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The first nuclear-excited state of ***Th, ??’™Th, is known to have extremely low excitation energy at 8.28 +
0.17 eV, and the nuclear decay mode and half-life of ***"Th are considered to depend on its chemical
environment. Recently, internal-conversion (IC) electrons from 2**™Th produced from a 233U source were
detected for the first time, and the half-life of ™ Th on the nickel-alloy surface of a microchannel plate
detector was determined. In this study, to determine the half-lives for other chemical environments, we produced
29mTh through the 8 decay of 2’ Ac and measured low-energy IC electrons from ***"Th using the coincidence
measurement technique between high-energy electrons (mainly § particles and high-energy IC electrons) and all
electrons (including IC electrons from ***™Th) emitted from an 2*° Ac electrodeposited source. The **’ Ac nuclide
was produced by the 2**Th(p, &)’ Ac reaction and then was separated from a large amount of the reaction
byproducts utilizing chemical separation techniques. Electron signals, which correspond to the IC electrons
from 2**™Th, were detected using the coincidence measurement technique. The half-life of ?*™Th in the Ac
electrodeposited source was determined to be 10(8) s, which is close to the previous experimental value. The
method established in this study lays the foundations to study the IC-decay property of 22" Th as a function of

the chemical environment.

DOLI: 10.1103/PhysRevC.100.044304

I. INTRODUCTION

The first nuclear-excited state of 2*Th (**™Th) is known
to have extremely low excitation energy at 8.28 £ 0.17 eV [1].
Because the excitation energy is close to the binding energy
of valence electrons of the atomic Th, the nuclear decay
mode (internal conversion, y-ray emission, or electron bridge
[2]) and half-life of 2™ Th are expected to vary depending
on chemical environments [3,4]; thus, studying the decay
property of the 2™ Th isomer should help us understand
the interaction between the nucleus and valence electrons.
Moreover, as the isomer energy is within reach of the current
laser technology, the application of 2™ Th to the ultraprecise
nuclear clock has recently been attracting much attention
[5-T7].

For studying the decay mode and half-life of 2™ Th for
various chemical environments, it is important to directly
detect the decay signals of ™ Th (i.e., internal-conversion
electrons, y rays, and photons emitted through the electron
bridge process [2]), but this approach was a challenge until
now [8-16]. Recently, internal-conversion (IC) electrons from
29mTh were detected for the first time [17], and the half-life
was determined to be 7(1) us when 2™ Th is on the nickel-
alloy surface of a microchannel plate (MCP) detector [18].
These results are considered to be highly reliable because
229mTh jons were transported a significant distance from a
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highly radioactive 2**U source and other daughter products
were removed with mass separation before measuring the IC
electrons.

Half-life variations of a few nuclides such as 2™ U (~10%
[19-21]) and ®™Tc (20.3% [22-24]) have been reported
because the nuclei interact with outer-shell electrons in the
IC process due to the low transition energies (76.7 eV for
25my [25] and 2.17 keV for *™Tc [26]). The half-life of
229mTh (8.28 eV, comparable to chemical bond energy) that
decays through the IC process is expected to vary; however,
the half-life has so far been reported only for ™ Th on the
nickel-alloy surface environment [17]. Significantly different
half-lives may be observed for other chemical environments
such as ™ThO, and **™ThF, due to the extremely low
excitation energy of >*™Th. Such large half-life variation
will help elucidate the chemical effects on the IC process. In
this study, we propose a method to determine half-lives of
229mTh for various chemical environments. In this method,
29mTh is produced by B decay of *’Ac. By measuring
high-energy electrons (mainly S-particles and high energy IC
electrons) and all electrons (including low-energy IC electrons
from 229mTh) emitted from a 22°Ac source in coincidence,
the IC electrons from 2*™Th can be detected with several-
microseconds delay from the emission of the high-energy
electrons from 2?Ac. This approach has two advantages.
First, the recoil energy of 2*"Th produced by the 8 de-
cay of 2 Ac (Q = 1104 + 12keV [27]) is less than 2.6 eV,
which is lower than the dissociation energy of ionic and
covalent bonds for most chemical environments. Therefore,
it is considered that the chemical environment around ?*"Th
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would be almost the same as that around %’ Ac, and we can
control the chemical composition of ?*"Th by controlling
that of 2?°Ac. For example, " Th oxide can be prepared
by electrodeposition of *’Ac, and >*™Th fluoride can be
prepared by coprecipitating 22’ Ac with ThF, [28]. Second,
29 Ac feeds 2™ Th with the branching ratio higher than 14%,
due to the results of y-ray spectroscopy of 2>’ Ac [29,30]. Such
high branching ratio, compared with 2% when using a U
source [31,32], is a great advantage in the measurement of the
IC electrons from >*™Th.

