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The eigenstate energies of an atom increase under spatial confinement and this effect should increase
the electron density of the orbital electrons at the nucleus thus increasing the decay rate of an electron
capturing radioactive nucleus. We have observed that the orbital electron capture rates of 1%°In and 119Sn
increased by (1.00 & 0.17)% and (0.48 £ 0.25)% respectively when implanted in the smaller Au lattice
compared to implantation in a larger Pb lattice. These observations are interpreted to be a result of the

higher compression experienced by the large radioactive atoms in the smaller spatial confinement of the

Au lattice.

© 2009 Elsevier B.V. Open access under CC BY license,

It is known from earlier work that the decay rate of the
electron-capturing ’Be changes a little bit in different environ-
ments such as in different beryllium compounds [1-5] or when
implanted in different media such as Au, graphite, Al,03, LiO, and
fullerene (Cgp), etc. [6-11]. A maximum difference of over 1% was
observed by comparing the decay rates of ’Be in these media.
These results have been qualitatively understood [12] in terms of
the electron affinity and lattice structure of the host media caus-
ing a change of the number of valence 2s electrons and hence the
electron density at the nucleus. Relative decay rates obtained using
the Tight Binding Linear Muffin-tin Orbital Method (TB-LMTO) [12,
13] and Hartree and Hartree’s calculations [14] are in reasonable
agreement [12] with the observations.

Since only s-electrons can have a significant overlap at the
nucleus and this overlap also drops rapidly for higher orbital s-
electrons, no significant change of the decay rate in different
environments was generally expected for higher atomic num-
ber electron-capturing nuclei. Norman et al. [7] searched for the
change of the decay rate of electron capturing 4°K in different
potassium compounds and did not find any effect within 1%. Iso-
meric ?*Tc decays by internal conversion of valence shell electrons
and a small change [15] (=~ 0.3%) of its decay rate was observed in
different chemical environments. However for the vast majority of
the electron-capturing nuclei, valence shell electrons do not have
any significant interaction with the nucleus.
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It was observed that the decay rate of an electron-capturing ’Be
nucleus embedded in a lattice can also be increased [16,17] by
applying external pressure. As a result of applying external pres-
sure, the lattice volume decreases and the 7Be ion is confined to
a smaller spatial volume thus increasing the eigenstate energies of
its orbital electrons and the electron density at the nucleus. Sim-
ilarly ions implanted in different lattice environments should also
experience different levels of compression affecting the electron
density at the nucleus and the corresponding electron capture rate.
However the differential compression experienced by Be in dif-
ferent lattice environments (except for very small lattices) under
normal circumstances (i.e. without the application of substantial
external pressure) is generally negligible due to the small size
of the beryllium atom (atomic radius ~ 1 Angstrom [18]) and so
the decay rate of 7Be implanted in different lattice environments
essentially depends on the available number of valence 2s elec-
trons of "Be, as discussed previously [6,12]. On the other hand, the
compressional effect of the lattice environment may not be neg-
ligible when a much bigger atom such as indium or tin (atomic
radius ~ 1.5 Angstrom [18]) is implanted. So, the electron capture
decay rates of 1%In and ''°Sn might increase in smaller lattices
such as Au and Al compared to that in a larger lattice such as Pb.
Although the lattice sizes of Au and Al are similar, Al is a slightly
smaller atom than Au and so the available octahedral and tetra-
hedral spaces are slightly smaller in an Au lattice than in an Al
lattice. Hence, the electron-capture decay rates of 1%°In and !19Sn
should be slightly faster in Au compared to Al

We report here our measurements of the half-lives of '9°In
(t1/2 ~ 4.2 hours) and "°Sn (71,2 ~ 4.2 hours) implanted in
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gold, aluminum and lead foils. '%Sn (71,2 ~ 18 minutes) and
1108 (71, ~ 4.2 hours) nuclei were produced by bombarding a
10.7 mg/cm? thick niobium foil with a 150 MeV 2°Ne beam from
the Variable Energy Cyclotron Centre, Kolkata, India. The average
20Ne beam current was about 2.5 pnA and the duration of each
irradiation was 8-10 hours. 1%°Sn (71, ~ 18 minutes) and ''%Sn
(172 &~ 4.2 hours) nuclei were produced via one proton plus three
neutron emission and one proton plus two neutron emission re-
spectively. They emerged from the niobium foil with an average ki-
netic energy of about 20-25 MeV and were implanted in a catcher
foil placed behind the niobium target. We used a 50 mg/cm? thick
gold foil, a 23 mg/cm? thick lead foil and a 6.8 mg/cm? thick alu-
minum foil as catchers. The ranges of 20-25 MeV tin or indium
ion in gold, lead and aluminum are between 3-4 pm, whereas
the range of about 80 MeV 29Ne that came out from the back of
the niobium foil was around 15-25 pm in those media. Accord-
ing to TRIM code calculations [19], the 2°Ne beam used for our
irradiation work was expected to produce little damage (= 0.01
vacancies/ion/Angstrom) in the lattice sites where the tin or in-
dium ions could stop. The estimated number of damaged lattice
sites should not be more than a few percent of the total number
of lattice sites and so the change of decay rate in different media
should be primarily determined by the properties of undamaged
lattice sites.

