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Channeling is measured in single crystals of AgBr between 90 and 505 K. The experimen­
tal dechanneling is separated in one part due to thermal vibrations of atomic rows and in 
another part due to silver interstitials with a cross section increasing from 4.4 to 5.0 X 
X 10~17 cm2 between 445 and 595 K. A formation energy of (0.65 ± 0.10) eV is determined 
and a molar concentration of F renke! defects varying from 0.003 to 0%.03 between 445 and 
595 K. The concentration extrapolated to 695 K amounts to 0.00 ± 0.02 (melting point: 
697K). Furthermore Meyer's theory of plural and multiple scattering is checked at low 
energy with a silver thin film evaporated on a AgBr crystal. 

La canalisation est mesurée dans des monocristaux d'AgBr entre 90 et 595 K. La décanali­
sation expérimentale est séparée en une partie due aux vibrations thermiques des chaînes 
atomiques et en une autre partie due à des interstitiels d'argent dont la section efficace 
augmente de 4,4 à 5,0 X 10"17 cm2 entre 445 et 595 K. Nous déterminons une énergie de 
formation des défauts de Frenkcl variant de 0,003 à 0,03 entre 445 et 595 K. La concentra­
tion, extrapolée à 695 K se monte à 0,06 ± 0,02 (point de fusion: C97 K). De plus, nous 
vérifions la théorie de Meyer de la diffusion plurale et multiple à basse énergie avec un film 
mince d'argent évaporé sur un cristal de AgBr. 

1. Introduction 

Discovered in 19G2 by Oen and Bobinson [1], t he channeling effect has been 
widely studied in various crystals during the last decade, and it has also been 
used as a tool in order to solve some problems of solid s ta te physics. This paper 
.presents such a case, in which channeling gives valuable information on lattice 
disorder. The effect is conceptually very simple. Most of the particles of a beam. 
entering a latt ice along a main erystallographie direction, are confined within 
the channels formed by the atomic chains by small angle scattering and their 
probabili ty for a nuclear encounter is very small. In the case of Kutherford 
baokscattering, the yield shows a sharp minimum when the crystal is aligned 
with respect to tlie beam. The depth of the minimum is related to the lattice 
perfection. Moreover, energy analysis of the baekscattered particles yields a 
depth scale for the nuclear encounters, if the stopping power of the material 
is known. A detailed account of the relevant parameters , sucli as the minimum 
yield, the critical angle,, tlie dechanneling ra te and also of many applications 
can be found in a recent review by Gemmell [2]. 

Silver bromide has been chosen to apply tlie channeling method for the 
following reasons. I t is possible to obtain this substance as good quality mono-
crystals with a simple s tructure, the atomic number is high (giving a large 
scattering cross section), and the thermal disorder reaches a t high temperature 
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a level which produces a significant effect. On the other hand,, the question of 
lattice defects at high temperature is not yet settled, although AgBr is one of 
the best studied crystals since 1936. Measurements of electrical conductivity 
[3 to 7] and of specific heat [8, 9] have revealed the existence of Frenkel disorder 
of cationi e type, supported by X-ray measurements of the thermal expansion 
[10, H ] . However, the agreement between the different methods is only part ial , 
and it justifies a new approach by use of the channeling effect. 

In this paper, we present first the experimental set-up and then the results 
for the critical angle, the temperature dependence of the minimum yield, and 
the dechanneling cross section of silver obtained from a thin metallic surface 
layer. These parameters arc discussed in Section 4, together with the concen­
tration of silver interstitials as a function of temperature, which is then compared 
with the results obtained by other methods. The effect of a thin metallic layer 
is discussed in terms of Meyer's theory of plural and multiple scattering of low-
energy heavy particles in solids [12]. 

2. Experimental 

Single crystals of silver bromide grown by VerncuiPs method have been 
kindly supplied by Dr. P . Junod (Ciba-Geigy Laboratories). The total concen­
trat ion of impurities is less than lOppm. Samples of 1 cm3 are cut with a face 
perpendicular within less than 2° to the <100> axis. Since the crystals cannot 
be cleaved, a clean surface is prepared by chemical etching (5 min in a solution 
of KCN 1 N). The samples are mounted on a goniometer with two degrees of 
freedom for rotation and two for translation. The crystal can be oriented with 
a precision of 0.05°. The temperature can be varied between 90 and 700 K. The 
crystal is bombarded with a 100 keV proton beam (divergence <^0.05°, diameter 
0.3 mm, current 0.1 to 1OnA). The scattering chamber is evacuated up to 
2 X 10"e Torr with a diffusion pump through a liquid nitrogen t rap . To prevent 
surface contamination especially a t low temperature the crystal is surrounded 
by another t rap at LNT. 