In spite of those advantages, it has been difficult to use
29 Ac for measuring the IC electrons from 2™ Th because
229 Ac can be produced only by accelerators and nuclear re-
actors and the half-life of 22 Ac is short (62.7 min [29,33]). A
large amount of 2>’ Ac is required to compensate for the rapid
decay of 2*° Ac. The best method to acquire a large quantity
of 2*Ac is a proton irradiation of 2*>Th with an accelerator.
This is because a large number of *>Th atoms can be used
as the target and the cross section for the 23>Th(p, «)**’Ac
reaction is relatively high (4.1 mb for the 20-MeV proton
[34]). However, a large number of radioactive by-products
(Th isotopes, Pa isotopes, and fission products) are produced
by the proton irradiation. Therefore, chemical separation of
229 Ac must be conducted to directly detect the isomeric decay
of 2™Th. The chemical purification of >*’Ac is challenging
because it is difficult and time-consuming to remove lan-
thanides such as '*?La because they have similar chemical
properties to >*° Ac. In this study, we succeeded in separating a
sufficient amount of >’ Ac from a >*?Th target with a two-step
sequence of cation exchange and extraction chromatography
[35-37]. Then, we prepared an 22° Ac electrodeposited source
and performed the coincidence measurement between high-
energy electrons and all electrons for the > Ac source. We
successfully observed signals corresponding to the IC elec-
trons of 22™Th,

II. EXPERIMENT

229 Ac was produced by the 232Tn( D, @)**° Ac reaction [34]
at the Research Center for Nuclear Physics (RCNP), Osaka
University. The >*Th target (diameter 10 mm) was pre-
pared by electrodepositing >*>Th on six pieces of Al foils
(thickness 3 wm), and the total thickness of the >**Th target
was 6.5mg/cm?. The proton beam energy and current were
20 MeV and about 2 A, respectively. The irradiation time
was 2 h.

The chemical separation was started after waiting for short-
lived isotopes to decay out for about 1.5 h after the end of
the proton beam irradiation period. The 2*>Th target along
with the Al backing foils was first dissolved with concentrated
hydrochloric acid. After the solution was evaporated, the
residue was dissolved with 2 ml of 1% citric acid (pH 2). The
solution was fed onto a cation exchange column (Muromac
50WX8, 200-400 mesh, column volume 0.5 ml). ***Th and
most by-products such as >**Pa, '“Ru, and *’Zr were eluted
with 6 ml of 1% citric acid (pH 2) [35,36]. We poured
1 ml of 1 M nitric acid and then 5 ml of 6 M nitric acid
into the column. Using a Ge detector, y-ray spectra were
measured for the 232Th target, for the eluates of 1% citric

acid, 1 M nitric acid, and 6 M nitric acid, and for the column
after separation. Because of high radioactivity of radioactive
impurities, the y-ray peaks for 2 Ac were not observed in
these y-ray spectra, and those for 28 Ac were observed only
for the eluate of 6 M nitric acid. However, the yield of Ac
isotopes in the cation exchange process can be estimated
to be approximately 90%, judging from the yield of '“*La,
chemical properties of which are very similar to Ac. In the
eluate of 6 M nitric acid, the y-ray peaks for 2®Ac, °!'Sr,
928r, 139Ba, 115¢d, 17Cd, 113Ag, and lanthanides (e.g., 1421 a
and '¥Ce) were observed, and those isotopes were separated
through a reversed-phase extraction chromatography using
the Eichrom Ln resin. First, the eluate of 6 M nitric acid
was evaporated, and the residue was dissolved with 1 ml of
0.05 M hydrochloric acid. Then, the solution was fed onto
the Eichrom Ln resin (column volume *21.2 ml). Most of
28r, 13¥Ba, '5Cd, ''"Cd, and 113Ag were eluted with 6 ml
of 0.05 M hydrochloric acid [37]. Subsequently, 10 ml of
0.1 M hydrochloric acid was poured into the column, and the
eluates were collected in 0.5-ml fractions. A highly pure Ac
solution, which did not include other elements, was obtained
for 8th—10th fractions, judging from y-ray spectroscopy using
a Ge detector (see the result section for details). The total
activity of 2Ac in the 8th—10th fractions was 73 + 13%
of that in the eluate of 6 M nitric acid, meaning that the
yield of Ac isotopes in the whole chemical separation process,
including cation exchange and extraction chromatography, is
about 60%. The whole chemical separation processes lasted
approximately 4 h.