The amount of energy deposited by the beam in the catcher foil
was about 0.2 Watt. Considering both the radiation and conduction
losses, the corresponding temperature rise of the beam spot region
is estimated to be less than 5°C for gold and aluminum foils and
less than 50°C for the lead foil. Some loss of material from the
lead catcher foil due to the beam hitting was also observed. The
implanted indium and tin ions were expected to be in equilibrium
octahedral and tetrahedral positions of the lattice as the catcher
foils reached room temperature immediately after irradiation.

After each implantation run, the foil with the implanted ra-
dioactive ions was cooled for an hour so that all short-lived (half-
life of the order of seconds and minutes) radioactive nuclei would
decay. Then the gamma radiation from the foil was measured by
placing it in front of a four-segmented CLOVER detector manufac-
tured by Canberra-Eurisys. The details about the detector are given
in Ref. [20]. The distance from the source to the front of the detec-
tor was about 5 mm. In order to correct for the dead time of the
measurements and other systematic errors, a 89Co source (74 2~
5 years) was also placed at a fixed distance (about 30 cm) from the
detector assembly. 119Sn decays by electron capture and a 280 keV
y-ray is emitted from the daughter ''°In nucleus. °°Sn nucleus
decays to 1%9n by positron emission and electron capture with a
half-life of about 18 minutes [21]. Then the %In nucleus decays
predominantly by electron capture and a 203 keV y-ray photon
is emitted from its daughter 19°Cd. The ratio of the peak area of
the 280 keV y-ray to the sum of the peak areas of 1173 keV and
1332.5 keV y-rays of ®Co was monitored with time to determine
the half-life of implanted '1°Sn. Similarly, the ratio of peak area
of the 203 keV y-ray to the sum of the peak areas of 1173 keV
and 1332.5 keV y-rays of 0Co was monitored with time to de-
termine the half-life of 1%In. In order to allow almost complete
decay of 1%9sn to '%In (712 ~ 18 minutes [21]), we waited for
about 3 hours after irradiation to start monitoring the 203 keV
y-rays produced due to the electron capture of '®In nucleus. The
time was kept using a precision pulser whose signal was sent to a
CAMAC scaler. The counts of the scaler and four spectra from the
CLOVER detector were acquired for successive intervals of 15 min-
utes duration and then written on a computer disk. This was
followed by an automatic reset of the scalers, the erasure of the
spectra from the spectrum buffer and the start of data collection
for the next 15 minute interval. The livetime of the counting sys-
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Fig. 1. Typical y-ray spectra of sources in Au and Pb.

tem increased with time as the short-lived sources cooled down.
However the ratio of two peak areas should be independent of the
livetime of the counting system and this was verified by monitor-
ing the ratio of the peak areas of 1173 keV to 1332.5 keV y-ray
lines from ®0Co with time.

We show typical y-ray spectra from the radioactive ions im-
planted in a gold and in a lead foil in Fig. 1. We find 203 keV
and 280 keV y-ray lines from the electron captures of 1®In and
110sn and also y-ray lines from %0Co. All other y-ray lines hav-
ing intensity greater than or equal to 0.05% of the most dominant
203 keV peak have been identified. We have studied 80 y-ray
lines in each spectrum spanning the energy region from 60 keV
to 1600 keV. Apart from a few background lines, all of them came
from the reaction products (mostly '%°In, 1%Sn and '%[n) of 2°Ne
on 23Nb. None of those 80 y-ray lines has associated lines that
can contaminate our regions of interest. In the case of the alu-
minum catcher, 270 keV, 372 keV, 1158 keV and 1501 keV lines
from #4Sc, 43Sc and 44K were also seen. The only possible contami-
nation can come from the electron capture decay of '1%In, because
it has an approximately 1% y-ray branch [21] at 1334 keV that
will interfere with one of the 89Co peaks used for normalization.
Using the intensity of the 642 keV line (having a 43.8% branching
ratio) [21] from the electron capture decay of ''%In, we estimate
about 0.01% overestimation of indium and tin half-lives due to this
contamination. No other reaction product or background line can
contaminate our regions of interest. Using a Gamma-Ray catalog
[22], we also considered all known y-ray lines that can contam-
inate our regions of interest. The half-lives of those isotopes are
either too long or too short and the associated y-ray lines have not
been seen in our spectra. We finally concluded that there was no
contamination in our regions of interest that could affect our mea-
surements at the level of 0.1%. The peak areas were determined by
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Fig. 2. Exponential fits (upper panel) and residual plots (middle panel) data points
for 1%91n in Au and Pb media. Gaussian fits of residual data points are shown in the
bottom panel.

