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The nuclear half-life of 25U has been reported to vary depending on the chemical environment. In this study,
both the half-life and the internal-conversion (IC) electron energy spectrum were measured for *>" U with identical
chemical environments for the first time. >**" U oxide and fluoride samples were subjected to these measurements,
and clear differences in the half-life and the energy spectrum between these samples were observed. The peaks
in the energy spectra were identified with a relativistic density functional theory calculation. The molecular
orbital states of the 2**"U oxide and fluoride, which were estimated from the energy spectra and the calculation,
qualitatively explained the difference in the half-lives between the samples.
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I. INTRODUCTION

It is widely known that the nuclear decay “constant” (half-
life) is inherent in each nucleus and does not vary depending on
the external environment, such as the pressure, temperature, or
chemical environment. This is because the «, 8, and y decays
are independent of the atomic electrons, and the electron-
capture (EC) and the internal-conversion (IC) processes in-
volve interactions with the inner-shell electrons, which are not
usually affected by the external environment. However, only
a few nuclides that decay by the EC and IC processes (e.g.,
"Be, 2"Nb, " Tc, and 2*"U) involve an interaction with
the outer-shell electrons, and there are several reports that the
half-lives of such nuclides vary depending on the chemical
environments [1-5]. Recently, a large half-life variation of
229mTh depending on the oxidation numbers was reported [6,7].
Studying the processes of the half-life variation is interesting
and should help us understand the interaction between the wave
functions of the nucleus and the atomic electrons.

The 2**"U isomer is an interesting nuclide in that its
half-life varies considerably, on the order of several percent
[4,5]. 25U (I = 1/2%) is the first excitation state of >>U
(I = 7/27) and dominantly decays by the IC process in the E3
transition (IC coefficient > 10'° [8]). Because the excitation
energy above the ground state is only approximately 76.8 eV
[9], the nucleus of *>"U can interact only with the outer
electron shells (i.e., 5f5/2, 5f7/2, 6S1/2, 6])1/2, 6p3/2, 6d3/2,
6ds/>, and 7s;,3). According to the measurement of the IC
electron energy spectrum [9—-11] and the theoretical calculation
[12,13], 6pi1,2 and 6p3), electrons are dominantly involved
in the IC process. Indeed, the half-life of 2*"U has been
reported to vary depending on the chemical environment; the
half-life was increased by increasing the oxidation number of
235m{J in uranium oxides [4], and the decay constant clearly
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varied depending on the base metal into which 2*3"U was
implanted [5]. Although the half-life variation exhibited a
certain tendency in these experiments, the mechanism under-
lying the variation is not well understood. Measurement of
the IC electron energy spectrum should elucidate the half-life
variation; however, the energy spectrum and the half-life have
never been related to each other. In this study, for the first
time, we determined the relationship between the half-life
and the IC electron energy spectrum for the same chemical
environment. Moreover, we compared the half-lives and the
energy spectra between the 23" U oxide and fluoride, and the
half-life variation was qualitatively explained with the help of
density functional theory (DFT) calculations.

II. EXPERIMENT

To measure the half-lives and the IC electron energy
spectra of 2>"U, a retarding-field electron analyzer [14,15]
was developed, as shown in Fig. 1. Three Ni electroformed
meshes (transparency 88%) and a metal mesh (transparency
80%) were placed in parallel between the 2*"U sample
and a two-stage microchannel plate (MCP) detector
(HAMAMATSU F1942-04G, effective area of diameter
77 mm). By applying a negative retarding voltage to the
intermediate two meshes, the energy of the electrons could
be analyzed. The large solid angle between the sample and
the MCP detector (1.2 sr) yielded a high total detection
efficiency (~8%). The high efficiency was of great importance
for analyzing the energy of the IC electrons of 2> U because
the half-life of 2™ U is short (~26 min) and the number of
electrons that escape from the solid surface is low owing to
the extremely small inelastic mean free path of low-energy
electrons in solids [16]. The energy calibration of the analyzer
was performed by measuring the Auger electrons from the
87; electrodeposited source (77, 100, and 127 eV [17]).

