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Positive heavy particles (protons, e-particles, etc.) which propagate in a crystal lattice 
parallel or almost parallel with a dense axis or plane will be constrained to move along 
this direction for long distances owing to steering collisions with the atoms constituting 
the channel walls. Their relatively stable oscillating trajectories follow a potential valley 
described by low electronic charge density. These particles have longer paths than those 
propagating in an arbitrary direction ("random trajectory") and are said to be channelled. 
As this phenomena has many important applications, the main theoretical and experi- 
mental results obtained in two laboratories of the Commissariat ~ I'Energie Atomique 
(CEA) concerning the effect of crystal defects on channelling and the utilization of 
channelling to determine the lattice location of hydrogen in face-centred cubic crystals 
are given herein. 

1. Study of dechannelling by crystal 
defects 

It is clear that the "ease" of channelling is related 
to crystal perfection. I t  is also clear that anything 
which destroys this perfection, phonons, defects, 
etc., must change the channelling. On the other 
hand, the character of the channelling obviously 
allows one, in principle, to say something regarding 
the defects. 

This simple idea is used both to theoretically 
evaluate the dechannelling effects of crystal im- 
perfections and to observe them experimentally 

1.1. Theoretical models of dechannelling 
by defects 

The dechannelling by defects is described here by 
classical mechanics for particles of mass either 
equal to or higher than that of the proton. 

When a channelled particle approaches a defect, 
its trajectory is more or less altered. Specifically, its 

total transverse energy, E• is modified, and the 
calculation of the dechannelling coefficient is equi- 
valently that of estimating the probability that EL 
be greater than a critical transverse energy, E• 
E• depends only on the crystal and on the particle 
and can be evaluated by means of the Lindhard 
theory of channelling (see Fig. 1) [1 ]. 

Continuing with the present idea, the de- 
channelling coefficient can be expressed by a prob- 
ability, a characteristic scattering length ("dechan- 
nelling width") or a cross-section which are depen- 
dent both on defect characteristics (nature, size) 
and on those of the particle (charge, energy). 

A defect will cause dechannelling by both ob- 
structing and deforming the channel containing the 
particle. Fortunately, in most cases, defects can be 
divided into two categories: those defects that de- 
channel mainly by means of obstruction (inter- 
stitials, stacking-faults, gas bubbles, voids and 
anti-phase boundaries), and those defects (disloca- 
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Figure 1 Principle of planar channelling. Solid line: a 
channelled particle of energy, E, oscillates between the 
planes (rr~r -1 ).with an amplitude, Xo; the maximum angle 
of its trajectory with the median plane is ~o. At any given 
time, its elongation is X, its current angle is ~I, and its 
total transverse energy is E• = E'I, 2 + V(X) = E'I,o 2 = V 
(Xo). Dotted line: the maximum amplitude X e, is equai 
to X e = 1 --a (where 21 is the interplanar distance and a 
the minimum particle-plane approach distance) and the 
maximum angle with the median plane is 'I, e. The critical 
total transverse energy, Eie, is Ele = E ~  = V(Xe). 1, 
a, and the length of oscillation are of the order of 0.1, 
0.01 and 100nm, respectively. For better clarity, the 
ordinates have been multiplied by a factor about 100 with 
respect to the abscissae. 

tions, Guinier-Preston zones) that perturb particle 
trejectories principally by the channel deformation 
they cause. Dechannelling by thermal agitation is a 
particular case which will be treated separately. 

Unless otherwise stated, the numerical values 
given will be based on 5 MeV a-particles propagat- 
ing between high-density planes (that is, {1 1 1 } 
planes in fc  c and {1 1 0} planes in b c c). 

