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The solubility and mobility of He in single-crystal KBr has been determined using three
methods: (a) permeation, (b) He release after soaking, and (c) ion implantation. Permeation
experiments give values for the activation energies of diffusion and permeation of 0.34-0.39
and 0.63 eV, respectively, and a heat of solution of 0.29 eV. Measurements of gas release
from crystals implanted with 10'¢ He* ions/cm? at 300 keV yield an activation energy for gas
release of ~0.6 eV. The diffusion in the undamaged crystal is interpreted as due to inter-
stitial motion of the He atom. A very low solubility, on the order of 10! He atoms cm3 atm-!,
was determined in the range of 100—-200 °C, which is believed to be the first measured solubil-
ity of a rare gas in an alkali halide. Finally, it is shown that diffusion measurements such as
those reported here for an undamaged crystal are insensitive to traps if typical concentrations

and reasonable trap depths are used.

I. INTRODUCTION

Alkali halides provide a potentially simple sys-
tem from which a basic understanding of rare-gas
motion in solids can be obtained. In almost all
previously published work, !~* rare-gas atoms
were introduced into the lattice by energetic
means, i.e., as nuclear-decay products, products
of nuclear reactions, or as implanted positive
ions.*™Y Asa result, significant lattice damage is
present, which in general, greatly complicates the
interpretation of the rare-gas mobility usually
measured by gas release or isotopic distribution.
In this work we have measured the mobility of heli-
um in undamaged single-crystalline KBr by taking
advantage of the small solubility of He in KBr, and
have assessed the degree to which the results are
representative of a perfect KBr lattice.

A description of the experiments in Sec. II is
followed in Sec. III by the data and a comparison of
the results obtained from the undamaged and im-

uTl
MASS SPECTROMETER

MILLITORR

10N GAUGE GAUGE

TITANIUM
SUB PUMP 0.79 cc
CALIBRATED VOLUME

XTURE

FIG. 1. Schematic of helium mass spectrometer used
for all three types of measurements described in text.
The main section consists of an all-metal bakeable
vacuum system.
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planted materials is given in Sec. IV. This paper
reports the first known measurements of rare-
gas solubility in alkali halides.

II. EXPERIMENTAL METHOD

The KBr crystals used were obtained from Har-
shaw and were found to contain the impurities
shown in Table I. Analysis was made using both
atomic absorption and emission spectroscopy.

Three techniques were used for measuring the
He mobility in KBr. The first two, which allowed
the use of undamaged crystals, employed intro-
duction of the He either by soaking a crystal in a
He atmosphere or by allowing the He to permeate
through a thin disk. The third method involved in-
troducing the He as 300-keV He" ions into crystals
held at temperatures below 100 °K during irradia-
tion.

A common aspect of all three experiments is that
the He mobility was determined from gas release
using a high-vacuum mass-spectrometer system
such as is shown in Fig. 1. The He gas is continu-
ously collected as it is released from a given sam-
ple. Calibration is accomplished both before and
after an experimental run by admitting a known
amount of hydrogen gas containing an accurately
predetermined trace of helium. Using titanium
sublimation pumps, all the reactive gases are re-

TABLE I. Chemical analysis of KBr.

Mole fraction Number of vacancies

Impurity (ppm) Valence (ppm)
Ca <1 +2 2
Al <3 +3 9
Si <2 + 2 82

3Si may contribute either positive~ or negative-ion
vacancies, thus possibly compensating for some of the
negative-ion vacancies introduced by the Ca and Al.
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FIG. 2. Schematic of holder for disk permeation
sample. The area between the two O rings is independent-

ly pumped to avoid leakage.

moved from the calibration mixture leaving only
the He. An accuracy of approximately +10% is
achieved with a precision among measurements of
5%. During the experiment the background of re-
active gases is kept below 10~7 Torr by the titanium
sublimation pump.

