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The effects of exposure to tritium (3 particles at 77°K on the lattice parameters of Si, LiH, LiF, NaCl, 
KC1, and KBr were examined by x-ray diffraction studies by employing a sample stage cooled by liquid 
nitrogen. The Si and LiH lattice parameters remained constant during /3 irradiation from an external source, 
but all of the alkali halides showed large increases in lattice parameter. Maximum unit cell volume expan­
sions observed were 0.2% in LiF, 0.6% in NaCl and KC1, and 0.3% in KBr. Measurements of unit cell 
expansion and bulk crystal expansion of LiH crystals containing LiT were also continued to determine more 
accurately the expansion per interstitial He3 atom. The results are interpreted on the basis of the formation 
of Frenkel pairs (interstitial anion plus anion vacancy) in the alkali halides by a moderately efficient process. 
The process involves the transport of interstitial defects through 50 n into materials for which the /? range is 
about 2 ii. It is proposed that this may occur either directly, by an interstitialcy mechanism, or indirectly, 
by exciton interactions within the crystals. Comparisons between the results of low-temperature studies of 
lattice expansion and color centers in alkali halides are made, and possible interrelations between the various 
defects formed by radiation damage are proposed. 

INTRODUCTION 

THE x-ray lattice parameter studies reported pre­
viously1 for NaCl and LiH containing LiT have 

been repeated and extended to include LiH, LiF, KC1, 
KBr, and Si as target materials. The target materials 
were irradiated by 0 particles in powder mixtures with 
LiH containing a higher fraction of LiT than was pre­
viously used. Although the dose rate used in this series 
of experiments was higher, other irradiation conditions 
were the same as those used previously. These include 
the use of low-energy f$ particles (18-keV maximum) 
with a maximum range that is small compared to the 
radii of the target grains, and the use of low tempera­
tures during irradiations and measurements. 

The lattice expansions of the 0-irradiated alkali hal­
ides are interpreted in terms of the formation of anion 
interstitials and vacancies (Frenkel defects) caused by 
an indirect mechanism. Mechanisms for the production 
of F and H centers in KC1 exposed to x rays at low tem­
peratures have been proposed which assume the initial 
formation of a doubly ionized anion intermediate. These 
have been presented by Klick2 and, in more detail, by 
Howard, Vosko, and Smoluchowski.3 The unit cell 
expansions associated with the postulated Frenkel 
defects in the alkali halides were calculated on a hard-
sphere approximation, and these values were used to 
estimate the efficiency of the interstitial process. The 
more refined calculation developed by Hatcher and 
Dienes4 for a neutral interstitial should be particularly 
applicable to interstitial He in LiH containing LiT. 

The x-ray lattice parameter increase in neutron-ir­
radiated LiF was studied by Binder and Sturm,5 

f Work performed under the auspices of the U. S. Atomic Energy 
Commission. 

1 F. E. Pretzel and R. L. Petty, Phys. Rev. 123, 464 (1961). 
2 C. C. Klick, Phys. Rev. 120, 760 (1960). 
3 R. E. Howard, S. Vosko, and R. Smoluchowski, Phys. Rev. 

122, 1406 (1961). 
4 R. D. Hatcher and G. J. Dienes, Phys. Rev. 124, 726 (1961). 
5 D. Binder and W. J. Sturm, Phys. Rev. 96, 1519 (1954). 

Smallman and Willis,6 and others.7 Energetic charged 
particles were produced by the Li6(^,o;)T3 reaction in 
these experiments, and the lattice changes were in­
terpreted on the assumption that ions were displaced 
directly into interstitial sites.8 The equivalence of unit 
cell and bulk crystalline expansion was demonstrated by 
Binder and Sturm for LiF. This result and the observa­
tion of relatively sharp diffraction lines from the ex­
panded crystals have been considered on the basis of 
two theoretical models,9'10 and both observations were 
found to be evidence for a relatively uniform distribu­
tion of interstitial defects. 

An increase in the Si lattice parameters after exposure 
to fast neutrons has been observed,11 but Vook12 has at­
tributed these changes in Ge and Si to the formation of 
clusters of interstitials. Little lattice dilatation is 
expected around an isolated interstitial defect in the 
diamond-type lattice. This covalent semiconductor was 
included in the investigation because it was not expected 
to respond to electronic excitation in the same way as 
insulating ionic materials. 

EXPERIMENTAL 

The apparatus and procedure used for the low-tem­
perature x-ray lattice parameter measurements were 
essentially the same as those described previously.1 

More care was taken in selecting powders of known grain 

6 R. E. Smallman and B. T. M. Willis, Phil. Mag. 2, 1018 (1957). 
7 A recent review is contained in D. S. Billington and J. H. 

Crawford, Jr., Radiation Damage in Solids (Princeton University 
Press, Princeton, New Jersey, 1961), p. 290. 

8 F. Seitz and J. S. Koehler, Solid-State Physics, edited by F. 
Seitz and D. Turnbull (Academic Press, Inc., New York, 1956), 
Vol. 2, p. 305. 

9 J. D. Eshelby,.J. Appl. Phys. 25, 255 (1954); and Solid State 
Physics, edited by F. Seitz and D. Turnbull (Academic Press 
Inc., New York, 1956), Vol. 3, p. 79. 

10 R. W. BaUuffi and R. O. Simmons, J. Appl. Phys. 31, 2284 
(1960). 

11 M. C. Wittels, J. Appl. Phys. 28, 921 (1.957). 
12 F. L. Vook and R. W. Balluffi, Phys. Rev. 113, 70 (1959); 

and F. L. Vook, Phys. Rev. 125, 855 (1962). 
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size for the mixed samples, and a monitoring thermo­
couple and a pentane-graphite medium for thermal 
contact were used to assure reproducible measurement 
temperatures. The details of the experiments will be 
described separately. 

All of the target powders were ground from optical 
quality single crystals except Si (supplied by A. D. 
Mackay and Company),; which was regularly used as an 
x-ray standard. The alkali halide single crystals were 
prepared by E. W. Fullman of this Laboratory, and 
the LiH crystal was prepared by a method outlined 
previously.13 All were ground under dry conditions, and 
the fraction caught between 140-mesh and 250-mesh 
sieves was taken as the target material for most of the 
samples. To test the effect of going to smaller grain size, 
NaCl powder was taken from the fraction between 250-
mesh and 325-mesh sieves. 

