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In this paper, secondary electron emission coefficients for metal surfaces bombarded by H*, H° He",
and He?, and the ratios yg?/yr* and vu ¢/yme* have been calculated. As in a previous paper, it is assumed
that internal secondaries are produced by ionization. For the energy range 20 keV-2 MeV, Bethe’s formula
for ionization cross section has been modified to the form Qz/(1+B/T), where Qp is the ionization cross
section given by Bethe’s original expression, B8 is a constant, and T is the energy of the incident ion. For
a proton beam, the capture cross section becomes appreciable for energy less than 200 keV. Hence, the
beam is considered as a two-component system consisting of protons and hydrogen atoms both producing
internal secondaries. Above this energy range, the beam is considered as a one-component system. Similarly,
a hydrogen atomic beam has been considered as a three-component system consisting of H*, H’, and elec-
trons, and a helium beam for energy greater than 80 keV as a four-component system consisting of He?,
Het, He', and electrons. Below 80 keV, the helium beam is regarded as a mixture of He?, He*, and electrons
which produce secondaries by ionization. The calculated secondary electron emission coefficients are com-
pared with experimental data. The agreements are satisfactory as the percentage deviation is only about 10%,.
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I. INTRODUCTION

N a previous paper,! (henceforth referred to as
Paper I), theoretical expressions for the secondary
electron emission coefficient, v, for metal surfaces
bombarded by fast positive ions (H*, D+, and H,*) and
neutral atoms (H®) have been derived. To obtain
secondary electron emission by low-energy bombard-
ment, it may be noted that Bethe’s formula? for ioniza-
tion cross section, which has been applied in Paper I,
should be modified because it holds only in the MeV
region and yields higher cross sections for low energy
than are observed. The importance of charge-changing
collisions should also be considered in estimating
secondary electron emission.

For a proton beam, the capture cross section oy is
appreciable® at low energy and, hence, some of the
protons are converted into neutral hydrogen atoms of
the same energy and traveling in the same direction as
the incident proton beam. Therefore, while traversing
a target, a low-energy proton beam should be considered
as a two-component system consisting of H+ and HY,
each capable of producing internal secondaries. Simi-
larly a hydrogen atomic beam should be considered as
a three-component system consisting of hydrogen
atoms, protons, and electrons (see Paper I).

For a beam of He or Het for 7>80 keV, experi-
mental evidence® shows that while traversing a metal
or a gaseous medium, the beam behaves as a mixture
of He?, He*, He'*, and electrons, that is to say, a
four-component system. Below this energy, the beam
behaves as a three-component system consisting of
He? He*, and electrons. Each of the helium components
has almost the same energy as that of the original beam.
The energy of the electron is equal to T/(Mg./m),
where M. is the mass of the helium atom.
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In this paper, in Sec. II, yg* is calculated for Al
bombarded by protons in the energy range 25 keV-2
MeV after assuming modified values for the ionization
cross section. Following a recent calculation® for sodium
metal, the value of 7, the escape probability, has been
assumed to be 0.25 instead of the value 0.5 given by
Sternglass® which was assumed in Paper I. The calcu-
lated values are compared with the theoretical results of
Izmailov® and also with the experimental values ob-
tained by Cousinié et al.” and Hill et al.® for the energy
ranges 5-30 keV and 78-426 keV, respectively. yue and
yue/yu+ are also calculated for Al in the energy range
25 keV-1 MeV. The calculated values of yme/yr* are
compared with the experimental results of Stier ef al.®
and Barnett et al.!° for a brass target. In Sec. III, yg.*,
vHe, and yg./vHo* are calculated for aluminum in the
energy range 40-400 keV. The calculated results of
vret are compared with the experimental values of
Bourne et al.* for Al and of Hill et al.® for Mo in the
energy ranges 20-100 keV and 78-426 keV, respec-
tively, and the theoretical values of yu./yre* are com-
pared with the experimental results of Barnett ef al.'°
for a brass target.

II. SECONDARY ELECTRON EMISSION BY PROTON
AND HYDROGEN ATOM BOMBARDMENTS

The experimental results of Phillips'? and Hall®® for
equilibrium fractions fo, and fi, for a hydrogen beam
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passing through metallic foils also show that above
200 keV, fo, is negligibly small compared to fi,.. Hence,
above 200 keV a proton beam may be treated as an one-
component system consisting of only protons, while
below 200 keV it may be treated as a two-component
system consisting of H° and H+.