235my samples were prepared using the Collection Appa-
ratus for Recoil Products (CARP) [18]. 2*°Pu, which decays
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FIG. 1. A schematic view of the retarding-field electron analyzer

for measuring the half-lives and the IC electron energy spectra of
235m
U.

to 2>"U (branchingratio = 99.9% [8]), was first purified
[19-23] and electrodeposited on a Pt foil [24]. The thickness
of the 2*°Pu electrodeposited source (diameter 18 mm) was
10.5 £ 0.2 g /cm?. In this study, three kinds of 2" U samples
were prepared. One was the 23U on the surface of the Cu
sheet, which was obtained by collecting >**"U recoiling out

TABLEI Half-lives obtained for the 2*"U on the Cu sheet, 2>>"U
that reacted with the HF /N, gas, and the 235m{J that reacted with the
O, gas. Each half-life was obtained by fitting the decay curve with a
single exponential function after subtracting the constant background.
The error of each half-life was determined by taking into account
the standard deviations of the electron counts and the fitting. The
half-lives measured for each sample were subjected to a weighted
average. The gas reaction times for the HF/N, gas and the O, gas
were 5 min except for the seventh run (7 min) and the eighth run (10
min) for the HF/N, gas. Note that the half-lives for the **>"U that
reacted with the HF/N, gas did not depend on the reaction time of
the gas and thus the chemical reactions should reach equilibrium.

Sample Run number Half-life (min)
1 26.40 + 0.06

2 26.39 £ 0.05

#5m7 on the Cu sheet 3 26.38 £ 0.05
4 26.30 £ 0.05

Average  26.37 £0.03

1 2591 +£0.07

2 26.01 +£0.08

3 25.81 +£0.10

4 25.87 £ 0.07

235m1J that reacted with the HF/N, gas 5 26.10 & 0.07
6 25.96 £+ 0.06

7 (7min)  26.10 £ 0.07

8 (10 min) 25.92 £ 0.08

Average  25.97 £+ 0.03

1 26.25 £0.09

2 26.35 +0.08

3 26.49 +0.09

235m(J that reacted with the O, gas 4 26.01 £0.10
5 26.42 +0.08

6 26.37 £ 0.07

Average  26.33 £ 0.03
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FIG. 2. Examples of the decay curves obtained for the 2" U on
the Cu sheet (red circle) and the 2>"U that reacted with HF/N,
gas (blue triangle). The vertical axis indicates the IC electron counts
during 5 min with arbitrary units. The error of each plot is the standard
deviation of the counts. The insets show the decay curves for 0-30
min and 60-100 min with expanded scales.

of the 23°Pu source to the Cu sheet with the CARP by setting
the pressure of the apparatus as 1 atm of N, gas and applying
—600 V to the Cu sheet. The others were 2>"U that reacted
with the reactive gases: HF /N, mixture gas or pure O, gas, at
100 °C for 5 min after >>>" U was collected on the Cu sheet using
the CARP. The prepared samples were put into the electron
analyzer, and, after the pressure was below 1.3 x 10~ Pa,
the half-life measurement or the IC electron energy spectrum
measurement was started. The MCP signals originating from
the IC electrons were preamplified (device ORTEC VT120),
amplified (REPIC RPN-092), and then discriminated (ORTEC
584) before being counted using a multichannel scaler (SEIKO
EG&G MCA7000). In the half-life measurement, the retarding
voltage was kept at 0 V, and the count was recorded with a
dwell time of 30 s. In the measurement of the energy spectra,
the retarding voltage was swept between —70 V and +20 V.
The measurements of the half-life and the energy spectrum
were repeated several times for each sample.

III. RESULTS

The results of the half-life measurement are shown in
Table L. For the 2" U on the Cu sheet, the half-lives obtained in
four measurements agreed well within the standard deviation,
and the half-life was determined to be 26.37 £ 0.03 min. In a
previous study [4], the half-life for 235myQ, was determined
to be approximately 26.1-26.6 min, which is close to the
value obtained in our experiment. Therefore, it is considered
that the U on the Cu is 2> UY! oxide. The half-life for
the 2*>"U that reacted with the O, gas was determined to be
26.33 £+ 0.03 min, as shown in Table I. Having the same
half-life for the 2*"U on the Cu sheet as for the 2**"U
that reacted with the O, gas indicates that the >”U on the
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FIG. 3. The IC electron energy spectra obtained for (a) the 23" U
on the Cu sheet and (b) the >*>"U that reacted with HF/N, gas. The
data obtained with several measurements were subjected to a weighted
average. The averaged data (circle) were smoothed five times with
five points (solid line) and then were differentiated with five points
(triangle and solid line) with the Savitzky-Golay method [25]. The
left vertical axes correspond to the counts of the averaged data and
the smoothed data, and the right vertical axes correspond to the counts
of the differentiated data. The arrows show the positions of the peaks
in the differentiated data. The details of the peak positions and areas
are described in Table II.

