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Determination of the half-life of 184gRe and the isomeric ratio of
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Abstract: The isomeric ratio of **™*Re and the half-life of "***Re were measured in the '*’Re (n, 2n) "Re reaction
at 14.8 MeV, and the uncertainty was discussed in detail. The measurements were performed using the activation
method implemented for a rhenium sample using the K-400 neutron generator at the Chinese Academy of Engineer-
ing Physics (CAEP). Isomeric state and ground state nuclei of ""Re were identified by their y-ray spectra. To elimin-
ate the effect of the y-ray emitted from the isomer on the counting of the ground state characteristic peaks, the iso-
meric ratio of "™ *Re was calculated to be 0.29 + 0.11 according to the neutron activation cross-section formula.
This result is consistent with previous data within the uncertainty and can be used to determine parameters that char-
acterize the dependence of the level density on the excitation energy and angular momentum. Through exponential
function fitting and a detailed discussion of the uncertainty evaluation, the half-life of "***Re was determined as
35.43 £ 0.16 d, which is consistent with the currently recommended value; however, the uncertainty assessment of
the latter was barely documented. In addition, this study indicates that the half-life of the ground state can be ob-
tained by eliminating the contamination of y-rays emitted from the isomer, which provides the possibility of determ-
ining the half-lives of nuclides containing isomers.
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I. INTRODUCTION

Rhenium (Re) metal is a high-temperature corrosion-
resistant material, and its boron-based alloys are effect-
ive neutron absorbers used in the regulation of nuclear re-
actors [1]. Considering the activation of structural materi-
als in reactors, the related cross-section data are of great
significance for the evaluation of safety in fusion react-
ors. In particular, they can be used to determine the ne-
cessary disposal of radioactive waste from reactor struc-
tural materials and improve radiation protection proced-
ures. The activation method was used for measurements
of nuclear reaction cross-sections in studies [2—4]. The
half-life of the ground state of a generated nucleus is es-
sential for the activation method because the evaluated
cross-section is related to T, of the populated nucleus [1,
5]. Moreover, the measurement of cross-sections leading
to isomer formation or of the generation ratio of the iso-
mer to the ground state (isomeric ratio) has become one
of the main directions of investigations on level densities
in excited nuclei [6, 7]. Because "™Re has a B-unstable
isomer, the level density and decay property can be stud-

ied from the viewpoint of statistical models after measur-
ing the reaction cross-section and isomeric ratio of 5am.
*Re [5, 6, 8]. As a result, the precise half-life of '***Re
and the isomeric ratio of '*"™*Re are vital for these studies.

To date, the half-life of "*Re has been measured by
four laboratories, and the results are summarized in
Table 1. In 1960, E. Bodenstedt measured the half-life of
"**2Re to be 38.0 + 1 d [9], whereas in 1962, B. S. Dzhele-
pov reported it to be 38.0 = 0.5 d [10]. In particular, the
half-life of "*'Re determined in 1962 was once widely re-
garded as the recommended value. In both measurements,
the ground state of ""Re was generated using a deuteron-
induced reaction in a nuclear reactor. However, N. R.
Johnson discovered a p-unstable isomer with J" = 8" (T},
=169 + 8 d) of "Re [11]. Because the deuteron-induced
reaction generally introduces a sufficiently large angular
momentum to populate the 8 isomer, these half-lives
were determined without accounting for the contamina-
tion effect from the decay of the isomer. Thus, the actual
half-life of "**Re was smaller than the recommended
value 7, = 38.0 + 0.5 d, and the cross-section measured
by the activation method based on this recommended
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Table 1. Half-life of "**Re reported in previous literature.

Reference Measurement methods Detector T),/d
E. Bodenstedt et al. (1960) [9] Deuteron bombarded tungsten/chemical separation Nal 38+1
B. S. Dzhelepov et al. (1962) [10] Deuteron bombarded tungsten/chemical separation Geiger Mueller counters 38+0.5
N. R. Johnson et al. (1963) [11] Neutron irradiation KReO,4/chemical separation Nal 33+£3
T. Hayakawa et al. (2006) [5] Les y-ray irradiation "“'Re HPGe 354407
T. Hayakawa et al. (2008) [12] Lcs y-ray irradiation "“'Re HPGe 354403