Since the quantities of gas to be measured are
often quite small (rates on the order of 107 atoms
sec™! in the permeation experiments) and may be
released over a period of several hours, the back-
ground accumulation rate of He must be kept at a
minimum. The background accumulation rate was
held as low as 2x 10° He atoms/sec by using an all-
metal system (except for Viton seats in valves)
which was baked at 200 °C for 48 h before use. In
addition, a vacuum of 10°® Torr was maintained
behind all valves to the mass-spectrometer portion
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of the system since the residual helium in a poorer
vacuum behind a well-seated valve could be read-
ily detected. In all cases the background could be
held to < 1% of the total signal. The major back-
ground contribution was attributed to outgassing
from valve seats which were exposed to as much
as 10°® Torr He during the experiments.

Some helium can be trapped by the deposition of
Ti on the walls of the Ti sublimation pump (~ one
part in 10*). Although this does not affect the ac-
curacy of the measurement in progress it contrib-
utes to the background accumulation rate; thus
whenever possible the titanium filament is kept off
during the gas release. An active film of Ti is de-
posited before the experiment and is sufficient to
continue pumping reactive gases under normal ex-
perimental conditions for at least a day. Finally,
to avoid pumping by ionization processes, no vacu-

~um gauges are left operating during the measure-

ments. This pumping is a measurable effect in
such high-sensitivity experiments.

Of the three approaches employed here, soaking
the crystal in He with subsequent release required
the least system sensitivity. The advantage of this
technique lies in the ability it affords to examine
substances with very low permeability and solu-
bility over a wide temperature range. A crystal
of convenient geometry is soaked at a known pres-
sure of He (usually 400 Torr in these experiments)
and a given temperature for a time sufficient to
assure that equilibrium conditions have been
reached. Transfer of the crystal to the mass-
spectrometer chamber (and associated temperature
excursion if any) takes a few minutes. During this
time up to a few percent of the helium may be lost.
In addition one must consider possible spurious
effects due to helium which is adsorbed on the
surfaces of the sample.

In the second method, permeation, helium is al-
lowed to diffuse through a KBr crystal by estab-
lishing a concentration gradient across the sample.
A 0.1-cm-thick disk is mounted as shown in Fig.

2 with vacuum on both sides. *® In addition, a vac-
uum of better than 10° Torr is maintained between
the Viton O rings in order to prevent the He which
permeates through the O-ring seal on the back of
the sample from permeating through the O-ring
seal to the mass-spectrometer portion. The ex-
perimental procedure involves establishing the
background rate, and then admitting a known pres-
sure of He behind the sample. After an induction
period, the rate at which He permeates through the
crystal reaches an equilibrium value (as shown in
Fig. 3). If the permeability K is sufficient to be
measured, then both the diffusivity D and solubility
S can be independently obtained (K= DS). The value
of D can then be obtained either from the induction
portion of the permeation curve or from the decay
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FIG. 3. Schematic plot of typical pressure time de-
pendence on the downstream side of sample during per-
meation experiment. There are three distinct regions:

(i) the onset when a helium pressure is first applied to

the upstream side, (ii) equilibrium when the concentration
gradient in the sample is constant in time, and (iii) the
decay when the helium is removed from the upstream side
of the sample.

of the gas after the He is removed from behind the
crystal. Unfortunately, the temperature over
which permeation can be measured is limited to the
range from 100 to 240 °C by background considera-
tions at the low-temperature end and the Viton O
rings used to seal the sample at the high-tempera-
ture end.

Finally, 300-keV He" ions were implanted in the
crystal to obtain an estimate for the role of im-
plantation damage. The implantation technique af-
fords the opportunity of measuring much lower dif-
fusion coefficients (than via bulk-diffusion tech-
niques) due to the small distances involved. The
reason for this is that the range of the 300-keV He*
ions in KBr is ~1 yum, and for a given value of D
the time for the measurement scales as the square
of the range. During implantation, the tempera-
ture of the crystal was held below 100 °K with the
He subsequently released during isothermal an-
neals around room temperature. Experiments
were performed on two types of samples: Thefirst
were on virgin crystals, the second on a crystal
which was repeatedly implanted and subsequently
annealed to 275 °C. This temperature was high
enough to release the He but not necessarily to an-
neal all the radiation damage. The latter experi-
ments were done to assess the cumulative nature
of any lattice damage which may remain after the
He is released from the sample.