subtracting out a linear background drawn under the peak by join-
ing two points on the two sides of the peak and exponential fits
of the decay curves were performed. We find that the quality of
the exponential fits and the results were essentially independent
of the peak area determination method as long as any reasonable
method is used consistently throughout the analysis. In Fig. 2, we
show the exponential fits for the data points of '%In implanted
in Au and Pb. Each data point represents the corresponding ra-
tio of the peak area of 203 keV y-ray line from '%In to the sum
of the peak areas of 1173 keV and 1332.5 keV y-ray lines from
60Co. The uncertainties of the data points have been calculated
using counting statistics only. The corresponding reduced x? val-
ues as shown in Table 1 are somewhat larger than 1.00 indicating
that the errors of the data points have been underestimated. The
corresponding residual plots obtained by subtracting out the cal-
culated fitted points from the actual data points have been shown
in the middle panels of Fig. 2. We also show in the bottom panels
of Fig. 2 frequency plots for the two fittings. The residual values
are plotted versus the number of data points (with the statistical
uncertainty) in a specific bin around that residual value. Reason-
ably good Gaussian fits (with reduced x?2 values = 1.25 and 0.93
for 191n in Au and Pb respectively) have been obtained. These
results show that the fluctuations around zero are statistically ran-
dom, and do not show any indication of systematic errors from the
residual plots. In Fig. 3, we show the superposition of two expo-
nential fits for 1%°In in gold and lead and the divergence of the two
exponential fits after a long time. For the purpose of making the
superposition plot, the initial numbers of 1%°In nuclei in Au and
Pb were determined from the corresponding decay curves, appro-
priately normalized and the corresponding data sets of the decay
curves were multiplied by the normalization constants to obtain
the superposition plot. The statistical uncertainty of the normal-
ization constant is about 0.1%. The normalized superposition plot
shows the decay curves of '%°In implanted in Au and Pb, if the ini-

Table 1
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Half-lives of '°Sn and '%In in different media.

Nucleus Medium Reduced x? of Half-life in hours
exponential fit
10gp Au 2.11 4.1454 + 0.0062
Pb 2.08 4.1653 = 0.0085
Al 1.88 4.1559 =+ 0.0070
1091 Au 1.98 4.1427 + 0.0042
Pb 1.67 4.1844 + 0.0057
Al 2.07 4.1514 +0.0073
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Fig. 3. Superposition of exponential fits of ®In in Au and Pb. Time (minutes) is
plotted along the X-axis. The ratio of the peak area of the 203 keV y-ray to the
sum of the peak areas of 1173 keV and 1332.5 keV y-rays of 5°Co is plotted along
the Y-axis. The error bars are smaller than the sizes of the data points. The method
of normalizing the decay curves is explained in the text.

tial number of '%In nuclei would have been the same for both the
cases. From the exponential fits of Fig. 2, we obtain the difference
of the decay constants of implanted 1%°In and °Co. Then taking
the half-life of %9Co = (1925.28 + 0.14) days [23], we finally obtain
the half-lives of '%In in gold, lead and aluminum and similarly,
we also obtain the half-lives of 119Sn in different media. Both the
Au and Pb implantation runs were repeated and the half-lives of
1091 and '1%Sn in Au and Pb were re-measured. The results from
both the sets agree well within the statistical error bars. Since we
have established that the fluctuations of the data points are ran-
dom, we have increased the statistical errors associated with the
fitted half-lives by the square root of the reduced x?2 values to ac-
count for the somewhat larger values of the reduced x2. The most
likely source of the additional statistical error is the random er-
ror associated with setting a window around each peak. The final
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half-life numbers obtained by taking the weighted average of the
results from different runs are given in Table 1.

Our much higher precision values of half-lives (given in Ta-
ble 1) are in agreement with the previous measurements [24] of
half-lives of 11%Sn (712 = 4.173 £ 0.021 hours) and '%In (712 =
4.167 4 0.018 hours). As reported in Table 1, the half-lives of 1%°In
and '1%Sn in gold are shorter than those of 1%°In and 'Sn in lead
by (1.00+0.17)% and (0.48 +0.25)% respectively. Compared to the
half-lives of 1%In and ''%Sn in aluminum, the half-lives of 1%°In
and '19Sn in Au are shorter by (0.21 & 0.20)% and (0.25 % 0.22)%
respectively.

