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1.  Introduction

In nuclear β-decay and in the closely related process of elec-
tron-capture(EC), the decay curve is an exponential function 
versus time with a constant decay rate.  The decay rate from 
any parent state, usually the nuclear ground state, to any final 
daughter state is proportional to the product of a nuclear matrix 
element and factors related to the phase-space available to the 
neutrino and electron and to the overlap between the initial 
electron and final nuclear wave functions.  As first suggested 
by Segrē et al,1-3 environmental factors such as the chemical 
form and pressure, among others, may alter the electron contact 
densities in the nucleus and thus affect the EC decay rates.  In 
this regard, the nucleus of 7Be is a good candidate to look for 
such variations in environmental factors because of its simple 
electronic structure, 1s22s2, in the EC decay nucleus.4-9 

A long-standing challenge has been to establish the degree 
to which manipulation of these environmental factors can in 
practice change nuclear decay rates in experiments to deter-
mine the decay rate of 7Be compounds.  In addition, there have 
been several observations of variations in the half-life with host 
metals,10-19 chemical forms,20-23 and pressure.24-26 For example, 
we introduce, in Figures 1 and 2, the variations of the half-life 
in chemical form and pressure were presented by Jolidge et al21 
in 1970 and Hensley et al24 in 1973.  From the early data, the 
half-life variations of 7Be as a function of different chemical 

forms and host materials have been limited almost to within 
0.2%, (and even under high pressure up to 270 kbar, to within 
0.59%24).  Other summaries of the early studies in the EC 
decay are also given by Emery.27 In recent studies, however, 
large variations have been observed as a function of different 
chemical forms and pressures.16, 20, 25 Therefore, a precise mea-
surement is still needed to obtain the absolute decay rate in dif-
ferent circumstances.

After the discovery of C60 and the subsequent successful 
production of several kinds of fullerenes,28, 29 endohedral fuller-
enes which have one or more atoms inside the C60, C70, C82 
cages etc. currently have attracted great interest.30,31  If their 
mass production becomes possible, they would have many 
interesting applications such as stable molecular devices in 
nano-meter scales and/or as functionalized materials in many 
fields.  Although endohedral complexes can be created simul-
taneously as well as ordinary fullerenes by using arc-discharge 
vaporization of composite rods made of graphite and metal 
compounds, the production rate of endohedral C60 is quite low 
compared to ordinary C60.  An alternative way of producing 
endohedral C60 is to insert foreign atoms into the cage of the 
preexisting C60 afterwards.32-34 We have examined the forma-
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Figure 1.  Differences of electron densities at the Be nucleus in vari-
ous compounds (BeZ) of Be.  The difference of horizontal value in 
units of 10–4 ×|ϕ0|2Be.
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Figure 2.  Pressure dependence of the half-life in the chemical form 
of 7BeO.  The half-life of 7Be in 7BeO at 1 kbar (normal pressure) 
corresponds to 53.41 days.  Open circles are the data presented by 
Hensley et al.24 and a closed square is by Gogarty.26
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tion of endohedral fullerenes by a nuclear recoil implantation 
of several foreign atoms following nuclear reactions.35-39 We 
found that the 7Be atom can be endohedrally doped to create 
the 7Be endohedral C60 (7Be@C60).36

Because of the unique chemical form of C60 and/or several 
factors contributing to this environment; many π electrons of 
C60, and special dynamic motions inside C60 etc,40-42 the elec-
tron contact density on the 7Be nuclei can be affected signifi-
cantly by the electron environment of C60.  Therefore, it is 
intriguing to measure the half-life of the 7Be inside C60; "how 
does the EC decay rate of 7Be change inside the C60 cage rela-
tive to other situations?" We compared the half-life of 7Be 
when it is encapsulated in a C60 cage to that in Be metal as a 
reference.  In order to accurately calibrate our time measure-
ments we relied on a standard clock time radio signal.  We 
found a surprisingly shorter half-life of 7Be inside C60.43 This 
fact implied that the 7Be atoms are located in a unique environ-
ment inside C60.