III. RESULTS AND DISCUSSION
A. Helium Release after Soaking KBr in Helium Atmosphere

In principle both the diffusion coefficient D and
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solubility S can be obtained from the soaking meth-
od, D from the rate at which He is absorbed by or
is released from the crystal and S from the total
number of atoms present under equilibrium condi-
tions. The sample geometry used in these experi-
ments was that of a cleaved right-rectangular sclid
of dimensions 1.70%x1.77x0.39 cm. Values of D
were obtained at a given temperature from a solu-
tion of Fick’s law by fitting the fractional He re-

lease F to the expression19
8V & o~ 1 (2n+ )7\

Fet=(3) 10 St e (%57 2 "
where the 7, are the crystal dimensions, ¢ is the
time from the start of release, and D is assumed
constant and isotropic throughout the crystal.

Helium adsorption on the surface may play a sig-
nificant role in the gas release. In Fig. 4 we have
plotted the total-helium-gas-release data at 28 °C
after soaking. As can be seen, the data do not fit
the simple diffusion-theory solution given in Eq.
(1). The difference between thé data and theory
can be described by a single exponential which has
effectively reached its asymptotic value after ~8
%x10% sec. We attribute this contribution to the out-
gassing of helium adsorbed on the surface of the
crystal. To evaluate this effect the amount of He
adsorbed on samples was determined by etching the
surface with water after soaking and before mea-
suring the gas release. The water-etched crystals
had an effective solubility 20-30% lower than equiv-
alent but not etched crystals. From this we con-
clude that surface sorption does play a role, at
least at 300 °K, and suggest that 10~ and 10~
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FIG. 4. He release during isothermal anneal after
soaking. The data are the sum of two components: The
first contribution is due to normal bulk diffusion following
Eq. (1) of text; the second contribution is attributed to
He desorbed from the surface and follows a simple expo-
nential.
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FIG. 5. Plot of permeability vs 1/7, where T is the

temperature at which the equilibrium permeation rate was
measured. An activation energy of 0.63 eV is obtained
from the slope of the straight line. Data from two sam-
ples are shown to indicate consistency.

monolayer of He is shallowly trapped. At temper-
atures of 100 °C and above, this contribution be-
comes undetectable, probably due to the greater
bulk solubility. In all cases, the values of D ob-
tained from the soaking data represented a fit of
the data to a calculated F(¢) function over a wide
range of time, usually 10* to 3X10* sec.

Owing to the low bulk solubility of He in the crys-
tal, the possibility of He being trapped exclusively
or partially at defect sites must be considered. A
chemical analysis of one of the crystals (given in
Table I) shows the presence of impurities sufficient
to give rise to a 10~° concentration of negative-ion
vacancies. In the temperature range employed in
these experiments, thermal vacancies can be ne-
glected. The effect of these impurity-induced va-
cancies will be discussed.

B. He Permeation through KBr

The permeability K of He through KBr can be ob-
tained directly from the equilibrium permeation
rate of helium R through a crystal of area A, thick-
ness k, and a fixed pressure differential P:

K=Rh/AP . 2)

The permeability data obtained using Eq. (2) are
plotted in Fig. 5. The data fit a straight line rep-
resenting an activation energy of permeation of

0.63 eV. The value for D is determined from either
the onset portion of the permeation curve (see Fig.
3) or from the decay portion occurring after all He
is removed from behind the sample. During the
onset portion the He accumulates following
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where C(t) is the concentration of He in atom Torr.
An expression directly in terms of D can be obtained
from Eq. (4) for long times as

2 ’
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where C'(f) is the time derivative of Eq. 4). D can
be obtained from the uptake portion of the perme-
ation curveby extrapolating the steady -state (straight
line) segment of C(t) back to the C=0 axis, as
shown by the dotted line in Fig. 3. This intersec-
tion defines a lag time ¢, such that

t,=n?/6D . 6)

An activation energy of diffusion is then derived
from a plot of log D vs T as shown in Fig. 6.
From the values of K and D (shown in Figs. 5 and 6,
respectively) and the relation K= DS, the solubility
S was then determined. ' The values are plotted in
Fig. 7. Again, there is good fit to a straight line
representing an enthalpy of solution of 0.29 eV. A
summary of the results is given in Table II.