1. 1.1. Interstitial a toms 
Interstitial atoms [2 -4 ] ,  not  occupying normal 
lattice sites, obviously obstruct certain channels. 
In  such channels, the variation o f  E• is described 
b y  Rutherford scattering, and the dechannelling 
probability is thus expressed by a cross-section, od. 
The complete calculation of  od shows that it varies 
as E -v2, and that it is relatively independent o f  
the atomic number .of the interstitial, while being 
relatively sensitive to the screening of  the nucleus 
by the electron cloud (degree of  ionization). For 
instance, od is found to be about the same for 
hydrogen and carbon (Or ~ 5.10 -s nm 2 between 
{1 1 1} planes in palladium). 
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1.1.2.  S t a c k i n g  faul ts  
A stacking fault [3, 5, 6] causes a shift o f  the crys- 
taUographic axes and planes in its immediate vicin- 
ity. Equivalently, it shifts the potential valleys (see 
Fig. 2) and thus gives rise to a local variation of  E I. 
This variation or change in E• AE• can be either 
positive or negative depending on the transverse 
position ("phase") of  the particle in the channel 
when it encounters the defect (in this case, the 
stacking fault). The calculation o f  the dechannel- 
ling probability thus involves the calculation of  the 
probability that the transverse position of  the par- 
ticle in the channel falls inside a critical region (Ax 
in Fig. 2) defined by E• AE• For 
example, we obtain energy-independent probabil- 
ities o f  the order of  0.2 (in gold) or 0.3 (in alumin- 
ium). 

1.1.3 Gas bubbles 
The gas constituting the bubbles [7] plays a neg- 
ligible role in the dechannelling process. The de- 
channelling probability, X, of  a gas bubble is thus 
simply related to the probability that a particle not 
be rechanneUed on re-entering the crystal after 
traversing the gas bubble. The calculation is about 
the same as for the stacking fault. I f  one assumes 
that the planes are not deformed near the surface 
of  the hole, it can be shown that X varies linearly 
with the diameter and that it follows an E-1/2 law 
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Figure 2 Stacking fault in a crystal in terms of particle- 
atomic plane potential. Successive potential valleys in 
which the channelled particles move are suddenly shifted 
by the stacking fault. When they cross the defect, the 
particles suffer a variation of their total transverse energy 
(zXE• = AV> 0, in the region denoted AX). 



for small holes (diameter ~< 10nm). X reaches a 
limiting value, Xraax (in aluminium, • ~ 0 . 2 5 )  
independent of the energy for large diameters 
(/> 100 nm). 

state. In AuCu and AuCu3 ordered alloys, for 
anti-phase boundaries which act somewhat like 
stacking faults (see Fig. 3). No calculation of the 
dechannelling coefficient has yet been effected. 

1.1.4. Dislocations 
Dislocations [6, 8-12]  bend the channels, and thus 
the channelled particles suffer a centrifugal force 
which modifies their transverse energy. The calcu- 
lation of the dechannelling probability in this case 
leads to a cross-section per unit length, X, (that is, 
to a dechannelling width) given by X = k(bE) 1/2, 
where b is the Burger's vector, E is the kinetic 
energy of the particle and k is a constant which 
depends on the nature of the crystal, the particle 
and the dislocation (screw or edge). For example, 
in aluminium, we find that X ~ 17 nm. The evalu- 
ation of X for dislocation loops is much more com- 
plicated. According to the theory of elasticity, X 
for a dislocation loop must have a value much 
lower than that of a straight dislocation and the 
value must be proportional to the diameter of the 
loop. 

1.1.5. Guinier--Preston zones ~ 
Guinier-Preston (GP) zones [7] have, in general, 
different geometrical shapes: flat discs, one-atom 
width in thickness and about 5 nm in diameter are 
obtained under certain ageing conditions in A1-Cu 
dilute alloys. They dechannel in approximately the 
same way as dislocation loops, owing to the lattice 
deformation induced by the difference between the 
atomic volumes of aluminium and copper atoms. 
The calculation of the dechannelling coefficient is 
difficult, consequently, can only be given semi- 
quantitatively. Nevertheless, it can be postulated 
that GP zones dechannel much more than individ- 
ual atoms, and, the greater their size, the higher 
their dechannelling width, Xd. 

1. 1.6. Ordered alloys 
Channelling conditions in ordered alloys [13] are 
somewhatunusual. All the planes of an {hkl}family 
have the same composition in the disordered phase, 
whereas this is obviously not the case in the ordered 
state. In AuCu and AuCua ordered alloys, for 
instance, all the {1 1 1 } planes are identical, but 
some of the {1 10} and{lO0} planes are alterna- 
tively enriched in either gold or copper. There is 
thus a dissymmetry in the planar potential which, 
paradoxically, leads to a higher dechannelling co- 
efficient than that associated with the disordered 

1. 1. Z Thermal agitation 
Even in a defect-free crystal, a channelled beam of 
particles is progressively dechannelled by atoms 
which are no longer at their perfect crystal sites 
due to thermal agitation [14], an d by the multiple 
scattering due to electrons. The main influence of 
thermal agitation is to thicken the planes and rows 
of the crystal, as the temperature increases. This 
induced variation in the potential can be calculated. 
When the temperature increases, the slope of the 
potential decreases and the particles are thus less 
constrained and undergo greater dechannelling 
compared to that at lower temperatures (see Fig. 4). 