2.  Experimental procedures and simulation

2.1.  Preparation of 7Be@C60.  A nuclear recoil implanta-
tion technique was used to produce 7Be@C60.  Purified fuller-
ene (C60) and Li2CO3 were used in powder form.  The grain 
size of the material was smaller than 100 mesh(20µm) for 
Li2CO3.  Fullerene C60 was carefully mixed with Li2CO3(weight 
ratio=1:1) in an agate mortar, and a few mL of carbon disulfide 
(CS2) was added.  After the mixture dried, about 100 mg of the 
mixed sample was pressed into a tablet and wrapped in a pure 
aluminum foil of 10 µm in thickness for irradiation.  Proton 
irradiation with a beam energy of 16 or 18 MeV was performed 
at the Cyclotron and Radioisotope Center, Tohoku University.  
The beam current was typically 3 µA and the irradiation time 
was about 24 hours.  The sample was cooled with a He-gas 
during irradiation.  The 7Li(p,n)7Be reaction leads to the pro-
duction of 7Be.  After the kinetic energy of 7Be has decreased 
in the sample (target) to an appropriate value, it then penetrates 
into the C60 cage to produce the endohedral fullerene (a nuclear 
recoil implantation, the detailed mechanism of which is shown 
in Figure 3).

After irradiation, the sample was left for a few days to allow 
several kinds of short-lived radioactive by-products to decay.  
The sample was dissolved in o-dichrolobenzene and filtered 
through a millipore filter(pore size=0.2 µm) to remove insolu-
ble materials.  The soluble portion was injected into a high per-
formance liquid chromatography(HPLC) device equipped with 
a 5PBB (Cosmosil) (silica-bonded with a pentabromobenzyl 
group) column of 10 mm in inner diameter and 250 mm in 
length at a flow rate of 2 or 3 mL/min.  To confirm the pres-

ence of fullerenes and their derivatives, a UV detector was 
installed with a wavelength of 290 nm.  In order to prepare the 
sample of 7Be@C60, eluent fractions were collected for 30 s 
intervals (0–30, 30–60, 60–90, ... s), and the 478 keV γ-ray 
activities emanating from the 7Be of each fraction were mea-
sured with a γ-ray detector for confirmation of the 7Be inside 
the C60 fraction.  The eluent behavior is shown in Figure 4 and 
the solid circles in the figure show the results of the γ-ray mea-
surements for each fraction.  The horizontal axis represents the 
retention time (in min), which corresponds to each fraction col-
lected at 30 s intervals, after injection into the HPLC.  The ver-
tical axis represents the counting rates of the 478 keV γ-ray 
from 7Be.  One strong peak of 7Be-radioactivity was observed 
in the retention of 8.5–10 min.  Radioactivities of 7Be on the 
fraction were estimated to be of the magnitude of 20–30 Bq/
mg.  The solid curve in Figure 4 indicates the absorbance mon-
itored by a UV detector for the dissolved sample.  A strong 
peak was also observed in the elution curve, though the rela-
tively smaller peaks were also seen in 10–16 min.  This peak 
position corresponds to the retention time of C60 which was 
confirmed by the calibration run using the C60 sample before 
the irradiation.  Furthermore the second and third peaks were 
also attributed to C60 dimers and trimers, respectively, pro-
duced by coalescence reactions.

It was noted that the peak position of 7Be (solid circles) 
exactly coincided with the UV chromatograph of C60.  From 
the correlation of the elution behavior between the UV chro-
matogram and the radioactivities of the 7Be atoms, we found 
that the atom-doped fullerene, 7Be@C60, was indeed produced 
by nuclear recoil implantation.  In order to obtain a measure-
ment sample, the solution which corresponded to a C60 fraction 
was evaporated, and finally the C60 sample containing 7Be@C60 
was converted to a solid tablet by press. 