value was larger than the actual value. In 2006, T.
Hayakawa measured the half-life of $*Re populated by
the '*Re (y, n) ""Re reaction from laser Compton scatter-
ing y-rays generated through relativistic engineering, and
the measured result was 35.4 + 0.7 d [5]. The (y, n) reac-
tion had an advantage in selectively populating the
ground state because it did not introduce a large angular
momentum. Thus, the ground state of ""Re was expected
to be generated with little contamination of the isomer by
the '“Re (y, n)184Re reaction, and this half-life was re-
garded as the recommended value. Subsequently,
Hayakawa reevaluated the data from this experiment in
2008 and found that the half-life of " “Re was 35.4 + 0.3
d [12]. Nevertheless, the linearization of the exponential
decay function was used to analyze data in both docu-
ments, and the uncertainty was solely derived from fit un-
certainty [5, 12]. Pommé et al. showed that an incom-
plete uncertainty estimation based solely on the least-
squares fit leads to unrealistic values [13—15]. Moreover,
later literature did not provide the basis for decreasing the
uncertainty from 0.7 to 0.3, reducing the reliability of the
result [12]. Therefore, a new half-life of "*2Re with well-
documented uncertainty estimation should be determined
to improve the accuracy and trustworthiness of nuclear
decay data.

In this study, the isomeric state and ground state nuc-
lei of "*'Re were generated by the "Re (n, 2n) ""Re reac-
tion of an Re sample bombarded with D-T neutrons, and
the half-life was measured with y-ray spectrometry using
the HPGe detector. Because the ' Re (n, 2n) reaction
generally brought sufficient angular momentum to popu-
late the 8" isomer, the counts of the ground state charac-
teristic peaks were contaminated by the y-ray emitted
from the isomer. To eliminate this contamination, the iso-
meric ratio of * " *Re was calculated based on the neut-
ron activation cross-section formula. The method de-
scribed by Pommé was used to conduct a robust uncer-
tainty assessment [13, 14]. Such a method provides the
possibility of determining the half-lives of nuclides con-
taining isomers.

II. EXPERIMENT AND FORMALISM

A. Sample
Isotopes of "Re were produced from the Re (n, 2n)

reaction using a neutron bombarded Re sample. The disk
of the Re sample (37.40% "“Re and 62.60% '*'Re, ap-
proximately 20.0 mm in diameter and 1.5 mm in thick-
ness) was sandwiched between natural niobium foil and
zirconium foil, used to determine the neutron energy,
both of which had a thickness of 0.1 mm and purities bet-
ter than 99.99%.

B. Irradiation and determined neutron energy

Irradiation was carried out using the K-400 Intense
Neutron Generator at the China Academy of Engineering
Physics (CAEP) and lasted approximately 17 h. The neut-
ron yield was approximately 3~4x10'" n/4ns. A beam
with a deuteron beam energy of 250 keV and a current of
180 pA was used for the production of neutrons via the T
(d, n) “He reaction. The solid tritium-titanium (T-Ti) tar-
get used in the generator was approximately 2.59 mg/cm2
thick. A schematic diagram presenting the sample posi-
tions in the experiment is shown in Fig. 1. The samples
were placed at 30° relative to the deuteron beam direc-
tion and centered around the T-Ti target at a distance of
approximately 6 cm. During irradiation, the variation in
the neutron yield was monitored by accompanying o
particles to make corrections for fluctuations in the neut-
ron flux. A neutron energy of 14.8 MeV was determined
from the cross-section ratio of the "Zr (n, 2n) ¥7rto “Nb
(n, 2n) ""Nb reactions.

C. Gamma spectrum measurement

The half-life of "**Re and the isomeric ratio of "™

Position: 30°

d* | Radius:16.0 cm
T-Ti target
Zr foil Zzs
Nb foil EzEzz

Associated o particle Re sample I

Fig. 1.
geometry.

(color online) Schematic diagram of experimental
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*Re were determined by measuring the characteristic y-
rays emitted from the generated radionuclides. The y-rays
emitted by the activation sample at different cooling
times were obtained from continuous off-line measure-
ments using a calibrated HPGe detector (ORTEC, USA).
The signals from the detector preamplifier were first
shaped (the shaping time was set to 6 ps), and the data
were amplified by ORTEC model 672. An ORTEC mod-
el 928 multichannel analyzer unit was used, and the data
were collected by the ORTEC MAESTRO software,
which provides precise deadtime information.