1.1.8. Inf luence o f  defects on energy loss 
It could be expected that the energy-loss of chan- 
nelled particles should be affected by the presence 
of defects in the crystal. In fact, it is theoretically 
demonstrated that this effect is quite negligible, at 
least in the cases of dislocations [ 15 ] and hydrogen 
interstitials [16]. For instance, the energy-loss of 
channelled a-particles increases by about 0.1 per- 
cent when a sample of palladium contains a con- 
centration of 1 per cent of hydrogen interstitials. 
Experimentally, no change has been observed in the 
maximum energy of protons transmitted through 
tantalum samples either containing or not contain- 
ing dislocations [17]. 

1.2. Experimental evidence 
A simple technique has been developed which con- 
sists of bombarding polycrystals or single crystals 
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Figure 3 The trajectory of channelled particles moving 
between {100} planes in an:0rdered alloy of AuCu 3 
structure is governed by a dissymmetrical potential. 
Moreover, this dissymmetry is periodically reversed by 
anti-phase boundaries. 
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Figure 4 Calculated variation of the planar channelling 
as a function of the thermal agitation. Z T is a parameter 
which varies as the mean quadratic displacement of the 
atoms. X is the particle-plane distance, in Thomas- 
Fermi radius units. 

with a beam of  positive mono-energetic particles. 
The thickness of  the sample is chosen so that only 
channelled particles (whose range is greater than 
that of  random particles) emerge, the emerging beam 
being made up of  many sub-beams parallel to the 
main directions o f  the crystal. 

The particles are either collected in a counter or 
registered on a f'dm. In the latter case, one obtains 
an image called a "channellograph", whose con- 
strast is related to the local orientation and imper- 
fections o f  the crystal. 

The particles can be either obtained from a 
radioactive source or from an accelerator. In the 
first case, excellent flux and energy stability is 
obtained and quantitative experiments are easily 
performed. In the second case, there is obviously a 
wider choice of  particles and energies. Fig. 5 
indicates the principle of  an experiment conducted 
with a radioactive source [8] .  

If  a small diaphragm is inserted just behind the 
crystal, the channelled particles emerge parallel to 
dense planes and axes ("channellographic projec- 
t ion") (see Fig. 6). Then, at the detector (film), a 
pattern is observed which is the result o f  the inter- 
section of  the direct lattice and the detector (see 
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Fig, 7). In particular, this pattern allows deter- 
mination of  the orientation of  the crystal [19].  

The situation is approximately the same when 
the radiation protection o f  the source contains 
pin-holes. In the immediate vicinity of  the pin-holes 
covering a particular grain, patterns are observed 
on the channeUograph which are, o f  course, identi- 
cal and parallel to each other. The shape o f  the 
patterns obviously depends on the orientation of  
the grain, affording a straightforward method of  
determining the local orientation o f  a grain, even 
when it is very small (see Fig. 8) [8, 20]. 

The channellographic method has been used to 
observe and measure the dechannelling due to the 
defects which have been theoretically studied and 
considered in Section 1.1. To this end, the same 
sample, both with and without defects , is bom- 
barded with the same number of  particles. Denoting 
the number of  emerging particles for the two cases 
as N d and N o, respectively, the dechannelling cross- 
section o i of  a defect i is given by 

r = N d / N  o = exp -- f : (Z  ci oi) dz,  (1) 

where r is the transmission coefficient, t is the 
thickness of  the sample and ci is the volumetric 
concentration of  the defect i. This implies that 
the dechannelling due to a defect is not  influenced 
by the presence of  the other defects. For a sample 
containing only one kind of  defect, but described 
by a distribution of  sizes, we can replace ~oici ,  
by 0c, where 0 is the mean value of  the dechannel- 
ling cross-section of  the "average" defect of  total 
concentration c. Moreover, performing the "with- 
defects" and "without-defects" experiments at the 
same temperature eliminates the dechannelling con- 
tribution due to thermal agitation. 

