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Mossbauer investigations on ®*Kr in solid krypton at 4.2 K show that the recoilless fraction of a solid-krypton
source is about 40% lower than that of a solid-krypton absorber. This effect is attributed to aftereffects caused
by the highly converted 32-keV vy-ray decay which precedes the recoilless y-ray transition.

I. INTRODUCTION

Nuclear transitions that involve the creation of
holes in atomic electron shells, such as internal
conversion (IC) or electron capture (EC), may be
accompanied by one or more Auger processes. As
a result of the emission of atomic electrons, the
atom may become highly ionized. For instance,
in xenon gas containing '3!Xe™, which decays via
internal conversion to its ground state, xenon
atoms with charges up to +22 have been observed.?

In solids, therefore, highly charged atoms will
pick up electrons from their surroundings. Werth-
eim? suggested that in insulators the recombina-
tion time may be long enough to observe these high-
ly ionized states when the IC or EC process is fol-
lowed immediately by a recoilless y-ray decay.
Delayed-coincidence MOssbauer measurements of
Trifthduser and collaborators® on 5'Co in various
insulators show that this atom is already in its
final state at the moment the resonant y ray is
emitted, an indication that the ion is neutralized
within 10”° sec. However, the final state after EC
or IC can still be different from the initial ionic
state of the atom, as has been observed in various
cases, ! because of the lattice defects caused by the
Auger processes. The consequences of the pre-
ceding decay on the recoiless y-ray emission are
called aftereffects.

In this paper such effects on the recoilless y-ray
emission of ®¥Kr in solid krypton will be studied.
Because of the weak van der Waals forces between
the noble-gas atoms, the lattice may easily be
damaged by the processes accompanying the high-
ly converted y-ray decay in ®¥Kr (Fig. 1). Lattice
defects formed in the nearby surroundings of an
atom emitting a recoilless ¥ ray will affect the
recoilless fraction f(7). In order to observe such
effects the f(7') values of solid-krypton sources at
4.2 K were determined, and compared with those
of a solid-krypton absorber.

Since in the solid-krypton source only the local
surroundings of the y-ray-emitting atom can be
damaged by the preceding decay, the recoilless
fraction of a y-ray-emitting atom, f,(7), will be
distinguished from that of a y-ray-absorbing atom,
fs(T). The latter determines the resonant self-
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absorption which is appreciable and gives rise to
an apparently lower recoilless fraction and to a
considerable line broadening. The recoilless frac-
tion of the absorber will be denoted by f,(T).

Aftereffects were not taken into consideration in
previous work®® on 3Kr in solid krypton. That
work will, therefore, be discussed first.

II. PREVIOUS WORK ON #3Kr IN SOLID KRYPTON

A. Recoilless-fraction measurements

MG&ssbauer experiments on ®Kr in solid krypton
have been performed by Gilbert and Violet (GV).°
They used solid-krypton sources as well as ab-
sorbers. The measurements were carried out
at various temperatures and for various source
and absorber thicknesses. Surprisingly the ex-
periments yielded f(T') values considerably small-
er than theoretically expected. Various attempts
to remove this discrepancy were made without
success. ”

As was pointed out before, #° the maximum reso-
nant cross section gy =(1. 89 0. 35)x 107! cm? used
by GV was calculated with a wrong value for the
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FIG. 1. 7y-ray spectrum of a solid ¥Kr™ source taken

with a Si(Li) detector in the experimental arrangement
described in Sec. III. The highly converted 32.14 keV
transition causes the Ko and KB x rays.
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total IC coefficient (ay =11+ 2) of the resonant

y-ray transition. A remeasurement'®!! of this
quantity yielded oy =19.6+0. 7, which led to the
appreciably smaller value og=(1.08+0, 04) x 10718
cm?® used here. Furthermore, possible after ef-
fects, which could have reduced the recoilless frac-
tion of the source, were ignored in the GV analysis.
Therefore, a reevaluation of the GV data was neces-
sary.