The 2% Ac source was prepared by electrodeposition [38]
of 2°Ac on an 18-um-thick Al foil per the following pro-
cedure. First, the 8th—10th fractions of the eluate of 0.1 M
hydrochloric acid were mixed together and evaporated. Then,
the residue was dissolved with the mixture of concentrated
nitric acid and hydrogen peroxide water in order to reduce or-
ganic impurities. The solution was evaporated, and the residue
was dissolved with 100 @l of 0.01 M nitric acid. 50 ul of the
229 Ac solution and 2.5 ml of 2-propanol were poured into an
electrodeposition cell on the Al foil. We applied +400 V to a
Pt anode soaked in the solution for 15 min. After the voltage
was switched to 0 V, the Al foil with 2 Ac was heated at
150°C. The 2*’Ac source preparation process lasted approx-
imately 2 h. After y-ray spectroscopy of the 2*°Ac source,
the source was placed in a vacuum chamber for coincidence
measurement. The elapsed time from the end of the proton
irradiation to the start of the coincidence measurement was
8.4 h. The y-ray spectra of the 2° Ac source showed that the
source included 99 + 8 Bq of ? Ac and 185 & 9 Bq of >*8Ac
at the start time of the coincidence measurement. The yield of
the Ac isotopes in the electrodeposition process was found to
be 15.1 + 0.9%.

The setup of the coincidence measurement between high-
energy electrons and all electrons is depicted in Fig. 1. A plas-
tic scintillator (diameter 10 mm, thickness 5 mm) and a Hama-
matsu MPPC (multipixel photon counter) S13360-1350CS
were placed below the **Ac source for the measurement
of the high-energy electrons. High-energy electrons (more
than ~30 keV) could pass through the Al foil and were de-
tected with the plastic scintillator. A two-stage MCP detector
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FIG. 1. Setup of the coincidence measurement between high-
energy electrons (mainly g particles and high-energy IC electrons)
and all electrons from >’ Ac. We applied —18 V to the ??° Ac source to
push the low-energy IC electrons out of the surface, and +500 V was
applied to the surface of the MCP detector to maximize the detection
efficiency for low energy electrons. The dashed lines between the
2 Ac source and the MCP detector represent metal meshes, which
were kept grounded in this experiment.

(Hamamatsu F1942-04G, effective area of diameter 77 mm)
was placed above the ?2° Ac source for measuring all the elec-
trons including low-energy IC electrons from 2*™Th. The sig-
nals from both detectors were amplified with Ortec modules.
The detection-time stamps of the signals corresponding to the
high-energy electrons and all the electrons were registered
with a time resolution of 500 ns, using the LIST mode of a
16-input PHA and LIST module (Niki Glass A3100). Based
on the detection-time stamps of high-energy electrons and all
electrons, time traces of all electrons following high-energy
electrons were constructed.