I . . . . .  t . ~  i c 

I ,,, I s  

Figure SSchematic diagram of the channellographic 
method. The particles emitted by the source, S (c~-particles 
or fission fragments), reach the crystal C. Their energy is 
adjusted in such a manner that only channelled particles 
can emerge from the crystal, on condition that they are 
not dechanneUed by such as interstitials, I, grain bound- 
aries, GB, dislocations, D and stacking faults, SF. 
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Figure 6 Schematic diagram of the channellographic pro- 
jection method. The arrangement is similar tothat pres- 
ented in Fig. 5, but a small diaphragm, P, is put in front 
of a single crystal and the detector is removed to a greater 
distance. The channelled particles emerging from the 
sample describe on the detector a pattern whose geo- 
metrical shape depends on the structure and the orienta- 
tion of the crystal. 

1.2. 1. In ters t i t ia l  a t o m s  
The experiment [21 -23  ] consists of  measuring the 
transmission of  particles through thin samples in 
which foreign atoms have been introduced by ther- 
mal diffusion; this method avoids the formation of  
other defects such as dislocations that appear when 
ion implantation is used. As can be seen from Fig. 
9, the transmission coefficient, r, as a function o f  

the interstitial concentration c (measured by resis- 
tivity) confirms the validity of  Equation 1. In the 
case o f  hydrogen and carbon interstitials in pallad- 
ium, we obtain oH = (5.7 *_ 2.6) x 10 -s nm 2 and 
ac  = (4.6 +- 0.1) x 10-Snrn 2 for H and C, respec- 
tively, in good agreement with the theoretical 
values given in Section 1.1.1. This shows that H 
and C interstitials do not appreciably deform the 
lattice, but the method does not  permit the deter- 
mination of  the type o f  intersitial site (tetrahedral 

or octahedral) occupied, because both sites are 
located between {1 1 1 } planes. This ambiguity is 
removed by direct site-location determination, as 
shown in Section 2 for the case of  hydrogen inter- 
stitials. 

1.2.2. Stacking faults 
When a gold sample is quenched from high temp- 
erature (T ~> 900 ~ C) and then annealed at tow 
temperature (T ~ 100 ~ C), vacancies precipitate and 
give rise to either Frank loops or stacking-fault 
tetrahedra. The dechannelling coefficient of  a 
stacking-fault is measured by counting the number 
of  particle tracks (see Fig. 10) that constitute the 
geometry of  the patterns obtained by the chan- 
nelling projection method, and by determining 
the concentration of  stacking faults by electron 
microscopy. The experimental dechannelling co- 
efficient thus obtained is X ~ 0.17, in good agree- 
ment with the theoretical value (Xmeor~tieai = 

(b) ~, '  ""  / ( 001 )  \O j  

Figure 7 (a) Pattern obtained with a gallium crystal by means of the channeUographic projection method, and (b) 
the corresponding indexing chart (temperature = 4 K) [18]. 
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Figure 11 Transmission coefficient, 7, of an aluminum 
sample containing helium bubbles, measured at 300 K, as 
a function of the annealing temperature, T. Although the 
mean surface of the bubbles is multiplied by a factor of 
~'5, r varies only a little over the range of T from 473 
to 773 K. 

Figure 8 ChanneUograph of silver obtained with a radio- 
active source containing small-thickness inhomogeneties. 
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Figure 9 Variation of the transmission coefficient, r, 
as a function of the atomic concentration, c, of dissolved 
carbon in palladium. 
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Figure 10 Influence of stacking faults on channelling in 
a gold sample. The channeUographic projection is used, 
the patterns are triangles. The curves correspond to a 
sample either containing (A) or not containing (0) stacking 
faults. The experiment was conducted at 4 K. 
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0.18) obtained in Section 1.1.2. In fact, the first 
experimental  evidence of  dechannelling by defects 

was obtained on stacking faults [24].  