Backscattered protons are detected at 150° with a 50 mm2 surface barrier 
detector silicon (ORTEC PREMIUM: SERIES) , cooled at ( - 8 0 ± 5) 0C in 
order to obtain an energy resolution of 4 to 6 keV (FWHM) corresponding to 
a depth resolution of 00 to 90 A for AgBr. The detector is connected to high 
resolution s tandard electronics followed by a 250 multichannel analyser and 
a single channel analyser. The spectra are recorded analogically with a strip-
chart recorder or digitally with a punched paper type, which can be fed to a 
computer. The multichannel energy calibration is achieved by scattering of 
50 and 100 keV protons on heavy rare gases. 

In the 100 keV energy range,, the stopping power of protons is maximum 
(at 100 keV: 22.1 eV/A for Ag and 15.7 eV/A for Br [13]) and it is almost the 
same for channeled and for random directions, since only valence electrons 
contribute to the stopping power in the region where it is maximum [14]. This 
has been checked for example in silicon [27]; the <111> channeled stopping 
power is smaller by less than 5 % than the random one, the deviation being 
due to theinhomogenei ty of the valence electron density. This slight difference 
can be neglected in first approximation in our case since the accuracy of the 
stopping power amounts to 5 to 10% and we have anyway other sources of 
error. 
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The proton dose is measured by integrating with an electrometer a par t of 
the beam intercepted by a nickel grid (cell size 100 X lOOjim2). A second grid 
(cell size 10 X lOjzm2). 2 cm in front of the crystal., is used to emit secondary 
electrons, which compensate for the proton charge on the insulating sample, 
without destroying the collimation. We checked the absence of sample conta­
mination by sputtered nickel atoms by backscattering on light targets such as 
beryllium or ice. VVe can alternatively compensate with secondary electrons 
produced by ion bombardment of a screen suitably positioned near the crystal. 

3 . Results 

3.1 Critica! angle and minimum yieltl 

At room tempera ture the relative minimum yield is y = (20.0 i 0.5) X IO - 2 

for alignment in the < 100> direction. The critical angle is taken as the half-width 
a t half-depth: vi/2 = (2.0 ± 0.1)° = (3.5 ± 0.2) X IO"2 rad a t R T and (2.5 ± 
± 0.1)° at 90 K. The choice of the tilting plane (0, 1.3, 3) is achieved by means 
of a stereographic chart , in which the intersection of planar channeling direc­
tions defines the channel axis. A typical dose of 10~2 H+ /ehannel , obtained by 
shifting the sample with respect to the beam, avoids any significant radiation 
damage. 

The kinematic energy loss of protons being 4 .6% on bromine and 3.4% on 
silver nuclei, the energy of the detected particles in our experiment extends 
below 96 keV. Energy distribution spectra are shown in Fig. 1 above and below 
room temperature with depth resolution of 90 and 60 A. respectively (AA1 = 6 
and 4 keV KVVHM, respectively). The depth scale given in the upper par t of 
the diagram is derived from the stopping power. The upper dashed line pertains 
to a beam incident in a random direction, whereas the lower full lines corre-
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Fig. 1. Channeling between 90 and 595 K for 100 keV H+ along the <100> direction in AgBr. 
Full line; channeled spectrum; dashed line: random spectrum. Bcpth resolution: 60 to 

90 Ä. Energy calibration: 0.500 keV/charmel. Scattering angle: 150° 

Fig. 2. Channeled normalized component versus depth between 90 and 595 K for 100 keV H+ 

along the O00> direction in Aglïr 



100 M. R O U L E T . H. H U B E R , and C. JACCARD 

Fig. 3. Dechanneling probability per atomic layer along the 
<100> direction for 100 keV H + in AgRr. (a) theoretical curve 
valid for a perfect vibrating crystal ; (b) experimental curve 

spond to a well aligned beam in the <100> direction. The ratio of both spectra 
as a function of the depth gives the minimum yield y. All channeled spectra 
display a small peak near the surface, produced by the "heads" of the atomic 
rows. Using Rutherford cross section, its area is found to correspond to 2 to 3 
disordered atomic layers, which is quite normal for good crystals and shows 
that the chemical surface treatment is adequate. The channeled spectra are 
independent of thermal cycles; this suggests that the process governing the 
lattice disorder is reversible. 