Before irradiation, a series of standard sources with
known activity (GOCO, 133Ba, 13'7Cs, 152Eu, me, 241Am,
and 226Ra) were used to calibrate the efficiency of the HP-
Ge detector. The shielding of the detector consisted of a
20 cm thick layer of lead. The relative efficiency of the
detector was 68%, and the energy resolution was 1.82
keV (FWHM) at 1.33 MeV of “Co. The spectrum was
stored in 8092 channels, covering the energy range from
23 to 3080 keV. The typical background rate for the en-
tire energy range is 4.76 s '. A total of 14 measurements
were made at different cooling times, and the individual
spectrum was recorded for 1 d. The first measurement
began after the irradiated sample cooled for 26 d, and the
last measurement was taken after cooling for 205 d. The
upper limit of the dead time was set at less than 0.45% for
each measurement (especially for the first running A¢)).
The dead time uncertainty component was propagated us-
ing the initial measurement recorded dead time of 0.45%
[16, 17]. In addition, when the detector recorded a y-ray,
a series of pulses were recorded as one signal, although
they occupy multiple time intervals, resulting in pulse
pile-up. The probability of pulse pile-up was calculated
using the Poisson distribution [18]. It was calculated that
the probability of no pulse pile-up in all measured y spec-
tra was greater than 99.86%, and the probability of one
pulse pile-up was less than 0.14%. When the probability
of pulse pile-up is less than 1%, the influence on the
count of the y characteristic peaks is insignificant and can
therefore be ignored. Furthermore, the half-width spec-
tral resolution of the y characteristic peaks deteriorates if
pulse accumulation exists. The half-width resolution of
the y characteristic peaks was calculated and compared
with the resolution of y characteristic peaks with Ry
and “Co energies. The relative change was negligible.
Figure 2 shows the first and last typical background sub-
tracted y spectra acquired from the irradiated samples,
with the characteristic y-ray peaks of "* “Re and "**"Re in-
dicated.

D. Formalism

1.  Formula for calculating isomeric ratio

The neutron activation cross-section formula was

ya
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Fig. 2. (color online) Background subtracted y spectra of the

activation sample with different cooling times (#) were meas-
ured using the HPGe detector; (a) ¢, = 26 d and (b) #;4 =205 d.
The acquisition time of a y spectrum was 1 d, and the charac-
teristic y-ray peaks of '*'Re and'*""Re listed in Table 2 are in-
dicated.

used to calculate the isomeric ratio, which can be defined
as[1, 19, 20]

FCAA
o=, (D
MNjn¢lL,eKS D
where ois the fission reaction cross-section; F is the total
correction factor of the counting process, given by
F =Fs*Fc*Fy (Fs,Fc,F, are the self-absorption correc-
tion factor, cascade coincidence correction factor, and
geometric correction factor, respectively); C is the counts
of the characteristic y-rays; A is the molecular weight of
the irradiated sample; A is the decay constant of the fis-
sion products; M is the sample mass; N, is the Avogadro
constant; n is the abundance of the nuclide; ¢ is the neut-
ron flux; I, is the y emission probability; € is the detec-
tion efficiency; K is the neutron flux rate fluctuation cor-
rection factor; S is the generative factor, given by
1—e™T, T is the irradiation time; and D is the measure-
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ment collection factor, given by D = (1 —e *)e™*A! where

¢ is the measurement time and Ar is the cooling time. Be-
cause C, I, €, and D are related to the cooling time and
the energy of y-rays, the formula can be simplified to

C = CoDel, = Coel, (1 —e e (1 —e™) )
where Cjp is a constant. According to this formula, the
counts of y characteristic peaks with energies of 792.067,
894.760, and 903.282 keV emitted from the isomer can
be calculated. Because the yields of nuclei in the isomer-
ic and ground states are measured using the same targets
under identical irradiation conditions, the isomeric ratio
in (n, 2n) reactions can be considered the ratio of the re-
spective yields [6]. In the following, the subscripts is and
gr represent the isomeric and ground states, respectively:

Tis Y, is

IR="5 = & A3
Tgr Yor )

2. Formula for calculating the half-life

The half-life of '*'Re was calculated usmg the nonlin-
ear fit method, including the half-life of '***Re before and
after deducting the effect of y-rays from the isomer as
well as the half-life of "**"Re. The counting formula for
the characteristic y-rays emitted from the activation
sample is defined as [1, 21]