2.2.  Simulation of 7Be@C60.  In order to check the implan-
tation procedure, an ab initio molecular dynamics (MD) simu-
lation, based on all-electron mixed-basis approach with the 
framework of the local density approximation, was carried out 
for collision between the 7Be atom and C60 cage.44,45 We put one 
C60 molecule and one Be atom in a supercell with zero and 5 
eV initial kinetic energies for C60 and Be, respectively.  The 
wave functions were expanded by 300 Slater-type atomic orbit-

Figure 3.  Schematic view of production mechanism for radioactive 
fullerenes.  7Be nuclide is produced by (p,n) reaction, and its kinetic 
energy of 7Be is reduced in the sample to a magnitude which is appro-
priate for the fusion. Finally, 7Be hits the C60 cages and stops in the 
cages.

UV Chromatogram (arb. unit)

Radioactivities of 7Be

Figure 4.  HPLC elution curves of the soluble portion of the crude 
extracted in the proton-irradiated sample of 7Li and C60.  The vertical 
axis indicates the radioactivities of 7Be in each fraction (solid circles) 
and absorbance of the UV chromatogram of C60.
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als and 2969 plane waves.  The supercell was divided into 
64×64×64 meshes with 2.7 meshes corresponding to 1 
a.u.=0.5918 Å.  We performed six steepest-descent iterations 
between two adjacent updates of atomic positions in order to 
converge the electronic states, and choose δt=4 a.u.~0.1 fs as 
the basic time step.  For rescaling velocity and assuming a 
Fermi-Dirac distribution of electronic states, the simulation 
temperature of the whole system was set to be T=1000 K.  In 
the case where a Be atom with 5 eV kinetic energy hits the cen-
ter of a six-membered ring of C60 perpendicularly, we found 
that the Be atom easily penetrated into the cage through the 
center of the six-membered ring.  It was trapped at 1.0 Å depth 
from the center of the same six-membered ring toward the cage 
center; see Figure 5.  The reason why the insertion proceeded 
very easily is that the ionic radius of the Be atom is 0.45 Å, 
much smaller than the radius of the hole of a six-membered 
ring.  If a Be atom with the same kinetic energy hits a C-C 
bond of a C60 atom, the bombardment gives a considerable 
shock and deformation to the C60 cage.  If a Be atom with 
higher kinetic energy, e.g. 100 eV, hits a C60 molecule at any 
location, we found that the C60 cage was damaged considerably.  
These results suggest the following scenario of the present 
experiment: Many C60 cages are destroyed before the 7Be atoms 
have lost their kinetic energies during the recoil process in the 
sample, and once sufficiently low kinetic energies are reached, 
the insertion process 7Be + C60 → 7Be@C60 occurs.  The snap-
shots of the simulation are shown in Figure 5. 

2.3. Preparation of Be metal (7Be).  The EC decay rate of 
the 7Be nucleus inside the Be metal (Be metal (7Be)) have never 
been surveyed to date.  Therefore, it would be interesting to 
measure the decay rate in the Be metal (uniform lattice struc-
ture, (hcp).  In the present study, we measured the half-life of 
7Be inside Be metal (7Be) for reference use compared to that of 
the 7Be@C60 sample.  Be metal (10 mm in diameter and 0.3 
mm in thickness) was utilized to produce 7Be uniformly in a 
Be metal.  After being washed with a diluted HCl solution, the 
Be metal was sealed in a quartz tube (vacuum packed) 12 mm 
in diameter to be used as a target.  Irradiation with a brems-
strahlung (50 MeV electrons) was carried out by the electron 
linear accelerator, Laboratory of Nuclear Science, Tohoku 
University.  The sample in a quartz tube was set in the middle 
path of a sweep magnet placed on the axis of the electron beam.  
A platinum plate converter with a thickness of 2 mm was set in 
front of the sweep magnet in order to generate the bremsstrah-
lung.  Then the sample was irradiated only by the bremsstrah-
lung in such a way that all the electrons were removed by the 

magnetic field.  Therefore, damage to the lattice of the Be 
metal was confined to a minimum.  The experimental setup for 
the irradiation procedure is shown in Figure 6.  The 7Be can be 
produced uniformly by the 9Be(γ, 2n) 7Be reaction in the Be 
metal.  After the irradiation, the sample (Be metal (7Be)) was 
baked in an electric oven with vacuum packing at 1150 °C (the 
melting point of Be metal is 1278 °C) for over one hour to 
recover a lattice defect caused by the (γ, 2n) reaction.  Finally, 
the Be metal (7Be) was washed again with a diluted HCl solu-
tion to clean the surface.

