PHYSICAL REVIEW C 108, L011301 (2023)

Electron-capture decay rate of "Be encapsulated in a C, fullerene cage

Tsutomu Ohtsuki®,!" Riichi Kuwahara®,2" and Kaoru Ohno ®3-#
!Institute for Integrated Radiation and Nuclear Science, Kyoto University,
Asashiro-Nishi, Kumatori-cho, Sennan-gun, Osaka 590-0494, Japan
2Dassault Systemes K. K., ThinkPark Tower, 2-1-1 Osaki, Shinagawa-ku, Tokyo 141-6020, Japan
3Department of Physics, Yokohama National University, 79-5 Tokiwadai, Hodogaya-ku, Yokohama 240-8501, Japan

® (Received 14 February 2023; accepted 22 May 2023; published 5 July 2023)

The decay rate of "Be electron capture in C;, and Be metal was measured employing a reference method. The
half-life (7;,,) of "Be endohedral C;y ("TBe@Cs5) was found to be T} ;2 =52.49 4+ 0.04 d at room temperature
(T =293 K) and 71/, = 52.42 £ 0.04 d at liquid helium temperature (T = 5 K). Furthermore, the T}/, of "Be
in Be metal was T}/, = 53.25 £ 0.04 d at room temperature (7 = 293 K) and T}, = 53.39 £ 0.03 d at liquid
helium temperature (T = 5 K). These values for 'Be@C at T = 5 K are approximately 1.6%(1.8%) smaller
than those for ’Be in Be metal at 7 = 293 K (T = 5 K), indicating the difference in the electron wave functions
for "Be inside C;9 and "Be in Cyy and Be metal. The average charge transfer from the L(2s) electrons of the "Be
atom influences such variations in the decay constant (A = 1In2/T},,) in the environment. The experimental and
theoretical investigations revealed that the change in the EC-decay rate of "Be could be largely related to the
potential configurations and the environment inside Cgy and/or Cy, cages. The motion of "Be inside cages was

found to be restricted according to temperature.
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More than 70 years ago, Segre, Daudel, Kraushaar et al.
independently suggested that the decay constant (1) of certain
radioactive nuclides may be altered by varying the electron
density [p(0)] in the vicinity of the nucleus [1-4]. Since then,
several groups have experimentally investigated variations in
A (namely, T/, which is related to A as Tj, =In2/A) in
electron capture (EC) and/or internal conversion (IC) under
different chemical and physical environments to observe its
effects. The most frequently used nuclides for such studies
were 'Be (and/or 9mTe), and summaries of earlier studies on
orbital electron capture decay (EC-decay) were provided by
Emery [5]. The A of EC-decay can be proportional to electron
density [p(0)] at the nucleus site a 'Be atom.

Experimentally determining the EC-decay rate of ’Be
compounds remains challenging. Several observations of vari-
ations in 71/, for different chemical forms [6-9], pressures
[8,10-12], and host metals [13-20] have been reported. From
earlier data, the 7Tj, of "Be as a function of different chemical
forms and/or host materials has been limited to approximately
0.2% and more in some cases (even though some reports
found a difference of at most 1% [11,14]). Therefore, further
precise measurements are still needed to obtain the absolute
EC-decay rate under different chemical and/or physical cir-
cumstances.

Our previous study reported that several atoms can create
substitutional and/or endohedral fullerenes (Cgy and/or Cyg).
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Herein, we realized the formation of endohedral fullerenes via
the nuclear recoil of several foreign atoms following nuclear
reactions [21-25].

In particular, we measured the 77/, of "Be when it is en-
capsulated in a Cgy cage ('Be@Cygy) with 'Be in Be metal
as a reference. We observed large variations in A in "Be
inside the Cg [26,27]. This implied that the "Be atoms are
in a unique environment inside Cgy cage. Subsequently, we
provided certain theoretical interpretations [27,28]. According
to this study, the "Be atom is the most stable and p(0) is
the highest at the center of a Cgy. However, the "Be atom
becomes slightly less stable and p(0) decreases by 2% under
the five-membered rings. Therefore, the "Be atom is frozen at
the center of Cgp with a higher EC-decay rate at a controlled
low temperature, whereas it undergoes rachet or tumbling
motion inside Cgp with a lower EC-decay rate at a fixed room
temperature.