III. RESULTS AND DISCUSSION

First, the purity of the Ac solution obtained through the
chemical separation and the 2’ Ac source obtained through
the electrodeposition is shown. Fig. 2 shows the radioac-
tivity of each isotope in each fraction of the eluate of 0.1
M hydrochloric acid, which was determined through y-ray
spectroscopy. The y-ray peaks for *2Sr, '¥Ba, !°Cd, and
113 Ag were observed up to the 6th fraction, whereas only the
peaks for 2 Ac and 2*Ac were observed for the 7th—10th
fractions. The peaks for '“*La were observed from the 11th
fraction. The sum of the radioactivity of non-Ac isotopes in
the 8th—10th fractions should be much less than 0.1% of that
of the Ac isotopes, considering the upper limit of radioactivity
of each non-Ac isotope and the shapes of the elution curves.
The y-ray spectrum of the **°Ac source prepared by elec-
trodeposition using the 8th—10th fractions showed of course
only the peaks for *Ac and **®Ac, meaning that a highly
pure Ac source was successfully prepared. Note that the y-ray
peaks for 2°Ac, which would be slightly produced through
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FIG. 2. Radioactivity of each isotope included in the eluates of
0.1 M hydrochloric acid as a function of the fraction number. The
radioactivity of each isotope at the time of the y -ray spectrum of each
fraction having been measured is corrected to the radioactivity at the
start time of the coincidence measurement (8.4 h after the end of the
proton irradiation). The y-ray peaks except for 2’ Ac and 228 Ac were
not observed in the 7th—10th fraction. The upper limit of radioactivity
of °'Sr in the 7th fraction and that of '**La in the 10th fraction are
shown for reference.

proton irradiation of 2*>Th, were not observed in the y-ray
spectrum due to low radioactivity of 2°Ac.

Figure 3 shows the decay curve of the high-energy
electrons detected with the plastic scintillator during the
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FIG. 3. Counts of the high-energy electrons (blue bar) as
a function of the elapsed time from the start of the coinci-
dence measurement. The sum of the exponential decay functions
of Ac (Ty)» = 62.7 min), *®Ac (T}, = 369.0 min), and ***Ac
(T1)» = 1762.2 min) plus a constant background was fitted to the
data (red curve). Through fitting, count rates of the high-energy
electrons from 22? Ac, 2 Ac, and 22°Ac at the start of the coincidence
measurement were determined to be 302 £ 7 counts/min, 1197 +
2 counts/min, and 24.0 &+ 0.3 counts/min, respectively. The count
rate of the constant background was determined to be 5.53 4+ 0.05
counts/min.
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FIG. 4. Time traces of the all-electron signals triggered by the high-energy electron signals with the bins of 2.5 us for (a) 0—120 min and
(b) 300-800 min of the elapsed time from the start of the coincidence measurement. The same data are plotted on linear scales in the insets.
The red line in graph (a) represents the fit curve of the exponential decay function plus a constant background.

coincidence measurement. The sum of the exponen-
tial decay functions of **’Ac (Tj;, = 62.7 min), **Ac
(T2 = 369.0 min), and **°Ac (T, = 1762.2 min) plus a
constant background (corresponding to the instrumental back-
ground) well reproduces the data. It was confirmed from the
high-energy electron measurement that the actinium isotopes
were successfully isolated from other radioactive elements as
confirmed from the y-ray spectroscopy.

Figure 4(a) shows the time trace of the all-electron signals
(detected with the MCP detector) triggered by the high-energy
electron signals (detected with the plastic scintillator) for O—
120 min of the elapsed time from the start of the coincidence
measurement. Apparently, the counts in 0-25 us exceed the
constant background. In order to identify these excess counts,
the time trace for 300-800 min of the elapsed time from the
start of the coincidence measurement is shown in Fig. 4(b).
In this elapsed time range, most **Ac decayed out, and
the detected high-energy electrons predominantly originate
from 228Ac. Figure 4(b) shows that the counts in 0-5 us
exceed the constant background. The excess counts in the first
5 ws correspond to the prompt electrons that are produced
just after the decay of >*Ac. Because the half-lives of the
nuclear excited states of 2*Th are less than 1 ns [39], all
of the high-energy IC electrons emitted after the decay of
228 Ac should be counted in the bin of 0-2.5 us. Hence, the
counts in 2.5-5 us should originate from atomic and chemical
processes induced by the decay of 2*Ac, not from nuclear
processes. For Fig. 4(a), including the decay of **’Ac, all
of the high-energy IC electrons emitted after the decay of
229 Ac should be counted in the bin of 0-2.5 us because the
half-lives of the nuclear excited states of 2*Th except for
229mTh are less than 1 ns [33]. Therefore, the counts in 2.5—
5 ws in Fig. 4(a) should originate from atomic and chemical
processes, as the counts in 2.5-5 us in Fig. 4(b), considering
that atomic and chemical processes induced by the decay of
229 Ac should be very similar to those induced by the decay of
228 Ac. Consequently, the excess counts in 0=5 us in Fig. 4(a)
can be explained by the counts originating from prompt
electrons, as the counts in 0-5 us in Fig. 4(b). However, the