1.2.3. Gas bubbles 
Helium gas is introduced into aluminium foils by  
irradiating them between two sheets of  LiOH in a 
nuclear reactor. The number,  n, and the radius, r, 
o f  the bubbles thus formed are measured after an- 
neals by  means of  electron microscopy. According 
to previous studies [7, 25, 26], n decreases and r 

increases as the temperature increases. However, 
because of  the high pressure, P, of  the bubble 
(P ~ 3500 bars), the gas cannot be considered as 
perfect and the total  projected surface S = nTrr 2 of  
the bubbles is not  constant.  A complete calculation 
shows that,  at least in the case o f  the small bubbles 

present in the samples studied here, the product  of  
S and the dechannelling probabil i ty,  • (see Section 
1.1.5.) varies only slightly as a function of  the 
radius of  the bubble.  This is clearly indicated in 
Fig. 11, which shows that, for a given total  ir- 
radiation dose, the transmission coefficient is inde- 
pendent  of  the annealing temperature.  

1.2,4. Dis locat ions  and dis locat ion loops  
The influence of  dislocations [ 8 - 1 1 ,  2 7 - 3 1 ]  is 
visible in Fig. 12 where both dechannelling in a 
region containing many dislocations and the very 
beginning of  the thermal reordering of  the crystal 
after a short anneal are observed. The dechannelling 
width,  X, of  dislocations and dislocation loops were 
measured in aluminium. The values obtained, that 
is, X = (14 -+ 4 )nm for straight dislocations and X 
= (0.5 -+ 0 .3)nm for dislocation loops whose 



Figure 12 Example of dechannelling by dislocations. A 
polycrystal of nickel has been gently cold-worked along 
ZZ' and then slightly annealed at 1313K. Particles are 
dechannelled along ZZ', but the beginning of recrystalliz- 
ation is visible in the middle of the channellograph. The 
particles used were protons, taken from a Van de Graaff 
accelerator [29]. This image also shows contrasts due to 
the different orientations of grains and twins, and the 
strong dechannelling effect of the grain boundaries (see 
also [33]). 
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Figure 14 Influence of thermal agitation on channelling 
in gold. The sample is the defect-free sample used for the 
study of dechanneUing by stacking faults (see Fig. 10). 
The experiments are carried out at (a) 4 K, (b) 77 K and 
(c) 300 K. Local peaks due to axial channelling ((100), 
for instance) are clearly visible. 

diameter is d = 24 nm, confirm the great difference 
between the two types o f  dislocations. In conjunc- 
tion with results obtained in other laboratories [32, 
34] ,  the present results suggest a semi-empirical 
law relating k to the diameter of  the dislocation: 

d 
X(d) = ~ d + do ' (2)  

50 t l /z" t/,tsee.z ~ 

0 ~ ,5352 C 

\ ~ ~ 543 ~ C 

log ~ 

569 ~ C -t 
Figure 13 Variation of the transmission coefficient due 
to the clustering of Guinier-Preston zones in a A1-Cu 
alloy. N O is the number of channelled particles just after 
the quench and N is this number of channelled particles 
after an ageing time, t, at 305 K; the quenching temper- 
atures 0 T are indicated on each curve. 

where k= is the value of  k for a straight dislocation, 
d is the diameter of  the dislocation loop and do is 
an adjustable parameter (of  the order of  500nm).  
Moreover, isothermal annealing experiments have 
allowed us to measure the enthalpy,  AH, of  evap- 
oration of  dislocation loops in aluminium ( A H  = 
1.32-+ 0.1 eV) and the enthalpy of  recrystalliza- 
t ion of  platinum ( A H  = 2.6 -+ 0.2 eV atom -1 ), 
both  results being in good agreement with the 
values obtained by  other methods.  

1.2.5. Guinier--Preston zones 
Guinier -Pres ton  (GP) zones have been studied in 
A1-Cu alloys quenched from different temper- 
atures and aged at 32 ~ C [7, 35, 36]. Fig. 13 shows 
the initial evolution o f  the transmission coefficient 
measured here by means of  a scintillation counter,  
as a function of  the ageing t ime, t. The dechan- 
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Figure 16 Variation of the number of displaced atoms in 
platinum by an ion implanted at various depths, Rp, as a 
function of the incident ion mass. 
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Figure 15 Experimental set-up used for lattice location. 
The sample is held on a goniometer, and hydrogen or 
deuterium ions are implanted in it by means of a low- 
energy accelerator. Profile drawings and lattice locations 
are obtained by means of a Van de Graaff accelerator. 