Considering Fig. 1 of Paper I, we find that compared
to the experimental values, the calculated values of
va* increase more rapidly with decrease of ionic energy.
This is due to the fact that Bethe’s formula is correct
only in the MeV region and gives higher cross sections
than observed in the low-energy region. Kaila and
Saha also found that Bethe’s formula for stopping
power gives higher values than the experimental data
in the low-energy region. They introduced an empirical
multiplying factor so that Bethe’s formula may agree
with the experimental values up to 25 keV. In a similar
manner, Bethe’s formula for ionization cross section
is modified here and we assume

Qu=0Qs/(1+8/T)

where Qn; is the ionization cross section of the metal
atom for the #l shell, Qp is the ionization cross section
obtained from Bethe’s formula, and 8 is a constant.
Hence, we obtain from Eq. (1) of Paper I

ya+= (0.25N/a)Qxu*, (1

Qu+=2 Qs/(148/7).

yu+ for Al at different energies (7>200 keV) has
been calculated from this equation.

Proceeding as in Paper I for hydrogen atom bom-
bardment, we obtain for proton bombardment, for

T <200 keV,

where

0.25N ) 1
T a O |: 1+(N/a)0'01(1+f0w/flco)] "
0.25N Jow
+ + 1le~ . 2
TQH [f 1+(N/a)f701(1+fﬁao/floo):| ( )

In the above equation, the first term gives the contribu-
tion to the secondary electron emission coefficient by
the bombardment of hydrogen atoms produced inside
the target due to charge-changing collisions. From
Eq. (2) we have

’YH*=7H*’{ Rf"“’[l— 1+ (N/a)aml(l-i—ft)w/flw)]

jOeo
, 3
1+ (1\7/a)001(1+f0w/f1m)}l ®

where yg+'=secondary electron emission coefficient

+[f1w+

14 K. L. Kaila and N. K. Saha, Proc. Phys. Soc. (London) A69,
888 (1956).
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Fi1c. 1. Calculated variation of y5* for aluminum with proton
energy is compared with that obtained experimentally.

when the beam is treated as a one-component system,

and
R=Qn/Qu*.

To calculate yg+ for Al from Eq. (3), R is obtained
from the calculations of Bates and Griffing!s'¢ for
protons and hydrogen atoms passing through hydrogen
atoms, and the same ratio is assumed for metal targets.
In the absence of experimental data, go;(Al) is calcu-
lated from the experimental values of oo (Ar) using
Bohr’s' relation. The values of a and 8 as obtained by
the method of least squares are as follows:

$=0.0745 MeV,
@=5.28% 105 cm™.

The calculated values of yg*+ for Al obtained from
Eq. (3) are shown in Fig. 1. The experimental values
obtained by Cousinié et al.,” Hill et al.,® and Aarset
et al.'® in the energy ranges 5-30 keV, 78426 keV, and
0.7-2 MeV are also shown for comparison.

Proceeding as in Paper I, for hydrogen atom bom-
bardment we obtain

floo
(D) =Rya+*(T)| fow
v (T)=Ryn+'( )[f +1+(N/a)<701(1+f0°°/f1°°):|

+ (ve*' (T)+v:(1/1836))

1
X 1o 1— * 4)
/ l: 1+(N/a)(701(1+f0w/f1w):| (
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F16. 2. Variation of yg° for aluminum with energy
of the bombarding hydrogen atom.

For T>200 keV, we have fo./ /1.1 and f1,~1 (see
paper I); hence we obtain

[ye+' (T)+v:(T/1836) J(N/a)a o1+ Ryu+' (T)
14 (V/)oo '

yu(T)=
®)

yu*(T) is calculated for 7<200 keV from Eq. (4) and
for T>200 keV from Eq. (5). The value of v;(7/1836)
is obtained from the expression given by Lye and
Dekker' after assuming yz(max)=1and T nax=300 eV,
obtained experimentally by Bruining.?® The calculated
results are shown in Fig. 2.