excess counts in 5-25 us in Fig. 4(a) cannot be explained
by prompt-electron counts and background counts, meaning
that the counts in 5-25 us correspond to the IC electrons of
229mTh, By fitting a single exponential decay function plus
a constant background to the data in Fig. 4(a), the half-life
of 2>*™Th in the electrodeposition source (***™Th oxide or
hydroxide) is determined to be 10(8) us, which is comparable
with that of 2™ Th on the nickel-alloy surface (7(1) us [18]).
Unfortunately, the half-life variation of ***™Th depending
on chemical environments was not clearly observed in this
measurement because of the large error. However, we were
able to confirm, using a different method than the original
study [17,18], that the IC-decay channel of 229mTY is indeed
present and that the half-life is approximately 10~ s [3].

To ensure that the excess counts in Fig. 4(a) indeed
correspond to the IC electrons from 22*™Th, the origin of
the background counts are considered and are compared
with the excess counts in Fig. 4(a). First, the background
counts are compared with the expected counts of the random
coincidence between the high-energy electrons (detected
with the plastic scintillator) and all the electrons (detected
with the MCP detector). The expected counts of the random
coincidence C,(T;, T») for the elapsed-time range from 7 to
T; is expressed as

C(Ti, Ty) = / ()
T

where Ry (T) and R4 (T) are the count rates of the high-energy
electrons and all the electrons at the elapsed time T,
respectively. At is the time window of coincidence. Ry (T)
and R4 (T) are expressed as

T
Ry (T)RA(T)AtdT,

)
Ry (T) = egaryonpy e ™

_hQ@

+ €ganehp nee ™

_ho
+ emgangng nge

+ by, )
_no)
RA(T) = eqanons ppoe 7 (1 — egnpy z9)
@)

+ eqansgnypge ™ (1 — eynyg 23)

_ha)p
+ eqanena e 0 (1 —egng 6) + ba, (3)
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FIG. 5. Counts integrated over 5-25 us (red circle), 25-45 us
(green triangle), 45-65 us (blue inverted triangle) in the time traces
of the all-electron signals [e.g. Fig. 4(a)] as a function of the elapsed
time from the start of the coincidence measurement. The black cross
plots represent the backgrounds that were obtained by averaging
counts in 105-505 ps. The solid black line represents the calculated
counts of random coincidence using Eqs. (1)—(3). The dashed red
line represents the sum of the above-mentioned calculated counts of
random coincidence and the IC-electron counts calculated by Eq. (4)
on the assumption that by equals 4.2%.

respectively. Tr9, Thag, and Ty are the half-lives of 29 Ac,
228 Ac, and **°Ac, respectively. a9, ag, and anye are the
radioactivity of 2’ Ac, ?®Ac, and ?*®Ac at the start time of
the coincidence measurement, respectively. ny 229, 1p.228, and
ny 226 are the numbers of high-energy electrons emitted from
the source per decay of 22°Ac, 2 Ac, and ?*°Ac, respectively.
na 229, Naog, and ng e are the numbers of all electrons
emitted from the source per decay of 29 Ac, 28 Ac, and 2°Ac,
respectively. by and b4 are the background count rates of
high-energy electrons and all electrons, respectively. €y and
€4 are the detection efficiency of high-energy electrons and all
electrons, respectively. The correction factors 1 — egng 209,
1 — eynp mg, and 1 — egny e are introduced in Eq. (3)
because an all-electron event that is detected in coincidence
with a high-energy electron event must be a prompt and
not a random event represented by Eq. (1). Note that by
originates from the instrumental background of the MCP
detector, and thus it was not multiplied by the correction
factor. egasonm 229, €pansiy 28, €qadehy 26, and by in
Eq. (2) were determined to be 5.0 s7', 19.95s7 !, 0.40s7 1,
and 0.092s~!, respectively, by the fitting shown in Fig. 3.
€4A229MA 229, €AA28NA 228, €AG226MA, 226, and by in Eq. (3) were
determined to be 21.2s7', 108.5s~ !, 2.5s7!, and 10.59s~!
by fitting the decay curve of all-electron counts, as performed
for high-energy electron counts in Fig. 3. egny o9 and
eyny g in Eq. (3) were determined to be 0.051 and 0.108 by
dividing €[ A229H 229 and €[ A228MH 228 by azg = 99 Bq and
axs = 185 Bq, respectively. egny 26 could not be precisely
determined because asy6 could not be determined from y -ray
spectroscopy. However, egng 26 could be estimated to be
around 0.06 because the number of high-energy electrons
(>30 keV) emitted in the decay of 229 Ac, 228 Ac, and 22°Ac is
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FIG. 6. Excess counts of electrons for 5-25 us in the time traces
of the all-electron signals as a function of the elapsed time from the
start of the coincidence measurement with the bins of 15 min (closed
circle). The excess counts of electrons were obtained by subtracting
the counts of the backgrounds (average counts in 105-505 us) from
the counts integrated over 5-25 us in the time traces of the all-
electron signals. The three functions shown in the second column
in Table I were fitted to the data (dotted red line, dashed green line,
and solid blue line for Fit 1, Fit 2, and Fit 3, respectively).