The radioactive LiH salt was very old material that 
had been used for previous studies14; for the present 
experiments it was found by calorimetry to contain 
24.5 mole % LiT. This LiH salt was ground in a dry box 
to pass a 140-mesh sieve, and equal volumes of the salt 
were carefully mixed with alkali halide and LiH "target" 
powders before the mixed powders were packed into 
aluminum sample holders for the diffractometer stage. 
The chemically reactive powders were protected by a 
0.00025-in. Mylar film sealed with silicone grease and 
clamped at the edges. An extra aluminum cover plate 
was added to protect the samples from damage during 
handling and storage under liquid nitrogen. Single 
samples of powder mixtures containing 50 vol % LiH, 
LiF, NaCl, KC1, or KBr were prepared, except that 
replacement samples were made for those damaged and 
rendered unusable during the course of the experiments. 

For studies of lattice expansion caused by the produc­
tion of interstitial He3 atoms in LiH, the old radioactive 
salt was annealed at 450°C for 20 h in H2 gas to remove 
the effects of previous radiation damage and to replace 
the hydrogen lost by tritium decay. The annealed radio­
active LiH salt gave x-ray diffraction lines in the back 
reflection region that were sufficiently sharp for analysis 
of the initial lattice parameter and of subsequent 
changes, although the lines were only one tenth as in­
tense as those found for unirradiated LiH. Previous to 
the anneal, these lines were also so broad and diffuse 
that they were not even apparent on diffraction patterns 
from a sample containing LiH as the target salt. Two 
samples of the annealed LiH salt containing 24.5% 
LiT were prepared in mixtures with 20 vol % Si for 
comparison. 

The vacuum x-ray diffractometer stage was precooled 
to about 145 °K to allow a suspension of graphite in 
pentane to be painted on it before the sample was 

13 F. E. Pretzel, G. N. Rupert, C. L. Mader, E. K. Storms, G. V. 
Gritton, and C. C. Rushing, J. Phys. Chem. Solids 16, 10 (1960). 

14 F. E. Pretzel, W. B. Lewis, E. G. Szklarz, and D. T. Vier, 
J. Appl. Phys. 33, 510 (1962). 

quickly removed from liquid nitrogen and transferred 
to the stage. This procedure supplied a reliable thermal 
contact medium that rigidly froze the sample in position 
on the diffractometer stage after the compartment was 
evacuated and liquid nitrogen was made to circulate 
through the stage. The maximum deviation in sample 
temperature during x-ray measurements was 6°K, ac­
cording to a thermocouple located in the top of the 
sample stage next to the support. About 100°K was 
generally recorded while liquid nitrogen was circulating 
through the sample stage, but, because of the location 
of the thermocouple, this value probably is a maximum 
estimate of the true sample temperature. The stage 
was warmed to about 145 °K to remove the sample, 
which was again stored at 77°K under liquid nitrogen 
until the next measurement. 

The x-ray diffraction lines, which were generally read 
in the 100- to 160-deg back-reflection region, from 
materials exposed to x radiation from a Cu target were 
as follows: LiF (400), (331), (420), (422); NaCl (440), 
(600), (620), (622), (444), (640); KC1 (620), (622), 
(640), (642); KBr (622), (640), (642), (644); and Si 
(440), (531), (620), (533), (444). Softer Cr x radiation 
was used to obtain the (220), (311), (222) lines from 
LiH. The maxima of the lines were read from the dif­
fractometer traces, and the lattice parameter calcula­
tions were performed with an IBM 704 program based 
on Hess's modified least-squares extrapolation.15 

Some hazard was associated with the experimental 
procedure because liquid nitrogen had a tendency to 
leak under the protective Mylar film during prolonged 
low-temperature storage. The liquid nitrogen boiled 
and occasionally caused the explosive disruption of a 
sample that was being mounted on the diffractometer 
stage. Other samples were rendered less useful because 
the powders became displaced during storage and 
handling and no longer provided a flat surface for dif­
fraction studies. This caused loss of intensity and some 
splitting of x-ray lines from the disturbed samples, and 
it may have obscured significant changes in the lattice 
structures of the heavily irradiated salts. Most of the 
samples reported on previously1 were also found to have 
disturbed surfaces after subsequent observations. 

The combined influence of disturbed sample surface 
and of thermal annealing at room temperature was in­
vestigated during the final measurements on the mixed 
powder samples. These were made after the samples had 
been stored at 77°K for 200 to 300 days. The procedure 
involved repacking the powder samples in a drybox 
after the first measurements, and this required that the 
samples be warmed to 300°K for about one hour before 
the final x-ray diffraction measurements could be made. 
The examination revealed that most of the sample sur­
faces had been disturbed during storage. In most cases 
repacking affected an improvement in the resolution of 
the x-ray lines but did not change the lattice parameter. 

15 J. B. Hess, Acta Cryst. 4, 209 (1951). 
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Low-angle x-ray scattering could not be determined in 
our experimental arrangement to measure the possible 
effects of defect aggregation in samples exposed to large 
ft doses. However, since large reductions in x-ray line 
intensities were observed with old LiT-containing 
samples which were known to contain large concentra­
tions of aggregates, intensity measurements were used 
to give an indication of defect aggregation in our 
samples.16 

RESULTS ~" 

1. Effects of External (3 Irradiation 

The effects of external ft radiation from mixed LiT 
powders on the lattice dimensions of the five target 
salts are summarized in Fig. 1. The LiH lattice param­
eter was constant during 158 days exposure to ft radia­
tion at 77°K. The weighted lattice parameter obtained 
for LiH at the measurement temperature was 
4.0655d=0.0001 A, and this standard deviation was con­
sistent with the maximum deviation in the measure­
ment temperature. The results obtained with Si are 
not illustrated, but a weighted lattice parameter of 
5.4294=L0.0003 A was found at the measurement tem­
perature with no indication of a dependence on ft dose. 