2.4.  γ-Ray measurement by the reference method.  We 
developed a reference method to measure the half-life of 7Be 
inside C60 and that in the Be metal.  The system is shown in 
Figure 7.  This allowed the decay rates of the two samples to be 
measured in a comparable way.  Two samples of the 7Be@C60 
and the Be metal (7Be) were placed on top of two arms of an 
automated sample changer, which moved the samples horizon-
tally in front of a γ-ray detector. 

The 7Be decays directly to a 3/2– ground state of 7Li with a 
branching of 89.6%; it goes with a branching of 10.4% to a first 

Figure 5.  Time-ordered snapshots of a simulation,36 where Be atom 
hits with 5 eV kinetic energy the center of a six-membered ring of 
C60.  In this case, 7Be@C60 is created.
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Figure 6.  Setup for the irradiation of a Be metal using the electron 
linear accelerator at Tohoku University.
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changer. Two samples, 7Be@C60 and Be metal (7Be), were placed on 
top of two arms of an automated sample changer, which moved the 
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excited state of 7Li(1/2– at 478 keV), which decays by γ-ray 
emission to the ground state.46 Therefore, the activities associ-
ated with 7Be, in particular the 478 keV γ-rays emanating from 
the EC-decay daughter of 7Be, were measured with a high-
purity germanium (HPGe) detector (∆EFWHM is 1.8 keV at 1332 
keV of 60Co and 50% relative efficiency) coupled to a 2048- 
and/or 4096-channel pulse-height analyzer.  The excellent 
energy resolution of the HPGe detector resulted in a good sig-
nal-to-noise ratio.  The background was reduced by a lead 
shield.  Therefore, the background peaks do not impair the 
determination of the half-life of 7Be in the present experiment.  
The radioactivities associated with the decay of 7Be could be 
uniquely detected through the identification of its characteristic 
γ-rays, and all other sources could be ruled out.

We exactly set the measurement duration for one data point 
to 21600 s (6 hours), (exactly 21480 s for the live measurement 
time and 120 s for the dead time of the measurement system 
plus the sample exchange time and the waiting time to the next 
step).  This procedure was repeated more than 300 times (over 
150 days).  Total measuring time was more than 150 days, 
which is almost three half-lives of 7Be.  The internal clock time 
of a computer for data acquisition was always calibrated by a 
time-standard signal distributed via a long-wave radio center in 
Japan (i.e. the starting time for each run was correlated to a 
time distributed publicly).  Therefore, the uncertainty in the 
time measurements is negligibly small.  The system was com-
pletely controlled by a computer to obtain precise measurement 
positions.

The reproducibility of each position was determined to be 
within 0.05 mm.  Systematic errors were reduced by using the 
Be metal(7Be) as a reference.  To keep the constancy of a geo-
metrical factor between the sources and the γ-ray detector, the 
temperature was kept at 20 °C by air conditioner during the 
measurement. 