In the permeation experiments the surface con-
tribution can be neglected since it affects only ~10-3
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FIG. 6. Plot of the diffusion coefficient D vs 1/T. D

was determined from Egs. (5) and (6) of the text during
the uptake and decay portions of the permeation measure-
ments except in the case of the triangles, which repre-
sent values of D obtained from the soaking technique using
Eq. (1). An activation energy of 0.39 eV is found from
the slope of the straight line. Data from two samples are
shown to indicate consistency.
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FIG. 7. Plot of the solubility vs 1/7. At each tem-

perature T the solubility was determined from K =SD
using the data of Figs. 5 and 6. An enthalpy of solution of
0.29 eV is found from the slope of the straight line. Data
from two samples are shown to indicate consistency.

atom fraction of the atoms which permeate through
the crystal. This is in contrast to the situation
observed in soaking where 10~ to 10~* of the sur-
face sites appear to be occupied, representing 0.1
to 0. 01 fraction of the helium contained in the bulk.

C. Effect of Trapping

In order to interpret the measurements, the im-
portance of trapping of He by defects (such as va-
cancies) must be determined. An estimate of the
contribution from traps can be made using the mod-
el of Sosin and Bauer.2? So that the calculated
curves could be related to the measured gas re-
lease, the equations in Ref. 20 were modified for
the case of a right-rectangular solid (see Appendix)
to conform to the sample shape used in the soaking
experiments. From the results of the calculations,
several conclusions could be drawn. First, the
He-release curve predicted from the model is of
exactly the same functional form as Eq. (1) regard-
less of the concentration or depth of the traps for
the time scales pertinent to these experiments.
The reason for this is that the trap depth must be
greater than 1 eV, an unrealistically large value,
in order to prevent a dynamic equilibrium between
the trapped and untrapped species from being
reached in a few seconds. These experiments are
not sensitive to such a time scale. Thus an effec-
tive value of D could be obtained as was done in the
soaking experiments for reasonably realistic trap
depth and concentrations. Second, if E, represents
the activation energy for He diffusion in the bulk of
the crystal and E; = E, + AE represents the trap
depth, an estimate of the maximum value of AE can
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be made. In Fig. 8 are shown six curves calculated
from the equations in the Appendix following D,
=5,2X10"% cm?/sec; a fractional concentration of
traps Cr=10"° and the values of E, and AE are giv-
en in Fig. 8. The theoretical curves were fitted to
the data at 400 °K. Clearly, for the realistic choice
of C;=10%, AE can be no greater than 0. 25 to

0. 30 eV and still achieve a reasonable fit to the
data. Using an upper limit of C;=10"* yields a
maximum depth of AE=0,22 eV. This demon-
strates that trapping processes with Cr=10"° and
AE ~0.30 eV may exist but are not discernible by
gas-release experiments. That is, if the data fol-
low a straight line on an Arrhenius plot such as
Fig. 8, one cannot interpret that evidence as prov-
ing that no trapping exists at an atomistic level.
However, if that level of trapping exists it is in-
consequential to the bulk-diffusion process.