The LiF lattice undergoes a regular expansion with ft 
dose from an initial lattice parameter a0=4.0076A. 
The curve for LiF indicates saturation at a value slightly 
below 0.2% unit cell expansion. The maximum unit 
cell expansion observed by Smallman and Willis6 for 
neutron-irradiated LiF was similar, but, on an absorbed 
energy basis, the /^-activated low-temperature process is 
about 20 times as efficient as the neutron-activated 
55°C process. The original lattice parameter was ob­
served after 182 days storage at 300 °K under continuous 
ft irradiation. 

The maximum unit cell expansion of the NaCl lattice 
observed was 0.57% in volume, compared to the refer­
ence lattice parameter a0=5.6007 A. The first two meas­
urements on this NaCl sample showed unexplained 
deviations from the curve, but the next three measure­
ments showed more consistent behavior. A rise and 
subsequent drop in the NaCl unit cell volume was also 
observed in samples exposed at a lower /9-dose rate for 
a longer period of time. A repacked NaCl sample, which 
had been exposed at the lower dose rate for 500 days, 
was found to have recovered its initial lattice param­
eter. The average lattice expansion obtained from NaCl 
samples previously reported1 is shown as an open circle 
in Fig. 1. These results were corrected to approximately 
the same integrated dose as the newer NaCl sample 
before plotting, but it is not certain that the remaining 

16 At some stage during the aggregation of impurities and other 
defects in a crystal a maximum number of lattice sites may become 
effectively disordered so that x-ray diffraction from these regions is 
minimized, as it also is for amorphous deposits. For general refer­
ence see F. Schossberger, Advances in X-Ray Analysis (Plenum 
Press, Inc., New York, 1957), Vol. 1, p. 73. 
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FIG. 1. Lattice changes in ionic crystals exposed to tritium 
0 particles in mixed powder samples at 77°K. 

difference indicates a higher than first-order dependence 
on dose rate or a possible grain size effect. 

The KC1 lattice expanded regularly to 0.58% unit 
cell expansion, compared to the initial lattice parameter 
of do— 6.2511 A. After 27 days of ft exposure, the deter­
mination of the lattice parameter became less certain 
because of an apparent broadening and splitting of the 
x-ray diffraction lines. This effect was apparently due 
to a disturbed sample surface because it was removed 
by repacking the sample. I t is not certain that the 
lattice recovery of KC1 followed the solid curve of Fig. 1 
more closely than the dashed one, but recovery was 
shown to be complete in the repacked sample. 

The KBr rapidly grew to a maximum unit cell ex­
pansion of 0.33% by volume in 13 days, but the lattice 
recovered approximately to its original parameter, 
a0 = 6.5553 A, by about 60 days. The lattice parameter 
of the repacked KBr after 208 days exposure was 0.0035 
A lower than the original value. 

The initial rise of the curves for KBr, KC1, and NaCl, 
illustrated in Fig. 1, can be superimposed within the 
limits of errors of the determinations of unit cell expan­
sions. Lattice recovery apparently proceeds in the se­
quence KBr, KC1, NaCl, LiF, and this is consistent with 
comparative ease of lattice relaxation expected from 
relative lattice energy and strength measurements. 
Similar relative stabilities were found in the alkali 
halides by Kanzig and Woodruff17 for an interstitial 

17 W. Kanzig and T. W. Woodruff, J. Phys. Chem Solids 9, 70 
(1959). 
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defect with the crowdion configuration, the X2~ mole­
cule ion in an H center. The only salt for which the 
paramagnetic H centers showed comparative stability 
at 77°K is LiF. 

2. Crystals Containing LiT 

Lattice changes associated with tritium decay in LiH 
containing combined LiT are illustrated in Fig. 2. The 
solid circles in the figure indicate the present set of 
measurements made on annealed LiH powder containing 
24.5% LiT in samples stored at 77°K. The open symbols 
in the figure show the data obtained previously with 
LiH samples containing 5.56% LiT.1 On the basis of 
known tritium content and exposure times, both sets 
of data were plotted vs absorbed /5 dose (or He3 atoms 
produced) per unit volume. The bars associated with the 
symbols indicate the standard deviation of the calcu­
lated lattice parameter, and, as elsewhere in this paper, 
the approximate inverse of the standard deviation was 
used to compute weight factors for a least-squares 
treatment of the data. Increased standard deviations 
observed in the later determinations were probably 
associated (at least in part) with disturbances of the 
sample surfaces. 

The solid line in Fig. 2 was drawn so that its slope 
corresponds to the average value obtained from flotation 
measurements of the expansion of two LiH crystals 
containing 5.56% LiT. The average from these measure­
ments was 13.06±0.85 A3//3 decay.18 A least-squares 
analysis of the x-ray determinations of unit cell expan­
sion for the same /3-dose range gave 14.7±2.2 A3//? 
decay, which is in substantial agreement with but less 

/9 DOSE (l02 0 /9/cm3) 

FIG. 2. Lattice expansion associated with He3 formation in LiH 
crystals containing 24.5% LiT stored at 77°K. Previous data on 
crystals containing 5.56% LiT are plotted to scale in the open 
circles. The line fits bulk crystal expansion found by flotation 
measurements. 

18 F. E. Pretzel, G. V. Gritton, C. C. Rushing, R. J. Friauf, 
W. B. Lewis, and P. Waldstein, J. Phys. Chem. Solids 23, (1962). 
These values are more complete than similar ones contained in 
the preceding reference or in footnote 14. 

accurate than the flotation measurement values. Al­
though the equivalence of the unit cell expansion and 
bulk crystal expansion has been demonstrated only to 
within 12%, the slope derived from the x-ray results 
has a standard deviation of 15%. 

3. X-Ray Line Profile 

In most of the observations made on samples exposed 
to ($ radiation at 77°K, the x-ray diffraction lines re­
mained symmetrical and sharp, and retained their 
initial intensity, at least until the maximum lattice 
expansion was reached. This is consistent with observa­
tions on the (422) line in neutron-irradiated LiF.6 

Subsequent uncertainties regarding possible changes in 
x-ray line profiles exist because of problems related to 
alignment and planarity of the surfaces of our samples. 
These effects tend to exaggerate line broadening and 
intensity losses. 