Recently, several studies have further expanded the theo-
retical estimations of the EC-decay rate of 'Be encapsulated
in Cgo and/or Cyg [29-32]. Because of the potential configura-
tions and/or dynamical motions of a foreign atom inside Cg
and Cy( and the larger size of fullerenes [33—37], the electron
contact density [0(0)] on the "Be nuclei can be significantly
affected by the electron environment of Cgy, C7, etc. There-
fore, comparisons of the Tj, of "Be inside Cgy and Cyg are an
intriguing research prospect.

In this study, we demonstrate the change in the EC-decay
rate of "Be inside Cy at room (7 = 293 K) and liquid He
(T =5 K) temperatures. Furthermore, based on the Cgy and
C;0 cage dependence for the EC-decay rate, first-principle
calculations were performed using DMol? [38,39], which uses
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FIG. 1. HPLC elution curves of the soluble portion of the crude
extract in the proton-irradiated sample of “Li and Cyy. Here, the
"Li(p, n) "Be reaction leads to "Be production. The vertical axis
indicates the 478 keV y-ray radioactivities (cps) of 'Be in each
fraction (solid circles) and absorbance of the UV chromatogram of
Cy0 (in arb. unit). The first peak (10-13 min) was collected for the
measurement.

numerical localized orbitals. Atom endohedral C;9 can be
produced by inserting foreign atoms into pre-existing C7o. The
proton-irradiated sample of "Li with Cyq results in the produc-
tion of "Be. We produced such endohedral C7y ("Be@Cr)
via nuclear recoil implantation [40] (and, e.g., for Cgy [26]).
After irradiation, we performed a high performance liquid
chromatography (HPLC) process to separate 'Be@Cyy with
5 PPB columns. For better understanding, the HPLC elution
curves and the "Be radioactivities of the soluble portion of
the crude extracted are shown in Fig. 1. The vertical axis
shows the 478 keV y-ray radioactivities in counts/s (cps)
of "Be in each fraction (solid circles) and the absorbance of
the UV-chromatogram of C;y (solid curve). The statistical
errors of the y-ray radioactivities (cps) were within the solid
circles. To obtain a measurement sample, the solution that
corresponded to a Cyq fraction was evaporated, and finally, the
C70 sample containing "Be@C5, was converted into a solid
tablet by evaporation and press procedures. Subsequently, the
endohedral C7o ("Be@C5,) was confirmed by measurement of
the 478 keV y rays of "Be.

Herein, we realized the insertion process based on ex-
perimental and theoretical studies. An ab initio molecular
dynamic simulation was performed to demonstrate the fea-
sibility of a direct insertion process. The Be ion easily
penetrates the cage through the center of the six-membered
ring, and it passes deep into the C;9 ion and returns to a
stable position where it is trapped inside the cage [40]. Other
advanced and recent discussions are presented below.
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FIG. 2. Typical y-ray spectra of 'Be for (a) 'Be@Cypat T = 5K
and (b) "Be in Be metal at T = 293 K. The expanded scale around
E, = 478 keV is shown in (a).

For the reference sample, the production of 'Be in Be
metal also involved several different procedures. The "Be
isotope was produced in the Be(y, 2n) ’Be reaction in sta-
ble Be metal (tablet with diameter and thickness of 10
and 0.3 mm, respectively) through bremsstrahlung irradiation
(with 50 MeV electrons) via an electron linear accelerator
(LINAC, Tohoku University), as described in [26]. Subse-
quently, we used a reference method to measure the 7;,, of
"Be in C79 ("Be@C+) and that of "Be in Be metal.

We measured the condition at a fixed room temperature
(T =293 K using a high-performance air-conditioner in the
measurement) and at He temperature (7 = 5 K using a cryo-
stat device). To measure the Tj; at T =5 K, the "Be@C,
sample was placed on top of a He closed-cycle cryostat.
The two samples, "Be@C (fastened in the cryostat) and "Be
in Be metal, were placed in a computer-controlled sample
changer that moved the samples precisely in front of a y-ray
(HPGe) detector every 6 h (including 120 s for the sample
moving time and the dead time of the measurement system).
In the system, the time of the computer’s internal clock was
exactly and constantly calibrated by a time-standard signal
every 10 min distributed via a long-wave radio center in Japan
[26,27]. The dead time in the data acquisition system was less
than 15 s for each run.

