemical analysis with a com

bined ESCA/Auger 
apparatus 325 
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396 RADIATION E F F E C T S ON SOLID SURFACES 

Surface(s) (Continued) 
composition 211 
conductivity changes 181 
contamination 1,65 
crystallographic orientation of 

the irradiated 150 
damage caused by radiation 

blistering 161 
deformation 97,99,107,112,113 
dipole layer 236 
erosion of ...65,72,73,112,146,183 
films 371,376 
gas release from 97,112,171,183 
interactions, positron- 233 
internal 371 
0 + and CO + release from 174 
oxide films 380 
polishing the 65,112,153 
positron interaction with solid . . 219 
region of solids, x-ray emission 

from the 200 
region, valence band electronic 

structure in the 215 
segregation of impurities 340 
sensitivity 201,329 
states 345 
stored energy in crystal near . . . 65 
topography after irradiation . . . . 115 

Swelling 112 
Symmetric stretch of molecule . . . 44 
Synchrotron radiation 171,183,186 

Target (see also specific types) 
chambers 65,183, 286 
geometry, thick 306 
preparation 67,112 
sputtering of amorphous and 

polycrystalline 1 
systems, projectile— 117 
temperatures 24,136,142,161 

Tellurium 322 
Temperature 375 

dependence 
on blister exfoliation 112 
of the equilibrium pressure 

ratio 378 
of gas reemission 147 

high target 161 
target 24,136,142,161 

Thermal 
desorption 189 
spike effect 19,88 
stress, transient 89 

Thermonuclear fusion devices .. .66,113 
Thermonuclear reactor controlled 

(CTR) 97,359 
Thomas-Fermi 

nuclear stopping cross sections.. 127 
potential 4, 6 
screening function 5 

Three-gamma disappearance rate.. 228 
Time-of-flight 

measurements .. 83, 253, 282, 283, 288 

Tin 20 
Titanium tritide film 
Tokamak fusion reactor 197 
Transitions 40 

bulk 345 
metals 214 

Transmission electron microscopy.. 112 
Transmission (forward) 

sputtering 1,65 
Transport theory of solids, collision 

cascades in 1,97,112, 245 
Trapping 

chemical 1,30 
of hydrogen 321 
by immobile defects or 

impurities 369 
on permeation, effects of 371 
rate, void 228 
sites 369 
on tritium diffusion, 

significance of 371 
Tritium 

atoms with defects and 
impurities, interaction of . . 368 

containment of 359 
diffusion 349,366-368,370, 371 
-dislocation interaction 373 
leakage to plant effluents 366 
migration in solids 366 
in nickel, solubility of 372 
as nuclear fusion fuel 308 
release 349, 366 
solution in solids 368 

Tungsten 20,71,237, 309 
CO from 193 
implanted with helium 319 
sputtering yield for nitrogen 

chemisorbed on 26 
surface 14,15,174 

Two-gamma angular correlation . . 227 

U 
Uranium 92,212 
UV radiation 38,171 
UV-visible spectra, aluminum 

atom matrix 38-39 

V 
Vacancies 65,112,210,228 
Vacancy complexes, helium- 154 
Valence band electronic structure 

in the surface region 215 
Vanadium 20,37,72,364 

blister skins in 128 
helium reemission from 148 
hydrogen permeabilities of . . . . 362 
polycrystalline 124,128, 

140,143,163 
-rich ores 365 
sulfur segregated on 328 
surfaces, annealed polycrystalline 124 
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INDEX 397 

Vapor deposition reactions, 
chemical 340 

Vaporization 
partial molar enthalpy of 31,59 
rates of 61 
techniques, Knudsen cell 35 

Voids 
formation 97,219,229 
in metals 227 
trapping rate in the 228 

Volume compaction 109 
Volume increase, fractional 134 

W 
Wave field 203 
Wavefunction in alloys, positron . . 227 
Work functions . . 171, 219,235,236, 349 

X-ray(s) 187 
appearance potential 

spectroscopy 200 
bremsstrahlung isochromats . . . . 205 
emission from irradiated surfaces 200 

X-ray(s) (Continued) 
spectra, soft 214 
from the surface region of solids 200 
impact, gas release from surfaces 

under 183,325 
induced desorption in plasma 

devices 197 
-induced signal change for O2 . . 191 
ion induced 216 
radiation, photodecomposition 

induced by 183 
Xenon 322 

ions 20,22 
matrix 37,38 

Y 
Yield 

sputtering (see Sputtering yield) 
strength 127 

Ζ 

Zinc 70 
ZnO/oxygen system 179 
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