The minimum yield grows with depth x and temperature from a value of 
3 X 10~2 (extrapolated at the surface at 90 K) and according to the law 

1 - Zi*, T) = [1 - z(0s T)] exp Hif<T»4 ( i ) 

represented in Fig. 2, d being the separation between the layers. 
The experimental values of the dechanneling probability per atomic layer 

<lF{2')>e are plotted versus temperature in curve b of Pig. 3. 

3.2 Dechanneling c r o s s section of silver 

!For a crystal covered with a thin amorphous or poly crystalline film, the 
increase of the surface minimum yield can be used to obtain the dechanneling 
cross section of the atoms of the film (see Section 4.2). Kg. 4 shows the minimum 

yield and the channeled spectrum for a crystal at 
r/t.yi 90 K covered with an evaporated silver film of 

SO WO (140 -jz 20) A. The film thickness is measured by 
counting the area of the silver peak defined either 
by the dashed line of !Fig. 4 or by the peak of silver 
evaporated at- the same time on a light material 
such as beryllium. This peak is well defined since 
the kinematic clastic loss is ten times smaller 

Fig. 4. Channeled spectrum and minimum yield a t 90 K 
for 100 keV H + along the <C100> direction in AgBr covered 
with a silver layer of (140 ± 20} Â. Dashed line: silver 
spectrum; dot-dashed line: AgBr spectrum. The position. 
of the underlying crystal is marked. Depth resolution 
(Ag): 43 Â. Energy calibration: 0.550 keV/channel. 

Scattering angle: lo0° 

X(Ai 
WO 

chonns! number -
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on silver than on beryllium. We get a thickness of (140 ± 20) A in this case 
and (130 ± 20) A with Pig. 4, where the dashed line is the mirror image of the 
high energy flank as discussed in [15]. The thin evaporated film increases the 
minimum yield from 0.03 to 0.32 and the deohanneling ra te d/jdx by a factor 
of two to four. Sett ing the window of the single channel analyser on the silver 
film, we have cliecked the lack of channeling in it. Therefore it appears as 
amorphous or polycrystalline with randomly oriented crystallites. 

4. Discussion 

4.1 Critical angle ami surface minimum yield 

Lindhard [10] defines the maximum angle xFjj for which his continuum 
potential is valid to describe an atomic row: 

T̂. = Vi = \i^jf- f o r Vi ^ J 0»gh energy range) , (2) 

n . = »'a = I/ | / ~ S7I for Sf1 > j (low energy range) , (3) 

where E is the energy of the incident particle, d the interatomic distance along 
the row, Z1 the atomic number of the incident particle, Z» the atomic number 
of the atoms of the crystal, and a the Thomas-Fermi radius. He proposes for the 
critical angle: yJ

c = CWL with C Ä = 2 . 1FJ1 has an order of magnitude of 10"2 to 
10°. Barre t t ' s Monte Carlo calculations [17] give 1F0 — F112 as a function of the 
temperature : 

W112 = Ui(^i) L > (4) 

k and m being fitted parameters. For axial channeling k = 0.72, m = 1.0 in the 
low energy range and k = 0.80 ; m. = 1.2 in the high energy range. R is a tabu­
lated function and W1 is t he r .m . s . thermal displacement perpendicular to the row, 
obtained from Debye's theory : 

3/J2 T 
_ {0{x) -f 0.25a;} (5) 1 MkB1) Ö„ 

with x = OnJT. According to Lonsdale [IS], M is to be taken as the average 
mass of the consti tuents. 

For silver bromide, O0 = 144 K and we have typically tt\ = 4.4 X 10~18 cm2 

at 600 J l . AVe use for Zz the average atomic number since silver and bromine 
are relatively close in the periodic table of the elements. 