Therefore, uncertainty due to the dead time was less than
0.04%. This arrangement (reference method for each of the
two samples) allowed the consistent measurement of the EC-
decay rate of the two samples while reducing systematic
errors. The 478 keV y-ray radioactivities emanating from the
"Be were stably measured over 200 consecutive days

Typical two y-ray spectra obtained for the ’Be@Cy, at
T =5 K and "Be in Be metal at 7 = 293 K are shown in
Figs. 2(a) and 2(b), respectively. The expected line at E, =
478 keV and a natural background line at E, = 1461 keV
can be observed as two giant peaks. No peak was observed
at £, = 478 keV in the absence of "Be sources. However, a
relatively large peak, >*Mn produced by the (y, n) reaction
from the impurity of ¥Mn inside Be metal, was observed
in "Be in Be metal [Fig. 2(b)]. The radioactivities associated
with the decay of "Be (E, =478 keV) can be uniquely an-
alyzed through the identification of characteristic y rays. A
direct summation method was used to obtain the peak area
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FIG. 3. Exponential decay curves (cps) of 'Be in the samples
of ' Be@Cy at T =5 K and "Be in Be metal at 7 = 293 K. The
figure on the right corresponds to the decay intervals of 150-210 d
and is displayed with an expanded scale.

(E, =478 keV). The background was removed using a
straight line between the average counting number/channel
on both sides of the peak.

Figure 3 shows two exponential decay curves of the 'Be
radioactivities for samples of 'Be@Cyg at T = 5 K and "Be in
Be metal at T = 293 K plotted against time (d). To compare
the decay curves in Fig. 3, the data for the "Be@C5, were
normalized to those for 'Be in Be metal at Time = 0 (though
the cps in both samples was approximately the same). Thus,
the two decay curves can be compared under an exactly equal
degree in the cps as vertical axis in Fig. 3. The red circle
and blue crosses represent the radioactivities of the cps for
the samples of 'Be@Cy at T = 5 K and "Be in Be metal at
T =293 K. This difference in T, is sufficiently large and
visually discernible, even when the data are shown on the
extended scale of the panel on the right in Fig. 3.

The decay constants for the two samples were obtained
by fitting a logarithmic function of the measured data points
using the MINUIT program. The statistical errors associated
with each data point were considered in this program. Here,
the statistical errors in each red circle and the blue cross points
were significantly small for dominant uncertainty. The uncer-
tainty of our measurement corresponds to the uncertainty of
the slope of the straight line fitted to the logarithm of the cps
of the decay spectrum. The reduced y-square values of the ex-
ponential fits are between 0.90 and 1.12; these values express
the best fit for the precision. Uncertainty due to the dead time
was estimated to be less than 0.04%, and the systematic error
in the measurements was estimated to be less than half of the
statistical error quoted above [26,27].

The measurements were performed twice for each sample
at room (7T =293 K) and He (T =5 K) temperatures for
"Be@Cyy using the sample of 'Be in Be metal at T = 293 K
and T = 5 K temperatures, respectively. The results are sum-
marized in Fig. 4 (as the mean values) along with data points
from previous studies for the "Be@Cg as shown by the full
circle (black) and the open circle [26,27]. In the figure, the
full circles (red and green) indicate the 77/, obtained for the
"Be@Cry samples (T =293 K and T = 5 K, respectively)
and the crosses and square (blue) represent that for the 'Be
in Be metal (7' = 293 K and 7' = 5 K), respectively, in Fig. 4.
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FIG. 4. T,/, measured in this period are plotted as closed colored
circles (red for "Be@Cyy at T =293 K and green at T =5 K).
The measurement was performed twice for each sample, at room
(T =293 K) and He (T =5 K) temperatures, for both "Be@C,
and "Be@Cy using the "Be sample in Be metal at T = 293 K. The
crosses represent the 7;,, used as the reference samples of "Be in
Be metal at room (T = 293 K). The square (blue) represents the 77,
of "Be in Be metal at He temperature (T = 5 K) with the reference
samples of "Be in Be metal at 7 = 293 K. All symbols show the
mean values.

In this study, the average T;,, for the samples of "Be@C,
at T =293 Kand T =5 K were 11 = 52.49 £ 0.04 d and
52.42 +0.04 d, respectively. Furthermore, we obtained the
average Ti/, of "Be for the reference samples inside Be metal
as Tip =53.25+0.04d (at 7T =293 K)and 77, = 53.39 +
0.03 d (at T = 5 K). The Tj, obtained for 'Be in "Be@Cjy,
Tijp =5242+£0.04 d (T = 5 K), was approximately 1.6%
(1.8%) smaller than that for the "Be in the Be metal sam-
ple at T = 293 K (5 K), where the percentage difference is
defined by 100 x [(A(Be metal)-1(C7))/A(Be metal)]. (Here,
the relation between the Ti,, and A is presented above.) The
Ti/> measured for "Be@Cqy at T =293 K and 5 K were
Ty = 52.65 £0.04 d and 52.47 4+ 0.04 d, respectively, and
approximately 1.1% and 1.5% smaller than those for the 'Be
in the Be metal sample (T = 293 K). However, for 'Be@Cy,
at T =293 and 5 K, T =52.494+0.04 d and 52.42 &+
0.04 d, respectively. In this study, the difference in the T/,
for 'Be@Cyp at T =293 K and T = 5 K were considerably
smaller than those for "Be@Cg, as shown in Fig. 4.