LiH diffraction patterns were obtained with x rays 
from a Cr target to obtain symmetrical lines and avoid 
some distortion observed with the harder Cu x rays.1 

LiH powder derived from a single crystal containing 
5.56% LiT gave a (311) line after exposure to 6.7X1019 

/?/cm3, which was within 4 % of the width for a reference 
LiH powder. Annealed LiH powder containing 24.5% 
LiT gave a (311) line that was approximately as broad 
as the reference line right after the anneal, but the 
pattern was about 0.1 times as intense as the reference. 
This indicates that considerable local disorder exists 
in the annealed material, which still contains a large 
concentration of He3 impurity. Before annealing, the 
radiation-damaged LiH containing large amounts of 
separated Li metal, He3, and H2 in voids14 had a (311) 
line that was 3 times as wide as the reference line, and 
the diffraction pattern was also of low intensity. The 
lattice parameter of the material containing 24.5% LiT 
was not significantly changed by annealing at 450°C, 
and it was consistent with the parameter calculated for 
LiH of this isotopic composition. This observation con­
firms the interpretation that no large concentration of 
interstitial atoms is retained in crystals stored at room 
temperature.14 

For the /3-irradiated alkali halides, the widths of 
selected high-angle lines obtained from the first few 
measurements were intercompared in order to minimize 
the complications that increase with storage. The LiF 
(422) line remained within 10% of its initial width dur­
ing 0.13% volume expansion of the unit cell. The NaCl 
(622) line width remained constant within 6% during 
0.57% unit cell expansion. The KC1 (642) line remained 
within 20% of its initial width during 0.58% unit cell 
expansion. The KBr (644) linewidth remained constant 
within 15% during 0.33% unit cell expansion. In 
general, these results are representative of the changes 
in the over-all diffraction patterns, and the linewidths 
observed for the alkali halide crystals are 0.8 to 2 times 
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as great as the normalized angular displacements caused 
by the observed maximum lattice expansions. 

Loss of x-ray line intensity, as determined by com­
paring the initial low-temperature diffraction patterns 
to those obtained after repacking the samples, is sub­
jected to large errors and losses under 20% are of doubt­
ful significance. NaCl, Si, LiF, and KC1 fit into the 
class for which no significant loss in intensity was found, 
but KC1 is just at the arbitrary 20% limit. The average 
loss in intensity for all of the KBr lines was 50%, and a 
70% loss in intensity was found for lines of the externally 
irradiated LiH. For all of the LiH samples (including 
those containing 5,56% or 24.5% LiT) a loss of about 
50% of the average integrated line intensity was ob­
served after repacking the samples at 300°K, despite 
an apparent sharpening of lines compared to the dif­
fraction patterns obtained from some samples just be­
fore repacking them. 

DISCUSSION 

A possible mechanism, which may be derived from 
these lattice studies, for the production of interstitial 
defects in /3-irradiated alkali halides may be of general 
significance for the interpetation of radiation damage 
to these materials. The experimental results supply 
information regarding the nature of the interstitial 
defects, the energy required to produce them, and their 
range or that of the energy carrier. 

According to the experimental observations, similar 
radiation-damage processes either do not occur in Si 
or LiH under the conditions of these experiments, or 
the interstitial defects are unstable. The first statement 
is probably applicable to Si and the second to LiH. 
Color center studies have shown that F centers are 
formed by irradiating LiH crystals at liquid nitrogen 
temperature, and that most of these F centers are de­
stroyed by recombination or form Li colloid if the crys­
tals are warmed to room temperature.18 Presumably the 
vacancies required to form F centers are introduced 
into LiH by evaporation from dislocations19 and these 
subsequently form aggregates, which are responsible for 
the loss of x-ray line intensity observed with all repacked 
LiH samples. Previous measurements have demon­
strated that vacancy mobility in LiH at room tempera­
ture is comparable to that in NaCl at 300°C,13 and that 
one hour at room temperature is adequate for extensive 
Li colloid formation in LiH irradiated at liquid nitrogen 
temperature.14 

Lower defect mobility can be used to explain our ob­
servation that no comparable loss in x-ray line intensity 
was found associated with repacking the alkali halide 
samples. Extensive aggregation of F centers and vacan­
cies evidently does not occur in them during a brief 
anneal at room temperature, and isolated lattice defects 
should not have much effect upon the shape or intensity 
of the x-ray diffraction lines.9'10 The production of inter-

19 F. Seitz, Revs. Modem Phys. 26, 7 (1954). 

stitial defects may supply anion vacancies required for 
F-center formation, but color center studies have not 
produced jP-center growth curves comparable to those 
of Fig. 1. F-center growth curves show some saturation, 
at most, instead of a maximum. Presumably the alkali 
halide lattice parameters approximately recover their 
unirradiated values after prolonged exposure to fi 
particles at 77°K because the interstitial defects are 
replaced by others which cause little lattice strain. 
Evaporation of vacancies from dislocations19 into the 
strained crystals could account for the annihilation of 
the interstitials. The resulting crystal would be rela­
tively free from lattice strain, but it could still contain 
F centers, Vi centers, higher V centers, and other defects 
found in crystals exposed to intensive irradiation at 
77°K. Loss of intensity of x-ray lines from KBr indi­
cates that some aggregation may have occurred in the 
"softest" alkali halide studied. A negative deviation in 
lattice parameter, such as was observed in the repacked 
KBr sample, has also been reported for annealed LiF 
crystals that had previously been damaged by neutron 
irradiation.7 

1. Nature of Interstitials 

The regular lattice expansion of LiH containing LiT 
serves as an excellent basis for comparison with the 
alkali halides, because the mechanism is more easily 
understood. Interstitial He3 atoms are produced at a 
predictable rate in homogeneous samples wherein the 
formation of the complementary defect, the F center, 
occurs at a parallel rate.18 

An illustration of the simplified calculation for the unit 
cell expansion associated with an interstitial He atom in 
LiH is given in Fig. 3. The configuration is the same 