3.  Results and Discussion 

A typical γ-ray spectrum obtained in a measurement of 
7Be@C60 decay as a function in keV is shown in Figure 8.  The 
expected γ line at Eγ=478 keV and a natural background line at 
Eγ =1461 keV can be seen as two giant peaks.  No peak was 
seen at around Eγ =478 keV when the 7Be sources were absent.  
A direct summation method, which is normally used for a neu-
tron activation analysis etc, was applied to obtain the peak area 
(Eγ =478 keV).  The background was subtracted by a straight 
line between the average counting number/channel on both 
sides of the peak.  In Figure 9, the two measured exponential 
decay curves for the 7Be@C60 and Be metal(7Be) activities are 
plotted versus time.  Closed circles and cross symbols, respec-
tively, indicate the radioactivities (decay rate) of the 7Be@C60 
and Be metal(7Be) samples.  The initial radioactivities of the 
7Be in each sample were almost identical, i.e. at time zero we 
obtained around 2.7 counts per second (cps) for 7Be@C60 and 
2.5 cps for Be metal(7Be) in one run.  Thus, the two decay 
curves can be compared under almost the equal degree in count 
rate (cps).  The data for Be metal(7Be) shown in Figure 9 was 
normalized to those for 7Be@C60 by use of an adjustment pro-
cedure on initial points of the two decay curves.  The decay 
constant for the two samples were obtained by fitting straight 
lines in logarithm for the vertical line to the measured data 
points by use of the MINUIT program distributed from the 
CERN Program Library.  This program takes into account the 
statistical errors associated with each data point in Figure 9.  
This statistical error is by far the dominating uncertainty.  The 
uncertainty of our measurement is given by the uncertainty of 
the slope of the straight line fitted to the logarithm of the 
counts.  We have measured the decay rates and deduced the 
corresponding half-lives of 7Be in the 7Be@C60 and in the Be 
metal(7Be) samples in two separate measurements for each 

sample in duration more than 150 days.  The averaged results 
for the samples of the 7Be@C6 0 and Be metal(7Be) are 
T1/2=52.65±0.04, and T1/2=53.25±0.04 days, respectively.  The 
reduced χ-square values of the exponential fits are between 
0.90 and 1.20.  The dead time in the data acquisition system 
has been found to be about 8~15 s for each 21480 s run.  
Therefore, the uncertainty due to the dead time was estimated 
to be less than 0.04%, and the systematic error in the measure-
ments was estimated to be less than half of the statistical error 
quoted above.43 (In order to reduce the dead time of the mea-
surement system, the amount of the activities and the distance 
between a γ-ray detector and the source were prepared suitably 
in the measurement.) 

The counting rates of the natural background, which consist 
of the 1461 keV γ-rays emanating from 40K, were also analyzed.  
The data for 40K obtained were fitted by the same procedures 
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using the NIMUIT program.  It was found that the fitted line 
closely corresponded to a horizontal line.  Therefore, the pres-
ent decay rates for the samples of the 7Be@C60 and Be 
metal(7Be) seem to be fair.

In Figure 10, solid circles indicate the half-lives obtained for 
the 7Be@C60 sample compared with that for the Be metal(7Be) 
given by cross symbols.  It was surprising to observe that the 
ha l f-l i fe  obta ined for  7 Be in  the sample 7 Be@C6 0 , 
T1/2=52.65±0.04 days, was as much as 1.13% shorter than that 
for the Be metal(7Be) sample, where we define the percentage 
difference by [100 (λ(C60)−λ(Be metal)]/λ(Be metal).  This 
difference in half-lives is sufficiently large that it is clearly dis-
cernable when the data is displayed on the extended scale of 
the right inserted figure in Figure 9.  The half-life of 7Be inside 
C60 is shorter than that in any previously reported in environ-
ments for any materials and/or pressure.  This implies that the 
7Be atoms are located in a unique environment inside the C60 
cages. 

On the other hand, the half-life of 7Be in the Be metal(7Be) 
averaged over many measurements was 53.25±0.04 days.47 The 
half-lives obtained for 7Be in several other host materials and 
chemical forms such as graphite, gold, oxide, etc. have been 
presented by many researchers.10-18,20-26 In Figure 10, the half-
lives previously measured are also shown by the range of a 
thick bar as a comparison.  Here, only the half-lives obtained 
using a standard time distributed publicly (stated in the text) 
are considered.10,13-15,17,18 The half-lives inside the values are 
mostly between 53.10 and 53.40 days.  For example, the half-
life values obtained for 7Be in several other host materials such 
as graphite and boron nitride that have been presented by 
Jaeger et al10 and Norman et al,14 respectively, are also shown 
in Figure 11.  The values are almost all in the range of 53.1 to 
53.3 days.14 Therefore, we found that our reference measure-
ment of the half-life for 7Be in the Be metal(7Be) was in satis-
factory agreement with the other available data. 