Since GV carried out a sufficient number of mea-
surements for different absorber thicknesses at
7K, it was possible to determine the recoilless
fraction of the absorber, f,(7 K), from their ex~
perimentally observed linewidth Iy, * For an
effective absorber thickness /, = af, 041, < 10, eyt
is within 0, 5% given by*?

T expt(r2g, 7,) =T, (1 + 0. 27 af,09n,)
+ T (ns) + AT, 1)

where AT incorporates possible instrumental line
broadening, T, is the natural linewidth, I, the

full width at half-maximum of the recoilless y-ray
energy distribution emitted by the source, a the
abundance of ®*Kr in natural krypton, and #, and 7,
are the number of krypton atoms per cm? in the
source and absorber. Hence, for each source
thickness 7z, the corresponding values of I'y,,: as

a function of #, should lie on a straight line whose
slope is determined by f,. Least-squares fits of
the GV linewidth data with Eq. (1) resulted in
fa(7TK)=0.87+0.08. As will be noticed, the value
of f, thus derived is independent of the instrumental
line broadening AT and of the recoilless fraction of
the source.

According to GV, their data were corrected for
instrumental line broadening, thus AI' =0 in Eq.
(1). An extrapolation of the T'.(n,, 7,) data to
n, =0 then yielded the linewidth I'((x,) for each of
their sources. These values are plotted in Fig, 2.
We also calculated the line broadening due to reso-
nant self-absorption as function of the source
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FIG. 2. Half-width I'g of y-ray distribution emitted by
a solid ¥Kr™ source derived from the GV data.
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FIG. 3. Corrected f, values (@) and original values
(0) of GV. The solid curves represent f values for a
harmonic and an anharmonic solid-krypton lattice as cal-
culated in Refs., 8 and 9.

thickness 7 for various values of f,(7 K). The
best agreement with the I' (z,) data was obtained
for f,(7K)=0.9+0.1, in good agreement with the
value found above for the solid-krypton absorber.

The resonant absorption areas A,(7) measured
by GV can be expressed as®

An(T)zfeff(7 K) F(ﬁz(T)), (2)
with
feff(7 K) :N'r/(Nr +Nm‘),

where N, and N,, are the recoilless and nonrecoil-
less intensities of the 9.4-keV y rays after self-
absorption in the solid-krypton source. The ab-
sorber function F(f,(7T)) for a single line absorber
is given by modified Bessel functions.* The val-
ues of fo::(7 K), derived from the absorption area
A,(7K), are represented in Table II, and will be
compared with our results in Sec. III.

Next, the recoilless fractions f,(7') of the ab-
sorber for T>7 K were evaluated from the nor-
malized absorption areas A,(7) using the effective
recoilless fractions of the sources determined
above.  The results are shown in Fig, 3 together
with the values of GV. In this figure the f values
calculated for an anharmonic and a harmonic solid-
krypton crystal with the phonon-frequency spec-
trum of Brown and Horton' are also given. A more
extended discussion of anharmonic effects has been
given in Refs. 8 and 9.

The reevaluated f,(7) values show a fair agree-
ment with the theory, in contrast to the original re-
sults of GV. Hence, the recoilless fraction of ¥Kr
in solid krypton shows no anomalies as far as reso-
nant absorption in the absorber is concerned.
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Furthermore, it is important to notice that in
our evaluation of the f,(7') values the recoilless
fraction of the source is canceled because the
evaluation for 7> 7 K is, in principle, based on
the following equation:

__A(T)

(T =585 FUL(TK). (3)
Hence, a possible reduction of the source recoilless
fraction f,, due to aftereffects, will not influence
the f,(T) results derived above.