MNnool,eF
C= ANG y a
AA

_ e—/lT)e—/lAt(l _ e—/ll‘)’ (4)
where C is the counts of the characteristic y-rays, Na is
the Avogadro constant, M is the sample mass, n is the
abundance of the nuclide, ¢ is the neutron flux, o is the
fission reaction cross-section, 7, is the y emission probab-
ility, € is the detection efficiency, F is the total correction
factor of the counting process, given by F = Fg* Fc* Fl,
A is the decay constant of the fission products, A is the
molecular weight of the irradiated sample, T is the irradi-
ation time, ¢ is the measurement time, and Ar is the cool-
ing time. Because T and ¢ are fixed in this study, it can
be simplified to

Li_ (- 5
G =e ®)

in which Cj is the counts of the characteristic y-rays be-
fore each measurement, A is the decay constant, Az is the
cooling time, and the subscript i indicates each measur-
ing point.

3. Uncertainty propagation

For normally distributed random fluctuations, a rigor-

ous uncertainty propagation factor can be derived from
linear regression formulas. The uncertainty on the least-
squares solution of the half-life value is [22]

orip _1_ 1 oa (6)
Tivp A \var(® Aw’

where var(f) represents the variance of the measurement
start times, and o4 /A, = (E(U-Ai/A,-)*z)_l/2 is the expec-
ted relative uncertainty on the weighted mean activity.
For a set of n activity measurements with the same relat-
ive uncertainty o; =0y performed equidistant in time
over a total period T, Eq. (7) reduces to [17, 22, 23]

gr1/2 2 3(”—])@

== 7
T1/2 AT \n(n+1) A ( )

in which T is the duration of the campaign, and oy is the
measure of the uncertainty for a typical activity measure-
ment. This formula implicitly assumes that the data are
independent; thus, it is only applicable to statistical
(short-term) variations and not auto-correlated (medium
and long-term) variations [13]. A similar approximation
formula was derived based on the assumption that the rel-
ative impact of a measurement on the fitted half-life is
proportional to the time difference with the middle of the
campaign and data points are spread somewhat evenly in
time over the period 7'[13, 14, 24].

0'T1/2
T2 /lT

Using Egs. (7) and (8), a realistic uncertainty can be es-
timated.

~12
|] O R e alC

A n+1A

A AT

III. RESULTS AND DISCUSSION

The y-ray characteristic peaks of "*Re used in the
analysis with a branching ratio greater than 10% are
shown in Fig. 2. Their energies were 792.067 keV
(37.7%), 894.760 keV (15.7%), and 903.282 keV
(38.1%). The half-life of the nuclide is usually obtained
via the linear fitting of an exponential function. However,
linearization of the exponential fit should only be per-
formed if the weighting factors are changed from the in-
verse variances to the inverse relative variances [13, 14,
17, 25]. The previously reported half-life of "**2Re did not
take this into account when analyzing the data [5, 9—12].
Hence, the counts of the y characteristic peak were fitted
with an exponential function by minimizing the squared
values of the Varlance -weighted residuals. Moreover, the
half-lives of '“*Re were deduced as 46.77 d (792.067
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Fig. 3. (color online) (a) Nonlinear fitting curve between the counts and #. Normalized residuals of the measured "¥Re count versus
the fitted exponential decay curve; (b) 792.067 keV, (c) 894.760 keV, and (d) 903.282 keV. The residuals show no clear auto-correla-
tion and seem randomly distributed, mostly within two standard uncertainties.

keV), 47.62 d (894.760 keV), and 46.99 d (903.282 keV),
as shown in Fig. 3. The fitting curve passed through the
experimental points very well with a correlation coeffi-
cient R~1.0, implying that the y-ray spectra were in a
stable condition during the measurement time of five
half-lives. The residuals of the fit, presented in Fig. 3(b),
(¢), and (d), exhibited a nearly normal distribution, with
the majority of the values within the interval (=2, 2). No
data were excluded from the fit. It can be seen that the
preliminary calculation of the "**Re half-life was clearly
larger, implying that the y characteristic peak counts of
""*Re were disturbed by y-rays emitted from the isomer.
To eliminate the impact of the y-rays from the isomer, the
generation ratio of the isomer to the ground state of "Re
should be calculated. In addition, the isomeric ratio is
useful for verifying the level density and strength of y de-
cay from the viewpoint of the statistical model [6, §].