The relative differences could be strongly related to the
potential configuration when the "Be remains inside the Cgo
and/or C;y cages, called the size effect between Cgp and
C79. Furthermore, in terms of the differences for the same
cages, Cgo and/or C79, at T = 293 K (and T = 5 K), inside
these Cgp and Cyg cages, the Be atoms undergo a dynamical
ratchet and/or tumbling motion [33-37], which may affect
the contact electron density [p(0)] at the "Be nucleus. Several
factors may contribute to creating this unique environment, for
example, several  electrons of C7o and the special dynamic
conditions of the electrons inside the C7y cage.

As the EC-decay rate is proportional to the electron density
[p(0)] at the Be nucleus, we performed first-principles calcu-
lations using DMol? [38,39], wherein the numerical localized
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FIG. 5. Contour maps of (a) the relative total energy AE and
(b) the electron density at the Be nucleus p(0) on the XY plane
inside Cyg.

orbitals were used. The double-numeric quality basis set
with polarization functions (DNP) and the BLYP exchange-
correlation functional were used as in our previous studies
[27,28,41]. The calculations were performed at 8942 points
on 0.05 A fine grids in the XY and YZ planes, where the
X and Y coordinates are the longer and shorter molecular
axes going through the center of a six-membered ring at the
equator, respectively. The Z coordinate is perpendicular to
these axes. The most stable point was the center (0,0,0) of
Cy as expected from a previous calculation [30]. The relative
total energy AE and electron density [0 (0)] are shown on the
XY plane in Fig. 5. The spin magnetic moment M was 0 ug
(2 up) inside (outside) the dashed line. The values of AFE,
M, and p(0) at certain typical points (numbered on Fig. 5)
are listed in Table I. The metastable point was located at
0, 1.95 f\, 0) (No. 2) just below the center of a six-membered
ring on the equator perpendicular to the longer molecular
axis. However, the energy difference from the C;( center was
0.360 eV, which is greater than 0.068 eV for Cgy [27,28].
Moreover, as listed in Table I, the electron density at the Be
nucleus, when it is located at the metastable position close
to the cage surface, is 1.8% smaller than that at the center
of C79 and Cgp. This explains our experimental evidence that
the T/, does not change significantly at the liquid helium and

TABLEI. Position [No. in Fig. 5 and X, Y coordinates on the XY
(Z = 0) plane], relative total energy AE (eV), magnetic moment M
(up), and the electron density at the Be nucleus, p(0) (e~ /ag).

No. X(@A) Y(@A) AE@EV) Mw) p0)(e /ag®)
1 0.00 0.00 0.000 0 35.990
2 0.00 1.95 0.360 2 35.330
3 1.45 1.65 0.377 2 35314
4 0.95 —1.85 0.465 2 35.325
5 2.50 0.00 0.613 2 35.336
6 1.15 0.00 0.393 0 36.007
center of Cg — 0 36.016
under 5-mem. ring of Cg 0.068 2 35.287

room temperatures. This characteristic is evidently different
from Be@Cg), which showed significant temperature depen-
dence [27,28]. The electron density [p(0)] was the highest
at (1.15 A, 0, 0) (No. 6) and second highest at (0,0,0), which
was slightly lower than that of Be@Cg [27,28], although the
difference was very small. This is consistent with the exper-
imental evidence that the 77/, of "Be@Cy is close to that
of "Be@Cgy at T = 5 K when "Be is frozen at the center of
Ceo- In other explanation, first-principles calculations showed
that "Be can enter the metastable position of Cgy at room
temperature but cannot enter the metastable position of Cyg
owing to the difference in potential configuration. Therefore,
the results for the Ty, of "Be@Cqy at T =293 K and 5 K
agree within the uncertainties, while that for C¢p at T = 293 K
and 5 K appears larger.