B. Resonant self-absorption measurements

Brown® evaluated the (4 K) value of ¥Kr in solid
krypton from the resonant self-absorption by mea-
suring the intensity ratio R=1(12.6)/1(9.4) for
various source thicknesses #,. The resonant self-
absorption will affect the intensity of the 9. 4-keV
¥ rays, I(9.4), but not that of the 12, 6-keV x rays,
I(12.6). In Brown’s analysis, possible afteref-
fects were not taken into account. The data were
fitted for various values of 0;, yielding f values
ranging from 0. 70 to 0.85. An extrapolation of the
intensity ratio R to zero source thickness yields
R,=2.5, in contrast to our result>!* R;=3.16
+0.05 measured with a Si(Li) detector and a Xe
proportional counter using an %¥Kr(Al) source. ¢
This last value was confirmed by Ruby et al.'°

Brown attributed the spread in his R values to
deposition of the krypton gas on the walls of the
source cell, instead of on the beryllium window,
where the source thickness #, was measured. An
underestimate of the effective source thickness
gives the false impression of higher resonant self-
absorption and thus yields too high an f value. The
source thickness was determined with a 5"Co source
always present in the solid-krypton cell. The
photoelectric absorption of the 14.4-keV %"Co ¥ rays
whose energy lies just above the K edge of krypton
(14.2 keV), gives rise to an increase in the krypton
x-ray intensity. This effect leads also to an over-
estimate of the f value.

Hence, from the resonant self-absorption mea-
surements of Brown only an upper limit of the re-
coilless fraction can be determined. Using f(4 K)
=0.87 and R;=3.16 we evaluated from Brown’s
data f,,(4 K) =0.70. Thus, the resonant self-ab-
sorption data seem to indicate that the recoilless
fraction of a y-ray-emitting atom, f, is smaller
than f, or f,.

1. MOSSBAUER MEASUREMENTS WITH SOLID KRYPTON
SOURCES

A. Measurements

To establish whether a difference between f,
and f, exists, measurements with solid-krypton
sources were carried out. The ¥Kr activity was
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produced by the reaction ®Kr(n, y) ®Kr™. For this
purpose, 10-ml Kr gas, enclosed in a quartz cap-
sule, was irradiated in the high-flux reactor (¢ =5
x 10" n/cm? sec) of the Reactor Centrum Nederland
at Petten, Netherlands. After a 3-h cooling period,
the quartz capsule was broken and the krypton gas
was frozen on a Mylar foil, coated with aluminum
and kept at liquid-nitrogen temperature. The source
was then slowly cooled down in the ecryostat from
liquid-nitrogen to liquid-helium temperature. To
determine the source thickness the intensity ratio
of the 12.6-keV x rays to the 9.4-keV y rays was
measured with a Si(Li) detector, Fig. 1, and com-
pared with that observed for an infinitely thin

8Kr ™(Al) source'® with the same effective area and
in the same geometry. A correction for resonant
self-absorption in the source was made. The ef-
fective thicknesses of both solid krypton sources,
thus derived, are shown in Table I.

Krypton in B-hydroquinone (3-HQ) was chosen as
resonant absorber for the following reasons: This
absorber is easy to handle and the weight of the
krypton per cma, w,, can easily be determined by
methods described in Refs. 9 and 17. For the ab-
sorber used here, w,=4.0+0.6 mg/cm®. Further,
the recoilless fraction of ¥Kr in 8-HQ is reason-
ably well known®'7; £,(4 K)=0.89+0.07.

The MJssbauer measurements were carried out
at 4.2 K in a cryostat with thin Mylar windows, to
minimize the nonresonant absorption of the 9. 4-keV
v rays. The resonant-absorption spectra shown in
Fig. 4 were taken with a conventional electrome- ‘
chanical feedback system in combination with a multi-
channel analyzer in the constant-acceleration mode.
The velocity region of the spectra was chosen suf-
ficiently large to allow the observation of a possible
quadrupole splitting which could arise from [Kr,]*
centers, as will be discussed in Sec. IV. However,
within the statistics only a central absorption line
due to neutral krypton atoms was observed. In
spectrum (b) of Fig. 4 the curved background is
caused by solid-angle effects.