Equat ion (4) has been checked by many authors [17, 39] for metals, semi­
conductors, and insulators. I t always gives !/-^2 <C 1F1, showing the great 
importance of thermal vibrations which are not included in Lindhard 's estima­
tion. For 300 keV protons along <100> in AgBr, 1F11 is equal to y „ = 3.5° 
(F1 = 3.7° > ajd = 0.13G A/2.89 A = 2.7°; we are just below the limit of the 
high energy range). Using equation (4) we get a t 295 K (with k = 0.72 and 
?» = 1.0) 1F1J2 = 0.56!P2 = 2.0° in good agreement with the experimental 
value of (2.0 ± 0.1)°. At 90 K. the experimental value is (2.5 ± 0.1)° compared 
to the theoretical one of 2.5°. At high temperature the minimum yield is so 
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large that it is no longer possible to identify the experimental V^2 value with 
the critical angle W1.; it is more convenient to use equation {4). 

The surface minimum yield has been estimated by Lindhard [IG], but his 
equation always gives values smaller than the experimental results. Barrett [17] 
has improved the theoretical approach by Monte Carlo calculations. He proposes 
an equation valid near the surface which stresses thermal vibrations and which 
is usually compared with the minimum yield extrapolated to the surface or close 
t o i t : 

C2m<\±Cna* 
X = -A (0) 

with C = 3.0 ± 0.2, C = 0.2 ± 0.1, and A surface of the channel. The compari­
son of the surface minimum yield (Fig. 2) with equation (6) shows that ex­
perimental values are I to 2 times greater up to 495 K and about 3 times greater 
for liigher temperature. This difference may be explained by a slight surface 
disorder not visible in the energy spectrum and by the fact that C and C" have 
been determined for energies and projectile-target combinations different from 
ours. (Barrett finds actually an increase of the minimum yield with decreasing 
energy, confirmed by experiments on germanium [30].) 

4.2 Dechamielinf/ cross section of silver 

According to Lindhard [IC] an increase Ay of the minimum yield occurs when 
the surface is contaminated: 

E niM 

s labels the type of atom, M.S is the number of equivalent amorphous monolayers, 
/ t the overlapping factor (fs = N'j^jN2!3. N1 and N being the atomic density 
in the layer and in the crystal, respectively), oSd the de-channeling cross section 
and A the channel area. For silver on AgBr we have f — 1.25, ^<ioo> — 8.35 X 
X 10~16 cm2. Table 1 presents results for the silver evaporation of (140 ± 20) A 
at 90 K (Fig. 4) and at 295 K. and the evaluation of the scattering cross section 
according to (7). The last line shows values calculated by means of a theory 

Table! 

Effectof a silver film on the minimum yield in axial channeling of 100 keV protons in AgBr 
and derived silver dcchanneling cross-section 

T(K) 

d-x/dx (10-" Â"1) 
% X 102 

Ax X 102 

Ay/ax (10-3/Ag monolayer) 

90 

Agïïr ' 

0.2 
3.0 ± 0.5 

AgBr(Ag) 

0.7 
32.0 ± 0.5 

29.0 ± 1.0 
5.4 ± 1.0 
5.6 ± 1.0 

295 

AgBr 

1.0 
6.5 ± 0.5 

AgBr(Ag) 

2.0 
42.0 ± 1.0 

35.5 ± 1.5 
0.6 ± 1.3 
6.9 ± 1.3 

(T1J (Ag) theoretical (10 - 1 8 cm3) 3.8 ± 0.4 5.3 ± 0.5 
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developed by Lind hard et al. [20], using a reduced energy 

2 (W1 -f m,) \ a J 

and a reduced angle 
. 0 

rj = E sin —, 

where 0 is the scattering angle in the centre of mass system. The cross section is 
given bv e 

where /(77) =¾ (2?) + 1.58 + 0 . 1 7 ^ - 1 ' 2 ) - 1 describes the screening of the potential 
[12] and i]c corresponds to the critical angle. 

Table 1 shows t ha t the amorphous or polycrystalline silver layer on the 
AgBr single crystal increases the minimum yield and the ra te of dechanneling. 
The dechanneling cross section increases with temperature . Experimental values 
of CTd are a little larger than theoretical ones. At 295 K they are consistent, 
bu t a t 90 K the errors do not overlap exactly. This can be at t r ibuted to the un­
certainty at tached to the critical angle and to the oversimplification of ex­
pression (7). 