^ FIG. 3. Model for the hard-sphere calculation of lattice expan­
sion associated with an interstitial He atom in LiH. (Approxi­
mately to scale.) 
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as that used by Hatcher and Dienes,4 but the ions 
and the interstitial are all assumed to be hard spheres, 
and the expansion of the eight ion cube is as­
sumed to be transmitted through the lattice by 
elastic displacements without further expansion. The 
last approximation is probably correct within 10 or 
20%,9 and the success of the calculation is strongly 
dependent on the choice of a consistent set of ionic and 
atomic radii. A criterion of reasonableness that may be 
applied to all calculations based on this model is that 
Frenkel pair volumes should be comparable to ion pair 
volumes.7,8 

For LiH the radii used were 1.36 A for the H~ ion 
and 0.68 A for the Li+ ion. The effective radius of a He 
atom in the interstitial position is 1.01 A, if the +0.08 A 
correction for coordination number20 8 is added to the 
0.93-A crystal radius.21 The He interstitial and the near­
est neighbors H~ and Li+ ions were drawn approxi­
mately to this scale in Fig. 3. The calculated diagonal 
(111) displacement of the H~ ions was 0.60 A, and the 
Li + ions were assumed to be displaced by an equal 
amount.4 The volume of the cube of Fig. 3 increased 
from 8.51 A3 to 20.5 A3 for a 12.0 A3 volume increase. 
This result is within 10% of the 13.0 A3 determined ex­
perimentally, and the simple model appears to give a 
satisfactory approximation of the crystal expansion as­
sociated with a neutral interstitial in a NaCl-type 
lattice. 

Hatcher and Dienes's calculation4 for an interstitial 
CI atom in a NaCl lattice gave a 26% increase in the 
edge dimensions of a cube like that in Fig. 3. They calcu­
lated the CI atomic radius, since no Goldschmidt radii 
for halogen atoms were available. However, paramag­
netic resonance studies indicate that CI atoms are com­
bined in a crowdion configuration as Cl2~ molecule ions 
at an anion site (H center), and studies of the H center 
have shown that it too is unstable in most of the alkali 
halides at the temperatures used for our lattice param­
eter experiments.17 I t does not seem probable that inter­
stitial cations are formed by an ionization mechanism. 
For these reasons and those given previously,1 we have 
assumed that the interstitial defect produced in ^-irradi­
ated alkali halides is an interstitial halide ion, and 
further discussion is based on this assumption. 

A consistent set of radii20 is available for calculating 
the crystal expansion caused by introducing an inter­
stitial anion into an alkali halide crystal according to 
the method illustrated in Fig. 3, but complications arise 
because of polarization of the lattice by the negatively 
charged interstitial. Calculations of polarization and 
ionic displacements near vacancies and cation inter-
stitials have been made for a few alkali halides.22 For 

20 W. H. Zachariasen quoted in C. Kittel, Introduction to Solid-
State Physics (John Wiley & Sons, Inc., New York, 1953), p. 40. 

21 L. Pauling, The Nature of the Chemical Bond (Cornell Uni­
versity Press, Ithaca, New York, 1960), p. 514. 

22 N. F. Mott and M. J. Littleton, Trans. Faraday Soc. 34, 485 
(1938). 

TABLE I. Expansion calculation for a Frenkel defect. 

Salt 
Quantity 

itfo(A) 
Fo=(ia0)3(A) 
r_(coord no. 6) (A) 
fi(coord no. 8)(A) 
r (void) (A) 
d(l l l ) (A) 
idd(A) 
Vd= (kd)3(A3) 
Vd-V,{k*) 
7< = 1.100V-F0)(A») 
7iPp=F<+0.17o(A») 
a=VFp/2Vo 

LiH 

2.042 
8.51 
1.36 
1.44 
0.41 
1.02 
3.23 

33.8 
25.3 
28 
29 

1.7 

LiF 

2.014 
8.17 
1.33 
1.41 
0.41 
1.00 
3.15 

31.2 
23.0 
25 
26 

1.6 

NaCl 

2.820 
22.43 

1.81 
1.89 
0.63 
1.26 
4.27 

78.1 
55.7 
61 
63 

1.4 

KC1 

3.147 
31.17 

1.81 
1.89 
0.92 
0.98 
4.27 

78.1 
46.9 
52 
55 
0.9 

KBr 

3.298 
35.87 

1.96 
2.04 
0.90 
1.14 
4.62 

98.5 
62.6 
69 
73 

1.0 

simplicity, we have ignored the difference in the dis­
placements of the neighboring anions and cations to the 
interstitial halide ion and as a first approximation, 
we have calculated the crystal expansion as in the case 
of a neutral He interstitial. The results of these calcula­
tions for LiH, LiF, NaCl, KC1, and KBr are given in 
Table I. The initial nearest-neighbor distances \a§ and 
the halide ion radii r_ and ri, for the respective coordina­
tion numbers 6 and 8, were used to calculate ionic dis­
placements d ( l l l ) and the expansion of the nearest-
neighbor cube (J#ri)3— (i^o)3. Consistent with the case 
for the He interstitial atom in LiH, it was assumed that 
the calculated values are about 10% lower than the 
probable expansion associated with the interstitial 
anio'n V%. To complete the estimate of the lattice ex­
pansion associated with a Frenkel pair VFP, the expan­
sion of the anion lattice site containing the vacancy was 
assumed to be 10% of half of the ion pair volume F0.22,23 

The calculated Frenkel pair volume is generally some­
what larger than the ion pair volume according to the 
ratio a given in the last row of Table I.7,8 

I t is apparent that radiation effects on LiH are some­
what different from those on the alkali halides. In a 
previous paper18 it was observed that strong saturation 
of F-center formation by radiation damage to LiH 
occurred about 2X1018 F centers/cm3. The possibility 
that 1018/cm3 interstitial H2 molecules may have also 
been formed can be examined in light of the data of Fig. 
1 and the previous calculation. For 1018/cm3 H 2 inter-
stitials with an effective radius of 1.36 A, the corre­
sponding unit cell expansion would be 0.003%, or a 
0.0004-A increase in a0. A statistical analysis of the data 
obtained from unirradiated and /^-irradiated LiH (Fig. 
1) shows that with 97% confidence a 0.0004-A expansion 
in lattice parameter has not occurred. These results 
indicate that the maximum concentration of interstitial 
H~ ions or H2 molecules in LiH is of the order of 
1017/cm3, compared to concentrations of about 1020/cm3 

in the alkali halides. 