Recently, Bibikov et al. reported the AE curves along the
X, Y, and Z axes using MP2 calculations [30]. Despite the lack
of metastable position inside Cy in the curves, their result
can explain our experimental conclusion that the 7;,, does
not change significantly at 5 K and 293 K. Moreover, their
result indicates that Be@Cgg has a slightly higher p(0) than
Be@C5, which concurs with our BLYP result.

Furthermore, it is interesting to note that electron-phonon
couplings are larger in Cg than in Cy¢ [42,43], and they may
play arole in determining the EC-decay rate. This question re-
mains to be understood both theoretically and experimentally.

In this study, the 77 > (EC-decay rate of "Be) of the samples
of "Be@Cy, and 'Be@Cy, and the 'Be in Be metal, were
experimentally compared. Here, the 2s electrons of 'Be in Cy
can be restricted to the Be atom at T =5 K (even at T =
293 K including dynamical and/or static motion) [27,28]. For
"Be@Cy, although the Be atom does not visit the metastable
positions (Nos. 2-6) owing to their high AE, there is no
metastable position inside Cy. However, we found that the
electron density [p(0)] was the highest at 1.15 A in the longer
axis [second highest at center as shown in Fig. 5(b)], which is
slightly lower than that of Be @Cg case [27,28]. These results
can also explain our experimental conclusions regarding the
Ti/> minimal change at 5 and 293 K, where, the dynamical
and/or static motion are not conceivably important because
of the size of the Cyy cage. Furthermore, these values for
"Be@Cyg at T = 5 K are approximately 1.6%(1.8%) smaller
than those for 'Be in Be metal at 7 =293 K (T = 5 K).
The Ti,> of 'Be in Be metal was Tj), = 53.25+£0.04 d at
T=293Kand 71/, =5339+0.03d at T =5 K. We are
still considering the difference between at T = 293 and 5 K
in Be metal, which is at most around 0.26%, but is clearly
different [44].

The magnitude of the average charge transfer from 2s
electrons of the "Be atom, e.g., the L capture, can play an
important role in such a large variation in the EC-decay rate of
"Be [28,45,46]. The mechanism indicates that increasing the
electron density [p(0)] at the nucleus increases the EC-decay
rate (shortens the 77 ,,). Although Be is an alkaline earth metal,
which is usually used (preferred) in the Be?* state, the charge
state of Be atom inside Cyy (and/or Cgy) can be approxi-
mately near the neutrality form. The electronic shield effect
is substantially influenced by the potential configuration of
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the continuous neutral charge state inside C7g (and/or Cgp). In
contrast, the reported values for 77/, are approximately 53.12
and/or 53.22 d (see Table of Isotopes [47], NUBASE2020
[48]), owing to the valence number of near Be’* caused by
chemical bond and/or metallic (crystallized) state in realistic
materials.

Finally, we found that the Tj,, of 'Be inside Cyy was
considerably smaller than that reported in any previous study
for different environments, material, and/or pressure, imply-
ing that the "Be atoms are within a unique environment.
Even an extreme pressure and/or a continuous change in
the charge state under specific environments (involving fur-
ther complicated experimental processes) may change the
EC-decay rate by a certain magnitude. However, our limited
observed effects could still significantly raise the magnitude
of parameters achievable in laboratories. Furthermore, the
results of this study, the physical and/or chemical properties
of the radionuclide-encapsulating fullerenes, are expected to
promote research in related fields.

In conclusion, this study measured the 77/, of "Be alter-
nately using a reference method, one for "Be encapsulated in
Cqo and the other for "Be incorporated in Be metal. An HPGe
detector accepting a standard-time radio signal was used to
perform the measurements. We found that the Tj,, of "Be
inside Cy9 were Ty, =52.494+0.04 d and 52.42£0.04 d

at T =293 and 5 K, respectively. Furthermore, the 77/, of
"Be in Be metal was Tip=5325+£004dat T =293 K
(and Ty, =53.39£0.03 d at T =5 K). This difference of
1.4% (1.8%) in the EC-decay rate between the host of Cyq
and Be metal at 7 =293 K (T = 5 K) indicates different
electronic wave functions [the electron density (p(0)] inside
each material. The "Be EC-decay rate inside C7o exhibited
a unique environmental effect. We performed first-principles
calculations using DMol®, employing numerical localized or-
bitals. As no metastable site was visited inside Cyq, their
results can explain our observed minimal change in 7;,, at
T =5 K and 293 K for 'Be@Cy, which is clearly different
for "Be@Cg. The change in T} ,2in "Be was related to the po-
tential configuration and environment inside fullerene cages.
The motion of "Be inside the cages was restricted according
to the temperature, which has not been observed in previous
studies.
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