B. Determination of f,(4 K)

Both spectra in Fig. 4 were fitted with a Lorentz-
ian line. Actually, the absorber line shape is not
Lorentzian, because of a small quadrupole split-
ting.!” However, owing to the considerable line

TABLE I. Experimental data of Mdssbauer-effect mea-
surements carried out with solid-krypton sources using
a B-hydroquinone absorber. Source thickness wg, back-
ground-correction factor % and normalized absorption
area A,.

ws (mg/cm?) Y% A, (units of 3T',)
6.35+1.0 75+3 4,64+0.5
4,0+0.65 78+3 5.5+1.0
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FIG. 4. Mossbauer-effect spectrum of solid #¥Kr™
sources versus a Kr hydroquinone absorber taken at
4.2 K. Spectrum (a) contains 7,3x10° counts in the
first channel; spectrum (b) 2.5x10° counts.

broadening in the source arising from resonant
self-absorption this asymmetry is hard to observe.
The error made by fitting the absorption line with
a single Lorentzian lies within the accuracy of the
measurements. From the least-squares fit the
normalized resonant absorption area A, was deter-
mined,

¥ N(»)-N(v)
T, j T YN(@) @, @

where N(v) is the measured counting rate as func-
tion of the source velocity v relative to the ab-
sorber, N(x) the counting rate extrapolated for
v—~o, and y the background correction factor,
which is the fraction of N(») arising from the 9.4-

keV y rays. The factor 2/T, in Eq. (4) makes 4,
dimensionless. Values of ¥ and 4, are displayed
in Table I.

The effective recoilless fraction f,; of the solid-
krypton source can be derived from the normalized
resonant-absorption area A, =f; F({,), with

F(fa) :ri f (1 - e-taa,(u’)/ao)d,u I, (5)
n Jao

where 0,(v’) is the resonant-absorption cross sec-
tion of the absorber and ¢, =ao,f,n, =7.1+ 0.7 for
the KrHQ absorber used. Because of the quadru-
pole splitting of ¥Kr in HQ, o,(v’) is split into 11
lines, so that Eq. (5) cannot be expressed by modi-
fied Bessel functions as in the case of a single line
absorber. The integral F(#,) was calculated using
the values Q*/Q=1,99+0.05 and ¢%¢Q(c/E,)=1.00
+ 0.12 mm/sec found in Ref. 17, where @* and @
are the quadrupole moments of the 9. 4-keV level
and ground state of ¥Kr, respectively, and q is
the maximum electric field gradient at the ¥Kr
nucleus. With the value F(7.1+0.7)=12.7+1.3
the fetr results given in the upper half of Table II
are obtained.

It can readily be derived from the definition of

fets given in Sec. IIA that

N, fieB
N,+N, (1 fse)+fse§’

with the self-absorption correction factor

Jore = (6)

B- 1—_;jﬁir,,—f B(v'; T,)dv", Q)
where B(v’; T';) is the resonant y-ray distribution
emitted by the source, given by Eq. (Al) in the Ap-
pendix. The calculated B values together with the
fse results derived from the f,,, values with Eq. (6)
are shown in Table II. A weighted average yields
fse=0.53+ 0. 06.

Similarly, f, can be determined from the ef-
fective recoilless fractions of solid-krypton sources
which were obtained from the GV data in Sec. IIA.
The results, shown in the lower part of Table II,
give a weighted average of f, =0.56+0.04 in very
good agreement with the f,, value derived above.
Both results, however, deviate considerably from
the value £,(7 K)=0. 87+0. 08 found for a krypton
absorber. This discrepancy cannot be explained
by resonant self-absorption even if the sources
were infinitely thick, since in that case one derives
readily from Eq. (7) and Eq. (A6) in the Appendix
that

B=(1+afy,05/0,) % . (8)

Hence, for f,,=0.87, Bamounts to 0.27 which, if
See =fo» would yield an f,,,=0.65, a value much high-
er than those obtained experimentally. (See Table II.)
An explanation might be the poor quality of the
krypton crystals used as sources, or an increase
in source temperature due to dissipation of decay
energy. One would then expect the recoilless frac-
tion of an absorbing atom in the source, f, to be
also lowered by about 40%. However, the analysis
of the linewidth broadening due to resonant self-
absorption in Sec. IIA showed that f, =~ f,, which

TABLE II. Recoilless fraction f,, of a Y-ray-emitting
8K 1™ atom in solid krypton measured by us (upper half
of the table) and evaluated from fu; derived in Sec. III
from GV measurements.