23 C. R. Berry, Phys. Rev. 98, 934 (1955). 
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In view of these experimental results, it is of interest 
to try to compare the relative stability of an interstitial 
H~~ ion in LiH toward electronic dissociation to compar­
able processes for interstitial halide ions in the alkali 
halides. For this purpose we want to estimate the energy 
change for a process by which two electrons are raised 
to the conduction band from an interstitial H~ ion and 
one of its neighbors, which then combine to form a H2 

molecule at the lattice site. We compare this to a similar 
calculation for an interstitial F~ ion combining with a 
neighbor to form a F2 molecule in LiF.24 The calculation 
may be broken into the following steps: (1) The inter­
stitial H" ion and an adjacent H~ ion are removed from 
the lattice and the energy change is calculated. This 
requires a detailed calculation that involves polarization 
terms and has not been done; but, because of the com­
parable sizes of H~ and F~ ions, the change in lattice 
energies for LiH and LiF should be similar; (2) In 
vacuum, two electrons are removed from the ions and 
the atoms combine to form a molecule according to the 
net equations 2H-=H2+2er-, and 2F-=F2+2e-. From 
the known value of the electron affinities of the atoms26 

and the dissociation energies of the molecules,26 the 
corresponding heats of reaction are found to be —3.06 
eV for hydrogen and +5.48 eV for fluorine; and (3) 
Each molecule is placed in the corresponding vacant 
lattice site and the electrons in the conduction band. 
Since the H2 and F2 molecules are each about the size 
of individual H~ and F~ ions, and since the vacant 
lattice sites should have expanded slightly,22 the mole­
cules should be accommodated in the ion sites with very 
small changes in repulsive energy. The energy differences 
between the vacuum levels and conduction bands for 
the electrons are assumed to be comparatively small. 

From the preceding estimates, we expect the inter­
stitial F~ ions in LiF to be more stable than the inter­
stitial H~ ions in LiH by the order of 8 eV. Step (2) for 
the other halogens also shows large heats of reaction 
(+4.92 eV for CI and +4.90 eV for Br), and the inter­
stitial halide ions are expected to show similar stability 
toward electronic dissociation. More detailed calcula­
tions of energy changes associated with steps (1) and 
(3) are needed before the relative stabilities of a Frenkel 
pair and complementary color centers in a given salt 
can be determined. 

2. Energy of Defect Formation 

To estimate the efficiency with which interstitial 
defects are formed in alkali halides exposed to tritium 

24 This is equivalent to the formation of a possible Vi center. 
Some differences in electronic and lattice strain energy occur if 
an H center is formed, but its thermal bleaching characteristics 
indicate that the H center is a shallow trap for electrons (reference 
17). 

25 F. D. Rossini et al.t National Bureau of Standards Circular 
No. 500 (U. S. Government Printing Office, Washington, D. C , 
1952). 

26 D. Cubicciotti, J. Chem. Phys. 31, 1646 (1959). 

FIG. 4. Comparison between the tritium /3-particle ranges and 
target grain size used to estimate the 0-dose to the alkali halides 
and the distribution of the dose in the grains. 

ft particles at low temperatures, it is necessary to calcu­
late the average ft energy dissipated in the target powders 
of our mixed powder samples. We need to know the 
properties of the bombarding ft particles27 as well as the 
densities, dimensions, and distribution of the powder 
grains. Tritium ft particles from a "thin" source have a 
maximum energy of 18 keV and a mean energy of 5.6 
keV, and the shape of the energy distribution of ft 
particles from a "thick" source is approximately the 
same.28 The maximum range of tritium ft particles is 
0.6 mg/cm2,28 which is equivalent to about 6X10-4 cm 
in LiH containing LiT (p=0.8 to 0.9), and 2X10~4 to 
3X10~4 cm in the alkali halides (1.98<p<2.75). Mean 
grain sizes of all of the target powders were large com­
pared to the /3-particle ranges. 

The ft energy dissipated in a target grain 2 of radius 
r2 imbedded in a LiT matrix 1 can be estimated by using 
the geometry illustrated in Fig. 4. In a spherical co­
ordinate system the ft flux crossing an element of surface 
dS at r2 from matrix 1 from r>r2 is approximately 

dS£iNi° foRl r-"*(te]=AS[i^i°(l//i)], 

where x=r—r2, and iVi0 and Ri are the /3-particle pro­
duction rate and range in the source material 1. The 
factor \ enters in because only ft particles originating in 
matrix 1 with component vr<0 can cross the boundary 
at r2.

29 The source of the 0-dose inside the "thick" 

27 G. H. Jenks, F. H. Sweeton, and J, A. Ghormley, Phys. Rev. 
80, 990 (1950); W. M. Jones, ibid. 100, 124 (1955). 

28 R. D. Evans, The Atomic Nucleus (McGraw-Hill Book 
Company, Inc., New York, 1955), pp. 624-628. 

29 An additional correction for losses due to the angular distri­
bution of 0 particles originating in the ' 'thick" source reduces this 
factor to 0.4. T. Rockwell, Reactor Shielding Design Manual (D. 
Van Nostrand Company, Inc., Princeton, New Jersey, 1956), pp. 
346, 353, 373, 
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TABLE II . Interstitial defect formation by $ radiation. 