The ratio yme/yu* is also estimated using the calcu-
lated values of yx° and yg+ obtained before. The results
are shown in Figs. 3 and 4. The experimental values
obtained by Stier et al.,° and Barnett ef al.'® for brass
in the energy range 20 keV-1 MeV are also given for
comparison. It may be remarked that in Paper I the
values of yme and yus/ym* are given for 7>200 keV.
In the present paper, the same parameters are recalcu-
lated using the modified Bethe’s expression for ioniza-
tion and r=0.25 instead of 7=0.5.
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Fic. 3. Calculated variation of yg°/yg* for aluminum with
proton energy (solid curve) is compared with that obtained by
Stier et al. (reference 9) for brass (dotted curve).

III. SECONDARY ELECTRON EMISSION BY HELIUM
AND ATOM BOMBARDMENTS

Let us consider a He? or Het beam having energy
greater than 80 keV and penetrating a metal. At a depth
x, the fractions of He?, Het, and Het™ are given by?

fi= FiurA [P @A)+ N (i) ¥=0JeiN=eir (6)
where

i=0, 1, 2=charge of the helium components He?,
Het, and He*, respectively;

z=0 or 1=charge of the initial beam of helium atoms
or ions;

g=+i[(g—aP+4 1", Toy=—(a+8),
f=(o10—020),

§=— (601+U02+020);

P(z,1) is a function of the charge-changing cross section
for a beam whose initial composition at the surface
(x#=0) of the metal is denoted by z, and N(2,) is a
coefficient for negative exponential term analogous to
P(z,1). The values of P(z,i) and N(z,i) are given by
Allision® (Table II-1).

It is evident that if the results obtained from Eq. (6)
hold, we should have

a=— (010—012+U21),

b= (oo1—021),

32 0i>q.

If the original beam consists of helium atoms, the
number of electrons produced by the loss process is
fi+ f2. On the other hand, for an initial beam of He*
ions, the number of such electrons is only fe.

Proceeding in the usual manner, we obtain for an
initial beam of He* ions of energy 7' bombarding a
metal target,

0.25N P(1,0) N N(1,0)
YH“ZT*?H"{f " V/200% ey— (Valg | 14 (V2008 ot <N/a>q]
-l—g‘zs—NQHe*liflw*r PLD T
« 14+ (N/20)F oiy— (V/a)g 14 (N/20)T aiy+ (N /a)g

N(1,1) ]

P(1,2)

0.25
+——(NQHG+++A)[ fot
o

¥ R. G. Lye and A. J. Dekker, Phys. Rev. 107, 977 (1957).

N(1,2) :l

1+ (V/20)F 05— (N/a)g 14 (N/20)Y o+ (V/a)g

% H. Bruining, Pkysics and A pplications of Secondary Emission (McGraw-Hill Book Company, Inc., New York, 1954).
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A similar calculation for a He® beam gives

0.25.V P(0,0)

ELECTRON EMISSION FROM

METAL SURFACES 1641

Y H=

N (0,0) ]

14 (V/20)% 0i— (V/a)g 14+ (V/20)% o+ (V/a)g
P(0,1)

0.25
(V0 +A) it
a

N(0,1) ]

14+ (N/20)% 0i— (N/a)g 1+ (V/20)E oot (N/a)g

P(0,2) N(0,2)

0.25
+——(NQH6+*+A)|:f2m+
o

To calculate the secondary electron emission coethi-
cient for He? and Het bombardments, various charge-
changing collisional cross sections and equilibrium frac-
tions should be known. Since the equilibrium fractions
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Fic. 4. Calculated variation of vg°/yr* for aluminum with
proton energy is compared with the experimental values obtained
by Barnett et al. (reference 10) for brass.

of helium components for a beam of He® and He* are
known experimentally for an aluminum target, ym.*
and yme are calculated for this target. Using Bohr’s
relation,'” ¢¢1(Al) is calculated from the experimental
values of oo; for a helium beam passing through hy-
drogen gas.? Similarly o12(Al) is calculated. a0 and o2
are obtained from the following relations:

010/001= ano/fl:o and 021/012= floo/f'lao'