For silver atoms in the channels inside the crystal, the dechanneling cross 
section has to be corrected because of three effects. 

(i) The inelastic losses make the energy to range between 100 and 08 keV 
in a depth of 2000 A. This produces an average increase of <rd by 2 5 % with 
respect to 100 keV. 

(ii) The critical angle Wc varies with temperature and it introduces a depend­
ence expressed by vd « G.C X I0~18 [1 + G X 10"3 (T — 295 K)] cm2 above 
295 K and a decrease to 4.8 X 10"18 cm2 down to 90 K. 

(iii) Inside the crystal, the proton trajectories make with the channel axis 
an angle 0 which is distributed almost evenly between zero and W1. according 
to the function 20/Wl. The protons remain channeled provided their scattering 
angle is smaller than an angle # m related by elementary geometry with W0 and 
0 by the expression W\ ^ 02 -f- #m + 20&m cos (p. This defines a maximum 
value for the reduced parameter : rjm — -~E1O1n. The average cross section is 
obtained by a triple integrat ion: 

. f 20d0 r<i<p cavi) , 

0 O t J m 

I t is interesting to compare this value with t ha t corresponding to a trajectory 
parallel to the channel {0 = 0), in the high temperature range: 

ä d « G ffd(0 = 0) . 

4.3 Concentration of silver interstitials 

The strong temperature dependence of the channeled spectra shown in 
Fig. 1 cannot be explained only by thermal vibrations of atomic rows. I t 
requires another dechanneling mechanism: the silver interstit ials introduced 
earlier to explain electrical conductivity and specific heat measurements. 
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The logarithmic plot of 1 — %{x) versus the depth x (Fig. 2) shows that the 
exponential Ansatz of equation (1) is convenient for 0 ^ x g 2000 A. Its main 
parameter is <11'">e> the experimental dechanneling probability per atomic layer, 
valid for the bulk of the crystal, to which two processes contribute: the thermal 
vibrations of the rows and the scattering by the silver intersfcitials. The dechan­
neling probability per monolayer <W>T ^V *'ne former process can be taken 
from Kumakhov's statistical theory [22]. For the latter process, ifc is given by 
N6CO6CL, where Ar

0 = 2.08 X 1022 mol/cm3 is the molar density of AgBr, c the 
molar concentration of silver interstitials, äd their dechanneling cross section, 
and d — 2.89 A is the distance between layers. 

We do not introduce any sharp flux peaking effect for the dechanneling 
probability by the silver interstitials for the following reason. Computer simula­
tions of particle flux [28. 29] have shown that it requires a certain depth to 
develop and that it is cliaracterized by strong depth oscillations (larger than our 
depth resolution) which do not show up in the high temperature range where 
(W>c is constant. Moreover, thermal vibrations are known to damp flux peaking 
effects. 

The molar concentration becomes then 

c=<W\-<W>*. (8) 

In Fig. 3 we have plotted ( I f >T (curve a) and <W>C (curve b). Up to 400 K the 
agreement between the theoretical values valid for a perfect vibrating crystal 
and the experimental ones is good, but for T > 400 K we have a difference 
increasing with temperature. I t is significant, since at about COO K the ex­
perimental value is twice the experimental one. Admitting that the'agreement 
between the two curves up to 400 K allows to extrapolate curve a for the 
dechanneling probability due to thermal vibrations, we can relate the difference 
between a and b to the silver interstitial concentration given by equation (8). 

Table 2 gives at high temperature the molar concentration of silver inter-

Table 2 

Critical angle, dechanneling cross-section, dechanneling probability, and 
concentration of silver interstitials in AgBr 

T(K) 

445 
495 
545 
595 

W0 X 102*) 

3.15 
3.00 
2.98 
2.90 

(10~17 cm2) 

4.4 
4.ß 
4.8 
5.0 

<i r>e~<" '> T 

(10-«/layer) 

0.82 
2.4 
3.9 
8.6 

c(T) x 102 

0.31 ± 0.15 
0.87 ± 0.20 
1.35 ± 0.25 
2,85 ± 0.35 

*) With equation (4). 

st-itials and the characteristic data used to determine it. The error given for c 
contains only the "error on (I1K)6. We have .not included the systematic errors 
due to depth scale (the stopping power is known only with an accuracy of 5 to 
1.0%) neither to aa known within 10% according to !,indhard [21]. 