Quantity 

Grain radius (10~4 cm) 
j8 range (10~4 cm) 
Maximum expansion (%) 
Expansion rate (%/day) 
F F P ( 1 0 - 2 4 cm3) 
Maximum Frenkel pair concentration 
Rate of Frenkel pair formation (cm-3 

Energy per Frenkel pair (eV) 
Exciton band (eV) 

(cm 3) 
day"1) 

LiH 

50 
6 

~0.001 
~ 0 
29 

~101 7 

~ 0 

4.9 

LiF 

50 
2.0 
0.2 
0.007 

26 
0.8 X1020 

2.7X1018 

370 
12.7 

Target salt 
NaCl 

25 
2.4 
0.57 
0.023 

63 
0.9 X1020 

3.6X1018 

280 
8.0 

KC1 

50 
2.6 
0.58 
0.025 

55 
1.1XKP 
4.5X1018 

220 
7.9 

KBr 

50 
1.9 
0.33 
0.032 

73 
0.5X102» 
4.1 X1018 

240 
6.9 

included the use of an average radius and a uniform 
random distribution of the grains of both components of 
the mixture. These assumptions received some practical 
justification from the observation of relatively sharp 
x-ray diffraction patterns from the expanded powders. 
Finer grains that were not discarded from the LiT-
containing fraction could be expected to raise the average 
ft dose to the target powders somewhat; but exper­
ience has shown that such fine grains have higher chemi­
cal reactivity and tend to lose tritium. The /3-dose 
rate to the taget powders could have been significantly 
reduced by the introduction of foreign materials into the 
mixtures, and liquid nitrogen is known to have leaked 
into some of the samples during storage. 

The efficiency of Frenkel defect formation in alkali 
halides at 77°K is not as high as the maximum effi­
ciencies reported for ^-center formation near8 300°K; 
but the "easy" stage of ^-center formation generally 
saturates at about 1017/cm3. The energy required for 
the production of F centers in most of the alkali halides 
at low temperatures is about 1 to 10 keV/center.8,32 

3. Distribution of Interstitials 

The sharpness of the x-ray diffraction lines obtained 
from all of the expanded powders indicates that a rela­
tively uniform random distribution of interstitial defects 
existed within the grains of each material.9,10 Additional 
evidence for the uniform distribution of interstitial He3 

atoms in the LiT-containing grains is derived from 
the equivalence of the x-ray and bulk crystal expan­
sions, and from the a priori knowledge of a uniform 
random distribution of tritide ions. Alkali halide lines 
were not comparatively more broadened than those of 
LiT-containing powders showing equivalent unit cell 
expansion. Extra line-broadening would have been 
expected if the alkali halide grains possessed a surface 
distribution of interstitials comparable to the /?-dose 
distribution illustrated in Fig. 4. Such a surface distribu­
tion of defects would have distorted the lattice planes; 
and, since the x rays used did penetrate the grains, 
elastic continum calculations indicate that the expan­
sion determined by x-ray diffraction should have been 
less than the true expansion of the crystal grains.9 

32 H. Rabin and Cf C. Mck, Phys. Rev. 117, 1005 (1960). 

matrix 1 has been approximated by an exponential 
function, and the integral of this function has been esti­
mated by using /* = 0.15X10~4 cm"-1 for tritium ft 
particles in the source material.28 Subsequent integra­
tion over the total surface of a spherical grain of radius 
f2 = 50X10~4 cm, a "thick" target, yields the total ab­
sorbed dose rate, and the average volume dose rate for 
grain 2 is then found to be (3/r2)(0AN1

0/fx) = 0.16Ni0. 
The energy dissipated (and generated) deep inside 

grains of matrix 1 containing 24.5% LiT is 1.22X1022 

eV/cm3 day.27 If the same average ft energy is assumed 
in source and target, and the expression is corrected 
because only one-half of the target sphere surface "sees" 
LiT surface in equal volume mixtures of source and tar­
get grains, the average absorbed dose rate for the target 
materials is 1X1021 eV/cm3 day.30 These estimates are 
appropriate for most of our samples, which consisted 
of equal-volume mixtures of components with an average 
grain radius of 50 \x; but the situation is less clear for 
the NaCl sample in which only the target grains had an 
average radius of 25 fi. 

A summary of experimental and calculated results for 
interstitial defect formation at 77°K in equal-volume 
salt mixtures with 24.5% LiT powder is presented in 
Table I I . The properties of the average target grains 
are given in the table, together with the maximum 
expansions and the average initial expansion rates de­
rived from the data of Fig. 1. The expansion data were 
translated into interstitial defect concentrations by 
using the calculated Frenkel pair volumes from Table I. 
The energy required to produce a Frenkel pair in each 
salt was calculated from the average rate of defect forma­
tion and the mean /5-dose rate. The energies of the first 
exciton absorption bands are given for comparison.31 

The values given in Table I I are generally correct 
within 20 to 50%, and the calculated average energies 
to create Frenkel pairs are probably within a factor 2 
of the true values. Simplifying assumptions that were 
used to calculate the ft-dose rate in the target powders 

30 This calculation gives about 8% of the source dose rate for 
the target grains. The value given for NaCl in reference 1 was only 
To as large because of an incorrect estimate of the value of //. 

31 R. Kato, J. Phys. Soc. Japan 16, 1476 (1961); J. E. Eby, 
K. J. Teegarden, and D. B. Dutton, Phys. Rev. 116, 1099 (1959); 
and reference 13. 
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This apparently uniform distribution raises the problem 
of how the interstitials got into the interior of the crystal 
grains, if the /3 particles were stopped within about 
2 X 10~4 cm from the surface. 

The samples were exposed to more penetrating radia­
tions from two sources, and the possible effects of these 
should be considered first. Bremsstrahlung x-ray pro­
duction by low-energy (3 particles in materials of low 
atomic number is an inefficient process,33 and about 
2 X1017 eV/cm3 day was generated in each of our mixed 
powder samples. If all of the bremsstrahlung energy 
were absorbed by the target grains, this is still less 
than 0.02% of the energy derived from stopping f3 
particles, and it can scarcely be sufficient to cause the 
large effects which we have observed. Another source of 
x radiation was the x-ray machine (Norelco, operated 
at 30 kV and 20 mA with a Cu target), but this was 
operated only during the measurements. Several suc­
cessive measurements at low temperatures were made 
on mixed powder samples and on nonradioactive refer­
ence powders, mainly to test the effect of sample align­
ment. No effect of x rays from the machine on the lattice 
parameters was found, and certainly no changes in 
lattice parameter like those shown for successive meas­
urements on the alkali halides in Fig. 1 were observed. 