Ws (mg/cmz) B Sett Sse
6.35+1.0 0.52+0,05 0.365+0.057 0.52+0,07
4.0+0.65 0,61+0,05 0.431+0,095 0,55+0,10

average 0.53+0.06
7.0 0.50 0.33+0.03 0,50
5.7 0,54 0.37+0, 03 0.52
5.1 0.56 0.40+0,04 0,54
3.8 0.62 0.49+0,05 0.49
3.2 0.65 0.61+0, 06 0.71
2,8 0.68 0.49+0,05 0.58

average -0.56+0,04




. TABLE III, Results obtained for the recoilless fraction
of a solid-krypton absorber (f,) and sources (fy, and fg,)
at 4 K.

Recoilless
fraction Derived from
fa 0.87+0,08 GV data
fsa 0.9£0.1 GV data
fse 0.53+0.06 present work
fse 0.56+0.04 GV data
Sfee =0.70 Brown’s data

excludes these possible explanations of the reduc-
tion of f,,. More probably, the deviation of f,
from f,, and f, arises from aftereffects, caused by
the preceding y-ray transition, as will be dis-
cussed next.

IV. AFTEREFFECTS

More than 99. 9% of the ®Kr ™ nuclei decay to
the 9.4-keV Md&ssbauer state by IC. In this process
the released nuclear energy (32 keV) is carried
away by a core electron which is ejected from the
atom. Because of the electric-octupole (E3) char-
acter of the 32-keV transition (Fig. 1) the conver-
sion electron will most probably be an L or M elec-
tron. The hole in these inner shells will be filled
very quickly by an electron from a higher shell,
with emission of either an Auger electron or an
x ray. The last process has a very low probability
when the initial hole is in an L shell or higher.

Hence, while the ®¥Kr nucleus is in the 9.4-keV
state (hereafter denoted by ®*Kr*) the preceding IC
process and the accompanying Auger processes have
produced various holes in the 4p valence band of
solid krypton. These holes will be trapped close to
the ®¥Kr* atom since the mobility of holes in the
rare-gas solids is very low.'® Druger and Knox'®
showed that a hole can be trapped by two rare-gas
atoms R, forming an [R,]* center. Ina simple
model such an [R,]* center can be regarded as two-
rare-gas atoms sharing a 4p, hole.

It might be that the ®¥Kr* atom itself is a part of
a [Kr,]* center. In that case the recoilless y rays
should show an isomer shift 6=-0. 80 mm/sec and
an electric-quadrupole splitting with B=¢?qQ(c/E,)
=-69 mm/sec. The values of 0 and B are obtained
from an interpolation of the ®¥KrF, M&ssbauer
data, "% in which case the krypton atom is missing
0.94 (4p,) electrons. Owing to the large quadrupole
splitting these recoilless y rays will not contribute
to the central absorption line arising from neutral
8Kr* atoms. This effect may cause an apparently
lower recoilless fraction f;,. A fit of the data
shown in Fig. 4 to a quadrupole-split spectrum
characterized by the values of 8 and B given above
did not indicate the existence of such a [Kr,|* com-
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ponent, but did not exclude this possibility either,
because of the statistics of the data and the uncer-
tainty in the estimated values of 6 and B.