184m,

A. *Re

Because the nuclide of "**Re is in the transition re-
gion between spherical and deformed nuclei, the proper-
ties of low-lying excited states change dramatically. The
single-particle states of "*Re for a deformed potential are
identified in terms of the 5/2[402] proton (parity is +) and
the 1/2[510] (parity is —) and 11/2[615] (parity is +) neut-
ron orbits in the Nilsson scheme [26]. The spectrum of

Isomeric ratio of

low-lying excited states is composed of precisely these
orbits. The spectroscopic features of the ground and iso-
meric states of the nuclei under investigation are given in
Table 2. The characteristics of the radioactive decay in
the ground and isomeric states, especially the energies of
y-rays (E,), fractions per decay (/,), and half-life (7)),
are necessary for identifying nuclei and determining their
yields. The half-lives of """Re and ""*Re were calcu-
lated via exponential fitting of the y characteristic peaks.
It can be seen that the half-life of '~ "Re was signific-
antly lower (the recommended half-life is 169 + 8 d) be-
cause the measurement time of 205 d was insufficient to
accurately measure the half-life of M Re.

As shown in Fig. 4, the 3~ ground state of '“'Re
mainly decays to 2 and 3" excited states and sub-
sequently decays to "W via y-decay. In contrast, the 8
isomer de-excites through two different decay paths, in-
ternal y-decay and B-decay. The isomer decays to the
ground state of "*Re through y-decay cascades with a
branching ratio of 74.5%. The other isomer populates a 7
excited state in "W via B-decay, and the 7 state decays
to the ground state of Hw by a y-decay cascade. There-
fore, most y-rays, including the three y characteristic
peaks of “*Re (792.067, 894.760, and 903.282 keV)
measured in this experiment, can be found in the decay of
both the ground state and the isomer, and the half-lives
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Table 2.

Spectroscopic features of the ground and isomeric states of the nuclides under investigation. The bolded values of E, are the

energies measured from both the ground and isomeric states of "Re, and the bolded half-lives are obtained from a mixture of y-rays
emitted from the ground and isomeric states of "*'Re. The data source of b, E;, and the nucleonic configurations is literature [26], and

the source of E, and /, data is the National Nuclear Data Center [30].

Nucleus B> E/keV J" Nucleonic configuration Decay mode E, /keV L, (%) T\p/d Counting error (%)
792.067 37.7 46.77 0.44
0.21 0 3 75/2 [402] +v1/2 [510] EC (100%) 894.760 15.7 47.62 0.71
903.282 38.1 46.99 0.46
161.269 6.56 162.04 121
216.547 9.5 152.40 0.88
318.008 5.81 157.04 122
184
Re
792.067 3.69
. EC (25.50%
188 8 75/2 [402] +v11/2 [615] ¢ 6 894.760 2.76
903.282 3.74
920.933 8.2 159.82 1.46
1173.770 1.23 165.21 3.87
IT (74.50%) 104.739 13.6 164.35 1.17
5/2+
IT (74.5%) 185Rg
T12=169d " Tos 306 [188.046
EC (25.5%)
3- [104.739
7.
6 216.547 184Re
- 161.269
5| EC (100%)
3- 920.933
3+ 1173.770 |318.008
2+ | 1894.760
6+
4+ || [792.067
2+
o+ 903.282
184w

Fig. 4. Partial decay scheme of "Re.

obtained from these y-rays are affected by both decays.
However, the internal decay y-rays of 104.739 keV and y-
rays from the 7 states, such as 161.269, 216.547,
318.008, 920.933, and 1173.770 keV, are observed only
in the isomeric decay. To perform a consistency test and
prevent the calculation result from being unreliable due to
insufficient data, these six y-rays were selected for calcu-
lation. The y-Tays emitted from " "Re produced by the
"Re (n, 2n) """"Re reaction are shown in Table 2. Ac-
cording to Eq. (2), the constant Cy is deduced from para-
meters known at y energies of 104.739, 161.269, 216.547,
318.008, 920.933, and 1173.770 keV, including the
counts C, branching ratio I, detection efficiency e, irra-

diation time T, measurement time ¢, and cooling time At.
Therefore, this constant was used to introduce Eq. (2) to
calculate the counts of y-rays at 792.067, 894.760, and
903.282 keV emitted by the isomeric state. In addition,
considering that 74.5% of the isomeric state itself decays
into the ground state, I, in the formula represents the
branching ratio of y-rays but after considering the influ-
ence of this part.