Cu sheet was quickly and fully oxidized to hexavalent uranium.
On the other hand, as shown in Fig. 2, the slope of the decay
curve for the ?*>"U that reacted with the HF/N, gas clearly
differs from that for the >>"U on the Cu sheet. The half-life
for the 23U that reacted with the HF /N, gas was determined
to be 25.97 4 0.03 min (see Table I), which is 1.506 & 0.002%
shorter than that for the 2> U on the Cu sheet. This is the first
determination of the half-life for 2*" U fluoride, and a clear dif-
ference in the half-lives between 2" U oxide and fluoride was
observed.

The IC electron energy spectra for the 2*>"U on the Cu
sheet and the *>"U that reacted with HF/N, gas are shown
in Figs. 3(a) and 3(b), respectively. The differentiated data
represent the IC electron energy distribution emitted from the
235my samples. Five peaks were observed in each spectrum.
The peak positions described with the binding energies of
uranium and the areas are listed in Table II. Because the
binding energies of the peaks Al, A2, A3, B1, B2, and B3 are
close to the binding energies of the 6p;,> and 6p3, electrons
of the atomic uranium (26.8 and 16.8 eV, respectively [27]),
the peaks are considered to correspond to the 6p electrons
of uranium. The A4, AS, B4, and B5 peaks are considered
to correspond to the 6d electrons, considering the result of
the theoretical calculation [13]. In this study, only the 6p
peaks (Al, A2, A3, B1, B2, and B3) are discussed, because
the statistics for the 6d peaks (A4, AS, B4, and BS) are
insufficient, and the contribution of the 6d electrons to the
IC process should be 10 times smaller than that of the 6p
electrons [13].

IV. CALCULATION

For a peak identification of the energy spectra, a relativistic
DFT calculation was employed. The chemical forms of the
235my on the Cu sheet and the >*"U that reacted with the
HF/N, gas were assumed to be [UY'O,(OH),]*>” (uranyl
hydroxide) and [UY'O,F4]>" (uranyl fluoride), respectively.
The relativistic DFT calculations were performed via the

TABLE II. The peak positions and areas of the IC electron energy spectra in Figs. 3(a) and 3(b). The positions and areas of the peaks were
obtained by fitting with the Gaussian function after subtracting the background originating from inelastic scattered electrons with Sickafus’s
method [26]. The peak positions described with the retarding voltage were calibrated to the electron kinetic energies with the energy calibration
line [Kinetic energy(eV) = retarding voltage(—V) x (0.91 £ 0.03) + (17 £ 3)]. This line was obtained by measuring Auger electrons from
the %Zr source. The electron kinetic energies were converted to the uranium binding energy with the known excitation energy of 2>"U
(76.8 £ 0.5eV [9]). The 6p area ratios were calculated from the areas of the 6p peaks (Al, A2, A3, B1, B2, and B3).

Sample Peak Name  Retarding voltage (—V)  Binding energy (eV) Area (a.u.) 6p area ratio (%)
Al 352 4+3.0 24+3.8 224+04 24 +4
A2 432 4+45 16.8 4.1 58+02 66 + 4

25m7J on the Cu sheet A3 499429 10.743.9 0.9+0.1 10+1
A4 543 +3.1 6.6t4 1.8 £0.2 -
AS 596 +1.9 1.9+£39 0.55 £ 0.03 -
Bl 359435 234438 75+0.2 45+3
B2 43.0+4.2 17+4 59+0.6 36 +4

235mJ that reacted with the HF/N, gas B3 49.4 +£3.1 112439 32406 19+4
B4 547+25 6.3+3.9 1.6 £0.2 -
B5 59.8 £ 3.5 1.7+4.1 1.9+03 -
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TABLEIIL The calculated binding energies and the 6 p IC probability ratios for [UY'O,(OH),]*~ and [UY'O,F,]*>". 6 p IC probability ratios
were calculated from the PDOS for the 6p orbitals (Fig. 4) and the calculated IC rate per electron for an atom of 25my [13].

Orbital name Orbital Binding energy (eV) 6p IC probability ratio (%)
Al 6p1)2 20.8 31.2
_ A2 (a) 6p3/2 18.0 23.6
UY10,(0OH),]?
[ 2(OH),] A2 (b) 6p3)2 14.4 25.3
A3 6p1)2 10.6 19.9
Bl 6}71/2 +6p3/2 21.0 40.2
[UV102F4]2_ B2 6p3/2 15.5 40.2
B3 6p1)2 10.4 19.6