Several factors have contributed to creating this unique envi-
ronment, for example, the many π electrons of C60 and the spe-
cial dynamic conditions of the electrons inside the C60 cage, 
which include the ratchet and/or tumbling motion,41,42 all of 
which may affect the contact electron density at the 7Be 
nucleus.  Here, a magnitude of the average charge-transfer from 
2s electrons of the 7Be atom, e.g. the K and L capture,12,48,49 can 
play an important role for such a large variation in the EC 
decay rate of 7Be between the samples of the 7Be@C60 and Be 
metal(7Be).  The L/K capture ratio (i.e. the ratio of the electron 
density of L(2s) and K(1s) orbitals at the Be nucleus position) 
is estimated to be almost 10% on an isolated Be atom.49,50 In 
theoretical calculations, we also found that the 7Be atom stays 
at the center (potential minimum) of the C60 cage and the 2s 
electrons can be fully restricted to the Be nucleus at T=0 K as 
if they were an isolated Be atom (1s22s2).48 A schematic view of 
the closed electron shells (1s22s2) when 7Be is inside C60 is 
shown in Figure 12.  On the other hand, chemically and/or 
metallically bonded Be atoms have always lost the 2s electrons 
to some degree due to the alkaline-earth metal nature (rela-
tively smaller electronegativity).  Therefore, the L/K capture 
ratio in the 7Be atom is reduced when the 7Be is chemically 
bonded and/or inside the host metal materials.  Here, the mag-
nitude of the average charge-transfer from the L(2s) electrons 
of the 7Be atom may play an important role in such variation in 
the decay constant in the environments, though the K(1s) elec-
trons may also play a large influence on the factor of the envi-
ronments around the 7Be nuclear position.  It is our hope that 
our results will stimulate further experimental and theoretical 
studies leading to a more quantitative understanding of this 
large change in the decay constant. 

Finally, a dynamic motion inside C60 at room temperature 
may contribute to the environment around the 7Be nucleus.  
Therefore, it is intriguing to study the temperature dependence 

of the half-life of 7Be inside C60.  In our study, in order to sup-
press the dynamic motion of 7Be inside C60, we are planning to 
measure the half-life of 7Be inside C60 that is cooled to a tem-
perature close to liquid helium (T=5 K).  Now we are also car-
rying out calculations of the electron density at the 7Be nucleus 
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position at the site inside C60 by different temperatures (at T=0 
K and 293 K).  The theoretical estimates will reveal the stable 
position of the 7Be nucleus inside C60 and the temperature 
dependence of the electron density at the 7Be nuclear position. 

4.  Conclusion

In summary, we have measured the half-life of (1) 7Be 
encapsulated in C60 and (2) 7Be incorporated in Be metal using 
an HPGe detector with a time reference from a standard-time 
radio signal.  We found that the half-life of 7Be inside C60 and 
in Be metal were T1/2=52.65±0.04 and T1/2=53.25±0.04 days, 
respectively.  This 1.13% difference between the EC decay rate 
inside C60 and in Be metal represents a strong environmental 
effect on the 7Be EC decay rate, caused by the different elec-
tronic wave-functions near the 7Be nucleus inside a C60 cage 
and inside Be metal.  These findings may give a fundamental 
understanding of the EC decay problem and/or hyperfine inter-
actions.  Extreme pressures and/or plasma states in stellar envi-
ronments are supposed to change the EC decay rate by orders 
of magnitude.  However, our more limited observed effects 
have still significantly raised the magnitude of what is achiev-
able in laboratories on earth. 
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