nelling increases very rapidly with time, and is very 

significant. As the dechannelling is adequately des- 
cribed by an exponential dependence on the 

square-root of t, it is concluded that the formation 
of the GP zones is due to fluctuations in the copper 
concentration (spinodal decomposition) rather than 

to nucleation followed by growth. Regarding a GP 
zones as a pseudo-dislocation loop, a dechannelling 
width, X=  (4.5 + 2.5) x 10 -3 nm is measured 

when its diameter d = 5 nm. Finally, at long ageing 
times, the transmission curves tend toward the same 
value, that is, the final state of the alloy is the 
same, independent of quenching temperature. 
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1.2.6.  O r d e r e d  a l l o y s  
Experiments concerning dechannelling in ordered-  
disordered alloys are somewhat complicated owing 

to the difficulty in obtaining monocrystalline, or 
large-grain, thin foils. The method [13] consists 
of successively counting on channellographs all the 
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Figure 17 Lattice sites occupied by hydrogen in fc c as a 
function of the temperature: hatched areas indicate 
channeUing results; stippled areas indicate muon results 
after [52, 53]. 
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Figure 18 Channelling yield ob- 
tained along the (100)- 
axis for platinum implanted 
with 1015 atoms cm -2 of 15 
keV deuterium ions. The solid 
lines represent the interaction 
yields of "He ions with the 
platinum atoms located inside 
the rows limiting the channel as 
as a function of the angle of 
channelling, 0. The broken lines 
represent the interaction yield 
of 3He ions with deuterium 
atoms as a function of 0. It can 
be seen that deuterium, initially 
in an octahedral site (at 25 K), 
migrates toward a nearly tetra- 
hedral site after an anneal at 
about 50 to 100 K. 

channelled particles associated with the ordered 
and disordered states of  the same polycrystalline 
sample. It is thus observed that the transmission is 
much lower in the ordered state than in the dis- 
ordered state (differences of  up to 50% are ob- 
served), in accordance with the qualitative theory 
previously presented (see Section 1.1.6). 

1.2. 7. Thermal agitation 
The channelling projection method is extremely 
convenient in demonstrating the effect of  thermal 
agitation on channelling [3]. Counting the chan- 
nelled particles emerging from a defect-free sample 
at different temperatures gives the curves appearing 
in Fig. 14. .The number of  channelled particles 
increases as the temperature decreases (compare 
with Section 1.1.7.). It is possible to determine a 
half-length of dechannelling (that is the distance 
kl/a at which the number of  channelled particles 
is reduced by a factor of  2 along their path in the 
crystal) due to both multiple scattering and ther- 
mal agitation. In gold, kl/2 = (1.33 + 0.05)/am 
and (1 -+ 0 .05) /am at 4 K  and 300K,  respectively. 

1.2.8. Composite dechannelling 
Composite dechannelling [37, 38] is obviously an 
important  case, generally encountered when a crys- 
tal is irradiated, and therefore contains different 
kinds of  defects, such as interstitials, dislocations 
and dislocation loops. 

It has been studied in many laboratories (see 
f o r  example [39-42] ) ,  and our work consisted 
essentially of  a study of the defects created by 
low-temperature (20K)  fission-fragment irradi- 

ations in iron samples containing carbon impurities. 
The channellographic method allowed demon- 
stration of the large changes in cementite precipi- 
tation, a recovery stage of  the dislocation loops 
starting from 800 K with an activation energy of  
about 1 eV, and the preponderant effect of  cluster- 
ing during certain stages of  recovery. 

2 .  L a t t i c e  l o c a t i o n  o f  h y d r o g e n  in f ace -  

c e n t r e d  c u b i c  m e t a l s .  

Shortly after the discovery of channelling, it was 
suggested that  it could be used to locate foreign 
a t o m s  in crystals both  in interstitial and in sub- 
stitutional sites [43, 44] .  

Such atoms to some degree obstruct certain 
channels and it is theoretically possible to locate 
them within an accuracy of  about 0.02 nm. 

One case in which the location of the lattice site 
! is both important  and difficult to determine by 

other methods (such as nuclear magnetic resonance, 
neutron diffraction) is that of hydrogen in face- 
centred cubic crystals (fcc),  in which the solubil- 
ity of  hydrogen is generally very low. 

In addition to being of fundamental interest, 
the determination of  lattice location finds interest- 
ing application in the study of  solid solutions ob- 
tained by implantation in materials either sub- 
mitted to solar flare (space physics) or maintained 
in the presence of a plasma (controlled fusion). 