1.06 [33], 1.93 [39], and 1.23 [40,41], respectively, and these
values should be roughly proportional to egng 229, €gng 23,
and eyny 6. By substituting Ry (T) in Eq. (2), Ra(T) in
Eq. (3), and Ar = 20 us for Eq. (1), the random coincidence
C,.(T;, T») for the 20-us coincidence window as a function
of the elapsed time was obtained as shown as the black line
in Fig. 5. The background counts in the time traces [e.g.,
Fig. 4(a)] were obtained by averaging counts in 105-505 us
(black cross plots in Fig. 5). The calculated counts of random
coincidence and the background counts of time traces are in
good agreement with each other, meaning that the constant
background counts in the time traces originate only from ran-
dom coincidence. Next, the counts integrated over 5-25 us,
25-45 ps, and 45-65 s in the time traces for some elapsed
time ranges are also shown in Fig. 5. It is found that only the
counts in 5-25 us for the elapsed-time range of 0—120 min
exceed those of the background counts, while the counts in
5-25 ps for other elapsed-time ranges and those in 25-45
and 45-65 ps for all elapsed-time ranges are almost the same
as those of the background counts. Hence, only the counts in
5-25 us for the elapsed time 0—120 min cannot be explained
by random coincidence. By subtracting the background counts
(average counts in 105-505 us) from counts in 5-25 us, the
excess-count dependence on the elapsed time was obtained
as shown in Fig. 6. Three functions shown in Table I were
fitted to the data in Fig. 6. Judging from the p values in the
X -square fittings, the three functions are relatively well fitted
to the data. The result of the Fit 1 indicates that the counts
originating from 2*Ac and ?*°Ac are almost zero, meaning
that the counts in Fig. 6 are originating only from 2’ Ac. The
Fit 2, where a single exponential function was fitted to the
data without fixing the half-life, provided a half-life of 60 +
36 min, which is in good agreement with the half-life of >*’ Ac
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TABLE I. Functions fitted to the data in Fig. 6 (second column)
and the results of the fittings (third column). Ty, 525, and Ty in
the second column are the half-lives of *°Ac, **®Ac, and **°Ac,
respectively. The resultant x-square per degree of freedom and the
p value for each y-square fitting are shown in the fourth and fifth
column, respectively.

Name Fitted function Result x2/ndf  pvalue
_M(Z)T
npe 129 ng = 6.8 +4.3,
n(2)
Fit 1 +nje Tas' n =0.0=%2.1, 1.06 0.36
In(2)
+nye” e n, =0.26+0.44
_ @), ng=77=+5.2,
Fit 2 Tin 1. .
! fo¢ Ti/» = 60 % 36 min 05 038
n(2)
Fit 3 npe ™2 ng="75+4.1 1.03 0.42

(Ti/2 = 62.7 min). Consequently, the counts in 5-25 us,
which exceed the counts of the background, are considered
to originate from the decay of *’Ac, not *®Ac and ?*°Ac,
which supports the conclusion that the excess counts in 5-25
us correspond to the IC electrons from 2™ Th.