The values of f;, are obtained from the experimental
data of Hall'® and Phillips.’2 o9 and oy, are expected to
be small for 7<400 keV and are neglected.
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F1c. 5. Calculated variation of yget for aluminum with ion

energy is compared with that obtained experimentally for Al and
Mo targets.
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As already mentioned, for energies less than 80 keV
the beam behaves as a three-component system con-
sisting of He?, He*, and electrons. Hence, for 7'<80
keV the expressions for v, for H® and H* are applicable
also for a helium beam. In the absence of data for a
metal target, the experimental values of o and fi, for
helium beams passing through hydrogen and argon,?
respectively, are used to calculate the secondary elec-
tron emission coefficient. The calculated values of «,
for an aluminum target bombarded by He? and He* in

12
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F16. 6. Calculated variation of yge? for aluminum with the energy
of the bombarding helium atom.

the energy range 25-400 keV are shown in Figs. 5 and
6. The experimental values obtained by Bourne et al.!!
for Al and those of Hill et al.® for Mo bombarded by
Het in the energy range 20-120 keV and 43-426 keV,
respectively, are also shown for comparison. In Table I,
the ratio yme/vme™ for an Al target is also given along
with the experimental values obtained by Stier et al.?
for a brass target.

IV. DISCUSSION

For a proton beam, we observe that the calculated
and experimental values of vy, agree (Fig. 1). The

TaBLE 1. Variation of yre/vne* with energy in

the range 40-400 keV.

Energy YHS/vHe* Percentage
(keV) for Alecany for brassobs) deviation
40 1.0 1.05 4.75
60 0.99 1.05 5.7
80 0.98 1.05 6.65

100 0.92 1.05 12.8
200 1.02 1.05 2.86
300 1.02 cee cee

400 1.0
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theoretical maximum occurs near 50 keV—a value
expected from the trend of the experimental curves
obtained by Cousinié ef al.” and Hill et al.®* Comparing
Fig. 1 of Paper I and Fig. 1 of this paper, we find that
the agreement between the experimental and calculated
values is closer in the present paper, in which agreement
is achieved by applying the modified Bethe formula for
the ionization cross section. The percentage deviation
between the experimental and calculated values is less
than 109, in the whole energy range except at high
energy where the deviation is 13.29,. The average
deviation is of the same order as the experimental error.

The nature of the variation of ygo with energy is the
same as that for proton bombardment (Fig. 2). In the
absence of experimental data for the secondary electron
emission coefficient from metal surfaces by hydrogen
atom bombardment for the energy range 20 keV-1
MeV, the calculated and experimental values cannot
be compared. However, for the ratio yao/yr*, the maxi-
mum deviation between the calculated values for Al
and the experimental data for brass is 13.3%,. In view
of the fact that the experimental error can be as high
as 79,° this deviation is not large. The agreement
between experimental and calculated values indicates
that, like yu+ in the high-energy range, yas/yu+ is also
independent of the target material. Further, from Figs.
3 and 4 we find that for energies greater than 600 keV
the calculated ratios are smaller than the observed

GHOSH AND S. P.

KHARE

ratios, while for lower energies the calculated ratios
are greater than the observed ones.

The calculated variation of yme* agrees with that
obtained experimentally (Fig. 5). In the energy range
200-400 keV vyge+ is practically constant, which is in
conformity with the results obtained by Hill ef al.® for a
Mo target. Since no experimental values are available
for yme, the calculated values cannot be compared
with the experimental ones. The calculated ratio of
YHe"/VHe* N the energy range 40400 keV is practically
equal to unity, in agreement with the experimental
results obtained by Stier et al.’® These comparisons
further indicate that, in the above energy range, ygo*
is a function of target material but ymet/yme* is inde-
pendent of target.

Recently, Izmailov® developed a theory for kinetic
ejection from metal surfaces by positive-ion bombard-
ment. According to this theory, in the low-energy
region +,. is directly proportional to the ion energy.
With increase of energy the slope of the curve de-
creases, and in the high-energy range v, becomes inde-
pendent of 7. Hence, it is evident that, from the above
theory, it is difficult to explain the decrease of vy, with
the ion energy which has been experimentally observed
by a large number of investigators such as Hill et al.%
and Aarset et al.'® (for Ht and H,+ ion bombardment)
and Akishin?' (for Dt ion bombardment).

2 A, T. Akishin, Zh. Tekh. Fiz. 28, 776 (1958).