Thermal Disorder of Silver Bromide Studied by Channeling 105 
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Kg. 5. Molar concentration of silver interstitials in ,„-I SOO 6ÔÔ WU 

AgBr ffl 
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The logarithm of the concentration is plotted in Pig. 5 versus the reciprocal 
of the temperature . In spite of the narrow range of temperature , we see t h a t 
the temperature dependence looks like a thermally act ivated process given by 
c(T) = const exp {—E^ßkT). Ey being the formation energy. The slope of 
the corresponding straight line gives i ? F = (0.65 i 0.10) eV. Extrapola t ing to 
695 K (melting point Tm = 697 K) yields a concentration c = 0.06 ± 0.02. 

As to the distribution of intersti t ials. it is homogeneous in comparison with 
our depth resolution, since <TF)C is depth independent (Fig. 2). Therefore the 
inhomogeneity, which appears near the crystal surface, mentioned by KHewer 
[23] for AgCl and AgBr, cannot be studied by channeling. 

Our results are explained by silver, interstitials.. also required for electrical 
conductivity, specific heat, and thermal expansion measurements. ILI Table 3 

T a b l e d 

Formation energy and molar concentration of Frenkel defects near the melting point 
according to various sources 

method 

electrical conductivity 

electrical conductivity 
electrical conductivity (DH) 

specific heat excess 

thermal expansion 
electrical conductivity 
specific heat excess 

electrical conductivity (DH) 

channeling 

author 

Koch mid 
Wagner 
Teltow 
Weber and 
!Friauf 
Christy and 
Lawson 
Lawn 
Müller 
Jos t and 
Kubaschewski 
Aboagyc and 
Friauf 

rcf. 

CT 

m 
[fi] 

[S] 

rm 
rei 
pi 

17] 

date 

1938 

1949 
1969 

1951 

1963 
1905 
1908 

1975 

EF (eV) 

0.S7 

1.27 
I J 3 

1.28 

0.59 
I.Oo 
1.41 

1.13 

0.65 ± 0 . 1 0 

e (695 K) 

0.021 

0.013 

— 

0.037 

— 
0.025 
0.024 

— 

0.06 ± 0.02*) 

DH: with Deb^-e-Hückel interactions. 
*) Extrapolated value. 

we summarize da ta for formation energy and concentration of interstitials jus t 
below the melting point found by some authors with different methods. 

The common feature of Table 3 is the high concentration of interstit ials 
a t high temperature . Discrepancies between one author and another appear 
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even for a given method. Electrical conductivity results take into account the 
vacancy mobility measured in divalent cation doped crystals. Some authors 
have tried to introduce long-range 'Debye-Hiickel interactions valid for strong 
electrolytes. Because of the great disorder shown by Teltow in AgBr, Mott and 
Gurney [24] proposed to measure specific heat . This has been done by Christy 
and confirmed by dost. They interpret the difference between the measured and 
the extrapolated specific heat {above 420 K) by the creation of Frenkel defects. 
However, Nölting [25] has compared specific heat measurements of AgBr with 
those of other crystals. In aluminium for example the Schottky disorder measured 
by thermal expansion is about half of the one determined by specific heat . 
This invalidates the mere linear extrapolation near the melting point, where 
anharmonic vibrations could contribute significantly to the specific heat. 

The concentration at 695 K obtained by channeling is a little larger than the 
data, from other methods; this might be due to the systematic errors mentioned 
above. As to the formation energy, our value is smaller than specific heat and 
electrical conductivity determinations. However, our value is "quite similar 
to Lawn's result [11] determined from the anomalous thermal expansion. 