Results are presented here for a series of  fcc 
metals in which hydrogen has been implanted 
[45-51  ].  The maximum concentrations in the im- 
planted layers range from about 10 -4 to about 
10 .2 at. 
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2.1. Exper imenta l  set-up 
The experimental set-up is represented in Fig. 15. 
The sample is held on a goniometer and main- 
tained at a temperature that can be varied from 
25 to 400 K during implantation and subsequent 
analysis. 

To study these solutions, it is necessary to deter- 
mine the lattice location and the concentration 
profile of hydrogen (or one of its isotopes) as a 
function of implantation and/or annealing temp- 
eratures. 

To determine the lattice site occupied by a 
hydrogen (or isotope) atom, deuterium is implanted 
and is then located by means of a helium-3 beam 
using the non-resonant nuclear reaction D(aHe,p)a. 
To study the profile, hydrogen is implanted and 
the analysis is made by means of a boron-11 beam 
through the resonant nuclear reaction H( n B, a)~a. 

The implantation of hydrogen also induces 
defects such as vacancies and self-interstitials. The 
number of atoms displaced by ion implantation 
has been calculated in platinum and, by extrapol- 
ating the curves obtained to an ion of mass 1, it 
appears that this number is always greater than 
unity (see Fig. 16). It follows that, after implanta- 
tion, a hydrogen (or deuterium) atom is always in 
the vicinity of some vacancies and interstitials. To 
distinguish hydrogen-crystalline-lattice inter- 
actions from hydrogen-defect interactions, the 
implantation is made at a temperature low enough 
(T < 25 K) to "freeze" interstitials, vacancies and 
hydrogen atoms in the lattice. Channelling is then 
used to locate hydrogen in this low-temperature 
"frozen" state and also to follow the evolution of 
its position with subsequent annealing steps. 
Alternatively, implantation can be performed at 
higher temperatures. Increased temperature ren- 
ders the hydrogen and the defects mobile and 
during implantation higher temperatures can affect 
the number and nature of the defects. 

2.2. Results 
Hydrogen location has been studied in the follow- 
ing fcc crystals: Al, Ag, Ni, Cu, Pt and Pd. The 
results of the experiments are presented in Fig. 17, 
and the channelling curves allowing the location of 
hydrogen in platinum is given as an example in 
Fig. 18. As shown in Fig. 17, at 25 K (the low- 
temperature limit in our experimental conditions), 
hydrogen occupies an octahedral site in fcc metals, 
except for aluminium in which a tetrahedral site is 
found. However, other experiments made by 
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implantation of muons strongly suggest that the 
octahedral position also exists in aluminium, but 
at a temperature much lower than 25 K [52, 53]. 
It can thus be concluded that, in general, at suf- 
ficiently low temperatures, hydrogen occupies an 
octahedral position in fcc metals. 

With increased implantation or annealing temp- 
eratures, hydrogen atoms can move and, after a 
number of random jumps, they become trapped 
by defects. Two situations can be encountered. 

Firstly, trapping can be accompanied by a site 
change. A transition is then observed from an 
initial octahedral site to a quasi-tetrahedral one in 
a trapped position. In Fig. 17, relating to platinum, 
it can be seen that hydrogen moves from the octa- 
hedral position to the tetrahedral one at about 50 K. 
This site transition due to trapping has also been 
observed for palladium and probably exists for 
aluminium. 

Secondly, trapping is not accompanied by a 
change in the initial octahedral position (or only a 
very small change is seen, < 0.01 nm). This is the 
case for copper, nickel and silver. Here, the chan- 
nelling technique does not allow a distinction to 
be made between the trapped and untrapped pos- 
itions. 

All our experiments confirm the conclusion that 
vacancies created during the implantation form 
traps for hydrogen. It is important to notice that, 
contrary to some theoretical predictions, we have 
never observed a substitutional position for hydro- 
gen, in spite of the high concentration of vacancies 
during the implantation. Following our experimen- 
tal results, new calculations have been performed 
by various authors that have shown that the exist- 
ence of an equilibrium state located out of the 
centre of the vacancy is possible, which gives rise 
in particular to a tetrahedral site in aluminium. 

Finally, it can be emphasized that, at high tem- 
perature, hydrogen leaves its trap to migrate over 
long distances in the crystal. It is interesting to 
notice that the tendency to agglomerate and form 
hydrogen bubbles has never been observed in these 
experiments on the fcc metals. 
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