Finally, suppose the traps were to completely
dominate the gas release. In order to fit the ex-
perimental data the trap depth would have to be
~0.39 eV. Again using a value of C,=10" an upper
limit on the activation energy for diffusion of He in
the bulk can be calculated. This upper limit is
~0.04 eV, a clearly unrealistically low value, For
this reason we do not believe that traps are domi-
nant, ‘

The measured values of E, can also be compared
to the theoretical work of Wilson?* and of Norgett
and Lidiard.?® Wilson obtains a value of ~0.2 eV
for interstitial motion of He in KBr. Norgett and
Lidiard obtain a range of values from 0. 15 to 0. 26
eV for interstitial motion of Ar in KBr, In addition
they indicate that this value is a lower limit on Ej,
Although the measured activation energies are ap-
proximately twice these calculated values we con-
sider our results to be consistent with interstitial
diffusion,

D. Helium Implantation and Outgassing

An inevitable side effect of implantation is the
creation of lattice defects in the vicinity of the heli-
um and in the region between the implanted layer
and the surface of the crystal. Figure 9 shows the
cumulative effect of the damage remaining after
275 °C anneal on the release of implanted helium,
From the data shown in Fig. 9 it is clear that ex-

TABLE II. Results of soaking and permeation experiments.

Soaking Permeation
K, (atom sec™! atm cm™) oo 4,49x10%
E, .- 0.63 eV
S, (atem cm™ atm™1) . 2.88x10"
E, e 0.29 eV
D, (cm? sec™)) 5.2x1072 1.42x10"2
Ep 0.39 eV 0.32 eV
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FIG. 8. Plot of diffusion coef-
ficients vs 1/T. In addition to the
measured data, calculational re-
sults are included using the model
described in the Appendix with a
range of trap depths AE and acti-
vation energy of diffusion Ej, for
a trap concentration of 1075,
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periments designed to obtain an activation energy
representative of the same damage state require
use of a new undamaged crystal for each implanta-
tion, A series of 10'®-atom/cm? implantations
were made at ~100 °K with subsequent isothermal
anneals at temperatures of 20, 30, 50, and 72 °C.
The He release follows the same functional form at
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FIG. 9. Fractional He release is shown as a function

of annealing time at 40 °C in all cases. The open circles
show the He release for a virgin crystal implanted to 10%°
He* ions/cm?, and the closed circles show the He release
for the same crystal following a 275°C anneal for 10 min
and a reimplantation to 10!° He* jons/cm?. The triangles
show the He release from the same crystal after another
275°C anneal, an 8x 10%-He*-ion/cm? implantation, a
subsequent 275 °C anneal, and finally a 1015-He*-ion im-
plantation.

all temperatures, allowing the calculation of an ac-
tivationenergy. Figure 10isan Arrhenius plot of the
relative-diffusion coefficients for 10'®-atom/cm?-
dose implants and yields a diffusion activation en-
ergy of 0.58 eV, Similar data for 10'° atom/cm?
yield a value of ~0.5 eV, This activation energy
for diffusion (0.5 to 0. 58 eV) is significantly great-
er than that in the undamaged crystal (0. 34 to 0.39
eV). As a result, it is suggested that the rate-de-
termining step in the He release after implantation
involves traps created by the implantation,
Information on the kinetics can be gained from
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FIG. 11. Fractional helium release at 50 °C after
implantation at 300 keV. The data fit an exponential in
Eq. (7) of text rather than a function as in Eq. (8) of text.
The latter is a representative of a diffusion process.

the shape of the helium-release curves. An exam-
ple of such a curve is given in Fig. 11, In addition
to the data plotted on a semilog plot a theoretical
curve following simple diffusion theory is shown.
In Fig. 11 it can be seen that the gas release fol-
lows a first-order rate equation,

F=1-¢t/™, (7)

reasonably well (dashed line). The parameter 7
can be expected to be relatively independent of the
range R and should depend primarily on the trap
depth governing the process. Simple diffusion the-
ory with no trapping requires that the release fol-
low

F=1-erf(R/4(Dt)"?) (8)

shown by a solid line in Fig. 11. As is readily ap-
parent from Fig. 11, the data do not fit the solid
curve. This is thought to be additional evidence
that the helium release is governed by a rate-de-
termining step within the implanted layer, rather
than by a simple concentration gradient.

Finally, it should be noted that He complexes
within the implanted layer probably play a role
since the local He concentration is ~10° atom frac-
tion, far in excess of the solubility shown in Fig.
7. Nucleation into small bubbles or simply multi-
ple He-atom defects may be important.