We have performed calculations using the tight binding linear
Muffin-tin orbital method (TB-LMTO) code [13]. In this code, im-
planted ions were placed at octahedral or tetrahedral positions and
density functional calculations were carried out [12,13] using rel-
ativistic Dirac wave functions. Displacements of the lattice atoms
due to an implanted ion were neglected. According to our TB-
LMTO calculations [12,13], a tin or indium atom should lose more
valence 5s electrons (about 0.5 electrons on the average) when im-
planted in Au versus Pb lattice. However the corresponding change
of electronic overlap at the nucleus (considering both direct over-
lap and change of shielding effect on inner shell electrons) is negli-
gible. Atomic orbital calculations show that the ratio of the overlap

—0)[2
of 5s to 1s wave function at r = 0 i.e Y5C=9L ~ 10-7 for tin
[¥15(r=0)|?

and indium atoms. Such small overlaps cannot account for the ob-
served effect.

However both tin and indium atoms are expected to experi-
ence higher level of compression in Au lattice compared to that in
Pb lattice. As a result of this compression, electron density at the
nucleus would increase and correspondingly the electron-capture
rate would also increase. We calculated the increase of eigenstate
energies of core electron states (up to principal quantum number
n =4) of indium and tin atoms implanted in Au and Pb. Rela-
tivistic Dirac wave functions of the core electrons were used for
this purpose. Using the NIST Atomic Reference Table for electronic
structure calculations [25], we obtained the increase of eigenstate
energies of core electron states due to the screening effect of va-
lence electrons. After subtracting out the screening effect correc-
tions, we obtained the increase of eigenstate energies of 1s, 2s, 3s
and 4s eigenstates of indium in Au versus Pb as 32.6 eV, 30.0 eV,
26.6 eV and 20 eV respectively due to the effect of compression.
Since the TB-LMTO code does not consider any change of wave
function of core electron states, so we have attempted to obtain
a zeroth order estimate of the increase of electron density at the
nucleus in the frame work of Thomas-Fermi model [26]. A quali-
tative justification for the use of Thomas-Fermi model in the case
of a compressed atom might be obtained from the recent work
by Aquino et al. [27]. We find that the decay rates of 1%In and
1105 should increase by 0.86% and 0.67% respectively in Au ver-
sus Pb. The lattice dimensions of the aluminum and gold lattices
are about the same, but the radius of an aluminum atom (atomic
radius ~ 1.25 Angstrom [18]) is slightly smaller than that of a gold
atom (atomic radius ~ 1.35 Angstrom [18]). So the available oc-
tahedral and tetrahedral spaces are slightly larger in aluminum
lattice compared to those in gold lattice resulting in slightly higher
compression for the implanted 1%In and '9Sn in Au compared to
in Al lattice. Hence the decay rate should be slightly faster in Au
lattice than in Al lattice. According to our model calculations, the
decay rate of '%In in Au should be 0.16% faster than in Al lattice
and the decay rate of 119Sn should be 0.02% faster in Au than in Al
lattice. These results are in reasonable agreement with our obser-
vations. The model has also been applied to estimate the increase
of decay rate of 7Be in beryllium oxide under the effect of 270 kbar
pressure and the calculated increase was found to be 0.89% ver-

sus the experimental result of (0.59 £ 0.06)% reported by Hensley
et al. [16]. A detailed paper on our theoretical calculations would
be published elsewhere. Recently Lee and Steinle-Neumann [28]
have calculated the change of the electron capture rate of “Be, 40K
and 22Na under the effect of external pressure. However, they un-
derpredict the experimental results of 7Be by a factor of 3-6. One
of their conclusions was that the increase of electron-capture de-
cay rate should drop rapidly for heavier atoms if the same external
pressure is applied. This result does not contradict our observa-
tions at a qualitative level, as the difference in energy between
a '%1n or 1%n jon implanted in an Au as compared to a Pb lat-
tice (inferred from the TB-LMTO code) should be much higher than
what could be achieved for a 7Be ion by applying an external pres-
sure of 270 kbar.

We have measured the change in half-life of electron-capturing
1091n and 1'9Sn nuclei implanted in different media and found
that the decay rates of 1%In and '1°Sn increase by (1.00 +0.17)%
and (0.48 £ 0.25)% respectively when implanted in the Au lattice
compared to in the Pb lattice. These observations cannot be under-
stood in terms of the change in the number of valence electrons
of indium and tin atoms implanted in different media, because
the overlap of valence electrons of indium and tin at the nucleus
(r = 0) is negligible. However because of their large sizes, both
indium and tin atoms should experience significantly higher com-
pression in the small Au lattice compared to that in the large Pb
lattice. As a result, the electron density at the nucleus and corre-
sponding electron capture rate would increase when the atom is
in the smaller Au lattice. Our zeroth order calculations also seem
to support such conclusions.
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