Because of the high mobility of electrons in rare-
gas solids, !®* most holes, however, probably re-
combine within 10™ sec with Auger electrons or with
electrons produced by inelastic collisions of the
Auger electrons with the krypton atoms. When a
recombination occurs, roughly 10 eV is released.
Since the interatomic forces in solid krypton are
very weak, this energy is sufficient to displace one
or both Kr atoms of the [Kr,]|* center from their
lattice sites. The remaining part of the released
energy will excite lattice vibrations which can yield
a local temperature increase far above the melting
point (115 K). Another contribution to the local
temperature increase arises from the energy of the
Auger electrons dissipated in the surroundings of
the 8¥Kr* atom. As a result of thermal expansion
the lattice will be locally deformed. Because of
the very weak restoring forces in solid rare gases
we assume that the inelastic deformation exists
longer that 10”7 sec. The lattice constant a, in the
deformed region is then increased on the average
with Aa, where Aa/q, will be approximately of the
order of magnitude of the relative expansion of a
Kr lattice brought from 4 K to melting tempera-
ture, i.e., Aa/ay=0.15. In this local region the
potential in which the Kr atom moves will have a
flat center of about Aaq, similar to the potentials
for light van der Waals solids like Ne, D,, H,, and
He, and for dense van der Waals gases. For such
anharmonic potentials the theory used to calculate
the recoilless fraction of the solid-krypton ab-
sorber in Refs. 8 and 9 is no longer valid. There-
fore the following model was used: The atom in
question is considered to move in a cage formed
by the nearest-neighbor atoms. The mean-square
displacement (x2) of the atom in the direction of the
emitted y ray arises then from the motion of the
atom in the cage and from the motion of the cage
itself, so that the recoilless fraction can be writ-
ten as

f=e-kz“xz)l°°*(xz Yeage) =J100 X foages

where % is the wave number of the recoilless y ray.
To simplify the calculations considerably we as-
sumed f; g0 = f1oc and evaluated f,,. for a hard-wall
potential®! using Aa/a,=0.15. The result yields
an upper limit of f because, in fact, the actual po-
tential is described better by a soft-wall potential.
The calculations yielded f, =0.6, in agreement with,
the observed result f, =0. 53.

V. CONCLUSIONS

The recoilless fraction f,(T) of ¥Kr in a solid
krypton absorber as function of temperature shows
fair agreement with theory (Fig. 3). However,
from three independent measurements the remark-
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able result has been evaluated that at 4 K the re-
coilless fraction of the solid-krypton source, f,,
is about 40% lower than that of the solid-krypton
absorber (see Table III). As pointed out in Sec.
IOIB this effect cannot be attributed to resonant
self-absorption or to poor quality of the krypton
. crystals used as source. -

As discussed in Sec IV, the 32-keV IC decay
preceding the resonant y-ray transition generates
holes in the 4p band of solid krypton which will be
trapped close to the 33Kr* atom. A hole trapped

by the ®Kr* itself gives rise to a large quadrupole
splitting and an apparently lower recoilless frac-
tion, Within our statistics no such quadrupole split-
ting was observed.

It is likely that most of the holes, because of the
very high mobility of electrons in rare-gas solids,
recombine very quickly with the Auger or other
electrons, whereby in each case an energy of about
10 eV is released. This energy is sufficient to dis-
order the lattice locally, since the van der Waals
forces between the atoms are very weak. The 3Krx*
atom in such a disordered region moves in an an-
harmonic potential. A simple model yields for that
case f,, = 0.60, in agreement with the observed re-
sult f,, =0.53+0. 06.
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APPENDIX: RESONANT SELF-ABSORPTION EFFECTS

For an 3Kr™ source of solid krypton one readily
derives® that if the %Kr atoms are homogeneously
distributed in the source, the resonant y-ray dis-
tribution can be expressed by

B(U,; rs)z(rn/rl) L('UI; rl) C(U’;ns) N (Al)
with v

Iy/T, =1 +af4,0,/0,,) 2, (a2)

LW'; T =1t (a3)
and

C('U" ) (1_e-rﬂnrmfsao,(v .I‘n)st)/ X, (A4)
where

’. — 9
o, (v'; rn)‘ﬂw . (A5)

From Egs. (Al)—(A4) it follows that for thin sources
the resonant y-ray distribution can be represented
by a Lorentz distribution L(v; I',) with natural line-
width ', as expected. In the case of thick sources,
where C(v ; ng)=(0,m,)™, the resonant y-ray dis-
tribution is given by

B'; 7y~ T/ LR

Onr@s (A 6)

This is a Lorentzian distribution with linewidth I',.
Hence, the source linewidth I'; varies from the
natural linewidth I', to a maximum I';. T as a
function of the source thickness 7, was determined
from Eq. (Al) numerically. The results are
shown in Fig. 2 for various values of the recoil-
less fraction f,.
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