ORCA version 3.0.0 program [28] using the scalar-relativistic
second-order Douglas-Kroll-Hess Hamiltonian [29,30] with
segmented all-electron relativistically contracted basis sets
[31,32], in which the Breit-Pauli spin-orbit coupling method
[33] was considered perturbatively. Resolution of the identity
approximation [34,35] was applied to both pure- and hybrid-
DFT calculations to reduce the computational cost of self-
consistent field calculations, whose convergence threshold and
grid resolution during the iterations were set to the same
conditions used in previous studies [36,37]. The results of
the calculations are shown in Fig. 4. The 6p;,, orbital was
found to interact with the axial oxygen atoms of uranyl
ions (O = UY' = 0) and to largely split into bonding and
antibonding orbitals. The 6p3,, orbital was found to interact
with the equatorial hydroxide and fluoride ions. The orbital
that interacts with the hydroxide ion splits symmetrically, while
that which interacts with the fluoride ion splits asymmetrically.
The partial densities of states (PDOSs) for the 6p orbitals,
which indicate the extent to which uranium 6p electrons

(@) [UVIO,(OH),F-

Binding energy,
PDOS (6p)

10.6 eV,
6p,,, 35.1%

144eV,
6ps 51.0%

18.0eV,
6ps 47.5%

20.8 eV,
6p;1» 55.0%

occupy each hybrid orbital, are also shown in Fig. 4. Using
the PDOSs for 6p electrons in Fig. 4 and the theoretical
IC rates per electron (called the electronic factor w,) for
an atom of 2>"U (w,(6p1/2)/w.(6p3/2) = 2.3 [13]), the IC
probability ratios for 6p orbitals were calculated, as shown
in Table III.

V. DISCUSSION

The binding energies and the 6p area ratios for the Bl,
B2, and B3 peaks in Table II are very close to those for B1’,
B2, and B3’ in Table III. Therefore, it is considered that the
chemical form of the >*™U that reacted with the HF/N, gas
was [UYI0,F,]*". Indeed, the Gibbs free energy for uranyl
fluoride is significantly lower than that for uranyl hydroxide
and uranium trioxide [38]; thus, uranyl fluoride was considered
to be easily formed with the HF/N, gas. The binding energies
and the 6p area ratios for the Al and A3 peaks in Table II are
similar to those for the A1 and A3’ peaks in Table III; thus,

(b) [UVIO,F,F-

Binding energy,

PDOS (6p)

104 eV, & 5

6p1,34.2%

154 eV, 7
—— 6p;,80.1% d\s,p

20.8 eV,
6D,/ 55.6%

— 21.5¢eV,

= [
6ps 16.5% O()
s
o

FIG. 4. The results of the DFT calculation at the B3LYP/TZVP//BP86/SVP level of theory for (a) [UY'0,(OH),]*>~ (uranyl hydroxide) and
(b) [UM'O,F,]?” (uranyl fluoride). In the molecular orbital diagram, 6p, /2 orbitals are described with the red single line, and 6 p3, orbitals are
described with the blue double lines. The binding energies and the partial densities of states (PDOSs) for 6 p orbitals are shown next to the

molecular orbital surface descriptions.
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the 6p;, orbital for 23U on the Cu sheet interacts with the
uranyl oxide. However, for the 6 p3,, orbital, only the A2 peak
was observed, and peak splitting shown as A2’(a) and A2'(b)
in Table III was not observed. This may be because not only
uranyl hydroxide but also uranyl trioxide existed, making the
peak broader than expected in the calculation. The interaction
between the 6 p3; orbital of the uranium atom and the 2s orbital
of the oxide atom for uranyl trioxide is considered to be similar
to that for uranyl hydroxide.

Finally, the origin of the half-life variation between the
23my oxide (***™U on the Cu sheet) and the 2> U fluoride
(U that reacted with the HF /N, gas) is considered on the
basis of the measurement of the IC electron energy spectra and
the DFT calculation. For [UY'0,F4]*>", 80% of the 6ps; elec-
trons occupy the antibonding orbital, as shown in Fig. 4. This
value is clearly larger than that of 51% for [UV'0,(OH),]*".
The IC probability for the antibonding orbital is considered to
be higher than that for the bonding orbital because the electron
density around the 23" U nucleus for the antibonding orbital is
higher. Thus, the half-life for the 235myJ fluoride is shorter than
that for the *>"U oxide. The origin of the half-life variation
between the 2*>"U oxide and fluoride was explained according

to the electron-orbital variation for the first time in this
study.

VI. CONCLUSION

We observed that the half-life for the 2*3"U fluoride is
clearly shorter than that for the 235mJ oxide. Moreover, a clear
difference in the IC electron energy spectra was observed,
and the peaks were identified via relativistic DFT calculation.
The origin of the shorter half-life for the 2*>"U fluoride is
considered to be the higher occupancy of the antibonding
orbital by the 6p3/, electrons, which provides a new insight
into the deexcitation process of 2>"'U.
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