The number of excess counts in Fig. 6 is quantitatively
discussed. The fitting of a single exponential decay function
of 2% Ac to the data in Fig. 6 yielded 7.5 4 4.1 counts / 15 min
at the start of the coincidence measurement (Fit 3 in Table I),
from which the total counts of the IC electrons detected in
5-25 us are determined to be 49 + 27. The total IC-electron
counts S in 5-25 us can be calculated as

S = Ny azobne.-(e/" — e72/7), @)

where Np o9 is the total number of detected high-

energy electrons originating from 22’Ac, namely, Ny 29 =
_h® . . .
f8° €gamnong oe 7 dT. b is the branching ratio from

29 Ac to 2%°MTh, n is the escape efficiency, which indicates
the probability that the IC electron of ™ Th escapes from
the solid surface, ¢,- is the detection efficiency for elec-
trons with several electronvolts, and t is the lifetime of
229MTh in microseconds. In this experiment, as Ny 29 equals
(2.73 +£0.06) x 10*, ¢, is about 8%, and 7 is 15(11) us, by
can be determined to be 4.2 + 3.4%. If the prepared source
had no impurities, then the thickness of the source would be
as thin as one atomic layer, and n would be close to 100%.
However, the thickness of sources prepared by electrodeposi-
tion is usually larger than expected. The probable cause is the
presence of organic compounds, originating from resin in ion
chromatography and organic solvents in the electrodeposition.
Assuming that the prepared >’ Ac source is made of only
polystyrene, the thickness of it would be around 160 nm,
which was obtained from the activity of ®Th produced from
228 Ac and the number of ***Ra (a-decay products of 2?Th)
which escaped from the surface of the 229 Ac source [42].
Using the calculated mean free path of 10-eV electrons in
polystyrene (21.7 nm [43]), n can be calculated as 6.8%, and
thus b would be 62 + 49%, which is consistent with the
fact that the branching ratio from ??°Ac to 2*™Th is higher
than 14% [29,30]. Thus, the detected electron counts are

quantitatively consistent with the ones expected from Eq. (4),
suggesting that the detected electrons would correspond to the
IC electrons emitted from 2™ Th. Note that this b value may
be slightly different from the precise value as this calculation
includes some assumptions.

In this study, we were able to detect the IC electrons
emitted from >*™Th in the Ac electrodeposited source. The
method established here provides an independent verification
of the IC decay of >*™Th with an approximate half-life of
10735 [3,18], and lays the foundations for a future comparison
of half-lives of *™Th for various well-controlled chemical
environments such as ThO,, Th(OH),, ThF,4, and Th metal,
by depositing **’Ac into them. Moreover, the established
method will also be the foundation for the IC-electron energy
measurements from 2>™Th [1,44] for various chemical envi-
ronments, which may lead to elucidating the nuclear-electron
interaction in the IC process of ™Th. To achieve this goal,
the signal to background ratio needs to be improved, since in
this experiment it was not high enough to precisely measure
the half-life and the IC-electron energy. The background can
be decreased by using a magnetic-bottle electron spectrome-
ter [1,45-47], which would not allow high-energy electrons
originating from the decay of *?Ac and >*Ac to reach an
electron detector. The background may also be decreased
by increasing the *’Ac to *?® Ac ratio in the sample, which
could be accomplished by making the chemical-separation
time shorter. Moreover, the amount of 22’ Ac available can
be increased 100 times the amount achieved thus far by
increasing the thickness of the ?*>Th target and the proton-
beam current. Consequently, the number of the counted IC
electrons can be increased significantly. In the future, the
suggested improvements to increase the signal to background
ratio will enable precise measurement of the half-lives and
the IC-electron energies for various chemical environments,
which will lead to the elucidation of the IC-decay process of
229mTh.

IV. CONCLUSION

We produced 2%’ Ac by the 22 Th(p, a)**? Ac reaction, and
successfully separated >*’ Ac from the 2**Th target and a large
amount of by-products utilizing chemical separation tech-
niques. Using the high-purity 22’ Ac source prepared by elec-
trodeposition, coincidence measurement between high-energy
electrons and all electrons from *° Ac was performed. Signals
which correspond to the IC electrons of 2™ Th produced from
229 Ac were detected for the first time. The half-life of > Th
in the electrodeposition source was determined to be 10(8) us,
which is comparable with the previous experimental value for
229mTh on a nickel-alloy surface [18]. The method established
in this study lays the foundations to study the IC-decay of
229mTh in various chemical environments.
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