As yet we have not taken into account the position and the interactions of 
silver interstitials. According to Hovc's dumbbell model [2ft] a silver ion should 
not occupy a minimum energy position, when it is a t the centre of a cube. 
The interstit ialcy migration along <111> should displace with a very small 
energy expenditure a latt ice silver ion creating this way a second interstit ial. 
This process is explained by Ag+ a t t ract ion by the (111) Br~ plane and by the 
expulsion along <111> of a second silver ion. The equilibrium position of the 
pair corresponds to a dumbbell with its centre in a (111) silver plane and with 
its extremities close to the (111) bromine plane (the three Br~ ions next to each 
dumbbell are relaxed) and 0.7 A from the <\100> channel centre, i.e. equivalent 
to a central position in the absence of sharp flux peaking. The dumbbell can 
be collinear or not . Weber and Friauf [5] use this dumbbell model in order to 
compare radioactive silver diffusion measurements with electrical conductivity 
measurements with the help of the Nernst-Einstein relation. These interstitialcy 
motion processes therefore increase the number of interstitial silver ions, decrease 
the mean formation energy of one interstitial and explain qualitatively the 
ra ther large values of the concentration and the formation energy obtained by 
channeling. The former is of course the absolute concentration of interstit ials 
and not the dumbbell concentration. Aboagyo and Friauf [7] measured recently 
again the ionic conductivity of AgBr and they conclude also large concen­
trat ions a t high temperature . They show indeed tha t , even with Debye-Hiickel 
interactions, the conductivity extrapolated a t high temperature is less than 
the experimental one. This significant anomaly is interpreted by some additional 
Frenkel defects corresponding actually to a decrease of the formation energy 
quoted in Table 3, when the temperature increases. The enhancement of their 
concentration amounts to about a factor of 3 leading to a concentration of 
a few percent a t the melting point. 

The influence of the vacancies associated with the interstit ials is difficult to 
establish. As a first approximation it can be neglected as well as the lattice 
deformation around an interstitial. However, any disturbance of the atomice 
row periodicity is a cause of dechanneling and the vacancies should play a 
minor role. 
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We have not taken into account additional thermal parameters such as 
enhanced vibrations of the rows near the interstitials or such as a niodification 
of the transversal energy distribution of the channeled beam by interstitials. 
These effects could enhance the dechanneling and therefore lower our interstitial 
concentration. A slight flux peaking would have the same effect and, if temper­
a ture dependent, it would reduce the apparent formation energy. 

4.4 Dechmtneting by a thin silver film 

The silver evaporation on AgBr mentioned in Section 4.2 modifies chan­
neling: the minimum yield and the dechanneling increase. A theoretical esti­
mation of the former can be made with Meyer's theory on plural and multiple 
scattering of low-energy heavy particles in solids [12]. Using three dimension-
less parameters , he calculates the angular differential distribution of a beam 
of particles after penetration of a film with a given reduced thickness 
T = TIu2Nt (a being the Thomas-Fermi radius. JV the atomic density of the 
film and t its thickness). 

The angular distribution at tained by the initially collimated beam after 
having passed through the film can be integrated on its wings from ê to TI and 
gives a function P({f). The minimum yield is then related to P and 1V1. by 

Z = ^ ) + ^ 1 - ^ ) 1 . 
yB being the minimum yield without the film. 

Wc have evaporated a silver film on AgBr with a reduced thickness 
T — 0.43 i 0.06 corresponding to Meyer's multiple scattering. At 295 and 9OK. 
the theoretical values of (45 ± 9) x 10~s and (34 ± 7) X 10"2 agree with the 
experimental values of (42 ± 1) X 10~2 and (32 ± 0.5) X 10"2. respectively. 
This demonstrates the validity of Meyer's t r ea tment of imiltiple scattering at 
low energy. 

5. Conclusion 

Silver bromide is adequate for channeling experiments. Large single crystals 
can be grown and a clean undisturbed surface can be easily prepared by chemical 
etching in a potassium-cyanide solution. 

A channeling study by the Rutherford hackscattcring technique of Frenkel 
defects in AgBr at high temperature makes a connexion with thermodynamics. 

. Our results are similar to the ones obtained by electrical conductivity and 
specific heat experiments <ind especially by thermal expansion. However, the 
defect concentration of 0.0() + 0.02 near the melting point is little larger and 
the formation energy of (0.65 i 0.10) eV is somewhat smaller except for the 
last method. The discrepancies can be understood qualitatively by Hove's 
dumbbell model for silver interstitials in AgBr or by the temperature dependence 
of the formation energy shown in the latest electrical conductivity measurements 
by Aboagye and Friauf. 

The effect of a thin silver film evaporated on AgBr is evaluated and channeling 
parameters obtained by Rutherford backscattering confirm Meyer'.= theory of 
plural and multiple scattering of low-energy heavy particles. 
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