4. Summary 

From the preceding discussion, three major require­
ments can be seen to exist for a mechanism to produce 
the postulated Frenkel defects in alkali halides exposed 
to 13 particles. (1) The mechanism must allow the inter­
stitials to be produced by an indirect process, presum­
ably involving electronic excitation, because tritium j$ 
particles with maximum energy are incapable of pro­
ducing direct displacements in the alkali halides.1,8 (2) 
The mechanism must be efficient enough to produce in­
terstitial defects with unit cell expansion comparable 
to the ion-pair volume at an energy requirement of 
less than 500 eV/defect. (3) The mechanism should 
include the transport of the defect, or of the energy 
required to produce it, over ranges that are much larger 
than the maximum range of the bombarding p particles. 

The first requirement of an indirect mechanism for 
the production of Frenkel defects can be met by a modi­
fication1 of the multiple-ionization mechanism proposed 
by Klick,2 or by a similar modification of the mechanism 
proposed by Howard et al.z The Auger process for pro­
ducing multiple ionization, which may be considered 
as a first step for both of the preceding mechanisms, 
probably is less efficient3 than the process needed to 
fulfill the second requirement of efficiency. Perhaps 
this requirement could be met by assuming that suffi­
cient extra excitation energy may be concentrated in 
the neighborhood of neutral halogen atoms produced 

33 E. Fermi, Notes on Nuclear Physics (University of Chicago 
Press, Chicago, Illinois, 1949), p. 47. 

by a single ionization so that the appropriate inter­
mediates to either mechanism are formed before the 
ionized electrons are retrapped. Such intermediates 
might be separated halogen molecules and vacancies in 
anion sites2 or separated interstitial halogen atoms and 
vacancies.3 

The third requirement forces one to seek a mechanism 
for the transportation of a defect, directly or indirectly, 
into a crystal. A direct mechanism might be pictured 
as an interstitialcy migration of the interstitial halide 
ion following closely packed planes, much like the 
focused collision processes that have been studied in 
metals.34 In this case the distance traveled might depend 
on the rate of energy loss by the interstitialcy, on its 
mobility at low temperature, and on its possible en­
counter with a dislocation or some other defect. This 
process is hypothetical because interstitialcy motion and 
focuson collisions have not been observed in the alkali 
halides, but the indicated mechanism would remove 
interstitials from heavily strained surface regions toward 
the interior in such a manner as to relieve the stress 
caused by differential expansion. 

The third requirement might also be met by an 
indirect process if excitons produced in the radiation-
damaged surface region migrate into the interior of the 
crystal grains and there interact with other excitons, 
phonons, or different defects to produce interstitials. 
This process essentially transports the energy into the 
interior of the crystal grains where, through electronic 
excitation, interstitial defects are formed. Also, there 
is not much experimental evidence related to exciton 
processes in the alkali halides; but kinetic measurements 
related to F-center production by exciton processes 
indicate that the exciton range may be about 10~5 cm,35 

which is small compared to 5X10~3 cm found in the 
present experiments. The exciton mechanism might be 
used to explain the absence of any interstitial defects 
in LiH exposed to external f$ radiation, because, as 
Table I I shows, most of the excitons would be compara­
tively low energy; but this point is of little value be­
cause of the inherent instability of interstitial H~ ions 
in LiH. 

Some commments regarding the mechanism of color 
center formation in the alkali halides may be made 
after comparing observations on color centers to those 
on interstitial defects. Our results indicate that large 
concentrations of Frenkel pairs are rapidly formed in 
alkali halides exposed to 0 radiation, and observations 
on the growth of the a band at low temperatures1,19,36 

indicate that one of the components of a Frenkel pair 
is formed by x irradiation. I t may be possible to explain 
the linear F-center growth rates found in alkali halides 
irradiated at low temperatures by assuming that they 

34 R. H. Silsbee, J. Appl. Phys. 28, 1246 (1957). 
35 M. Ueta, M. Hirai, and H. Watanabe, J. Phys. Soc. Japan 

15, 593 (1960); J. H. Parker, Jr., Phys. Rev. 124, 703 (1961). 
36 R. Riichardt, Phys. Rev. 115, 67 (1959). 
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are formed by trapping electrons at anion vacancies 
produced previously as parts of Frenkel pairs. Compan­
ion hole centers include V± (halogen molecule) and Vu 
(self-trapped) centers according to this mechanism. 
The simultaneous formation of F and H centers would 
be a competing process1 associated with less unit cell 
expansion for each defect pair. ^-center production near 
room temperature may be complicated because of the 
thermal annealing of Frenkel defects and the introduc­
tion of vacancies from dislocations, as well as impurity 
effects.37'38 

The saturation of magnetic F centers39 at 8X 1019/cm3 

in neutron-irradiated LiF agrees with that of Frenkel 
defects (Table II) , and this is indicative of a possible 
connection between the production of the two types of 
defects. Spaepen40 found that the fractional density 
recovery of neutron-irradiated LiF, during subsequent 
annealing, was reduced by increasing the neutron dose 
beyond the first saturation level found in the expansion 
curve, which he also compared with the maximum found 
in lattice parameter curves for samples exposed to about 
2X1017ratf.6 This observation may also be taken as 
evidence for the introduction of vacancies into irradiated 
crystals by a second mechanism, presumably evapora­
tion from dislocations,19 which becomes increasingly 
important as the total dose is increased. 

37 H. W. Etzel and D. A. Patterson, Phys. Rev. 112, 1112 (1958). 
38 J. H. Crawford and C. M. Nelson, Phys. Rev. Letters 5, 314 

(1960). 
39 R. T. Bate and C. V. Heer, J. Phys. Chem. Solids 7, 14 (1958). 
40 J. Spaepen, Phys. Rev. Letters 1, 281 (1958). 

I t is possible that fresh dislocations formed in the 
preparation of our powder grains alter color-center 
stabilities and production rates compared to published 
results for single crystals. We hope to remove some 
uncertainties by making both x-ray diffraction and 
paramagnetic resonance measurements on compresses 
made from mixed powders. Such measurements should 
also allow greater precision in the examination of x-ray 
diffraction line profiles. 
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