IV. SUMMARY AND CONCLUSIONS

It has been shown that defects or clustering due
to energetic forms of introduction such as implan-
tation of He affect both the measured diffusion ac-
tivation energy and release kinetics of He in KBr.
Permeation experiments on the undamaged materi-
al give an activation energy for diffusion of ~0. 39
eV whereas 0. 58 eV is obtained for the implanted
samples., It is proposed that the He moves inter-
stitially in the undamaged KBr crystal and that
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trapping dominates in the case of the implanted ma-
terial; however, it is still possible that the He
atoms are encountering shallow traps in the un-
damaged case as well, It has been established that
these traps can be no more than 0.3 eV deep. Fi-
nally, it has been demonstrated that helium has a
measurable solubility in at least one alkali halide,
a fact which has not been previously reported.
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APPENDIX

The equations used to evaluate the effect of trap-
ping on the He diffusion are as follows?’:

& pvRi- it s, (A1)
ot

as .

T Ai = us . (A2)

Here 7 and s are the concentrations of He in the
bulk (perhaps interstitial) sites and in traps (per-
haps substitutional sites), respectively; X and u
are the rate constants for motion out of the respec-
tive sites and are defined as

A\=24Cp v e Bi/* (A3)

u=24v e Bs/*T (A4)

The parameter C; is the concentration of traps
relative to the bulk sites, v is the attempt frequen-
cy, and E; and E, the respective depths of the bulk
and trap potential wells containing He atoms. The
number 24 represents the total number of inter-
stitial sites to which a He atom can go from a trap
assumed to be a vacancy.

These equations were solved explicitly for a
cylindrical geometry by Sosin and Bauer. In that
case the solutions can be separated into i(r, t) and
s(7, ) contributions where 7 is the radial coordi-
nate. For the rectangular solid, this separation
into trapping and bulk contributions is not possible
and the solution for the amount of He retained must
be written

(A5)

Here f is defined as the initial ratio of substitution-
al to interstitial He atoms, and following the nota-
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tion of Ref. 20,
Ty ={ [Py n(U+ )] Fnst =[P+ p(+f)]ePnst }
X(Pr =Pt

AP+ e eP AP: i+ p(+s)] ePist

T n= Py s - - ’
s4 (P,,,—P;j) (Prs+ 1) (Pnj—Pnl) (Pnl+ )

where the P,; values are the roots of the equation

Pﬁj"" Pnj (7\"‘ l-""Knj) - [.LK,,j=0
and
K,;==-D[@n+1) 1/n,F,

with the %, being the lengths of the respective sides.
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The behavior of impurity-vacancy (I-V) dipoles has been studied in KCl single crystals
doped with Eu**, Yb**, or Sm"*, using the ionic-thermocurrents technique. The activation
energies and frequency factors for dipole relaxation have been determined. The aggregation
of these dipoles in KCl: Eu** follows third-order kinetics in the temperature range 295—-323 °K,
and their decay rate is comparable to that of KCl: Sr™. The activation energy and frequency
factor for the formation of trimers have also been determined. It has proved possible to des-
troy these rare-earth I-V dipolar systems by irradiation with x rays, and to recover them on
subsequent heating or irradiation with a Xe-Hg lamp. This process is postulated to take place
through charge conversion of the I-V dipole constituents.

I. INTRODUCTION

In recent years, alkali-halide crystals doped
with various doubly valent impurity cations have
been studied'™ to determine the parameters associ-
ated with cation-vacancy motion, when the vacancy
is either free, or associated with an impurity in an
impurity-vacancy (I-V) dipole.

In the first instance, obtainable at temperatures
above 300 °C, 5 the appropriate activation energy

and frequency factor are determined from dc ionic-
conductivity measurements.? At lower tempera-
tures, where significant pairing takes place, the
methods of dielectric absorption® and ionic thermo-
currents (ITC)” may be employed to determine the
parameters associated with dipole rotation and
diffusion. It is the latter technique that has been
used here.

In much of the previous work on the aggregation
of I-V dipoles, the results have been analyzed