After obtaining the counts of the y characteristic peak
emitted by the isomeric and the ground states, the isomer-
ic ratios at 792.067, 894.760, and 903.282 keV were cal-
culated according to Eq. (3), and the results are shown in
Table 3. The final isomeric ratio was the weighted aver-
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Table 3. Isomeric ratios of "*'Re calculated in this study and the values previously reported.

Isomeric ratios

Nucleus Levels E/keV
Calculation results Weighted average Reference value
792.067 0.2955+0.1107 0.19 [6]
™Re 8" (is.),3 (gr) 894.760 0.2868 + 0.1074 0294011 0.20 % 0.04 [7]
903.282 0.2913 +£0.1091 0.15+0.08 [7]

age of the above values, weighted as the square-reciproc-
al of their corresponding uncertainties [27, 28]. The final
isomeric ratio obtained in this manner was 0.29 + 0.11,
which is consistent with the results in literature within the
uncertainty (which are also presented in Table 3) [6, 7].
This proves the reliability of the isomeric ratio calculated
with experimental data in this study. In addition, the iso-
meric ratio is useful for verifying the level density and
strength of y decay from the viewpoint of the statistical
model [6, 8]. The behavior of the isomer ratios depends
on the spin and angular momentum introduced in the tar-
get nucleus; therefore, this value can be used to determ-
ine parameters that characterize the dependence of the
level density on the excitation energy and angular mo-
mentum, thereby enabling research on nuclear structures
[6, 29].

B. Half-life of "**Re

Using Eq. (2), the y characteristic peak counts of the
isomer at 792.067, 894.760, and 903.282 keV were calcu-
lated using the constant Cy derived from the other six y-
rays emitted by the isomer (104.739, 161.269, 216.547,
318.008, 920.933, and 1173.770 keV). Therefore, after
subtracting the counts of the isomer from the total counts
at 792.067, 894.760, and 903.282 keV, the six counts of
184g . .

Re at each corresponding y energy were obtained.
Then, using Eq. (5), the y characteristic peak counts of
"*"*Re were fitted as an exponential function by minimiz-
ing the squared values of the variance-weighted residuals
[21]. The results were 35.12, 36.16, and 35.00 d for
792.067, 894.760, and 903.282 keV, respectively. The fit-

ting residuals presented in Fig. 5 reveal that the maljgcirity
of data is in the range (-2, 2). The final half-life of = "Re
was taken as the weighted average of the above three val-
ues, which is 35.43 d. The weight for each half-life was
determined wusing the high-frequency uncertainty in
Table 4. The final standard uncertainty on the half-life
was determined using the standard uncertainty on the
weighted average and the medium- and low-frequency
uncertainty components in quadrature [16].

The uncertainty components were evaluated in ac-
cordance with Pommé's technique by considering the
high-, medium-, and low-frequency instability contribu-
tions and combining these in quadrature to determine the
standard uncertainty on the half-life [13]. The evaluation
of uncertainty is presented in Table 4. It is important to
apply independent uncertainty propagation according to
the ‘frequency’ of the uncertainty components. As men-
tioned in Eq. (8), n is the number of measurements for
high-frequency instability. For (cyclic) medium fre-
quency components, the value of n is set equal to the
number of periods covered by the measurement cam-
paign. When pertaining to low-frequency instability, the
parameter n receives a new meaning. For low-frequency
effects, n is the occurred frequency [13, 14, 17, 22, 23].
The high frequency instability component is comprised of
the standard deviation of the residuals from the least
squares fit. This was determined as 0.28%. The medium
frequency instability component of the uncertainty was
identified as 0.15%, which was the trend of the residual.
The low frequency instability components of uncertainty
were not visible in the residual plot; therefore, an attent-

Table 4. Uncertainty evaluation for the half-life of lg4gRe, expressed as relative standard uncertainty.

Components oalA(%) Propagation factor o115/ T12(%) Total (%)

High frequency

Standard deviation of residuals 0.28 0.18 0.05
Medium frequency
Trends in residuals 0.15 0.18 0.03
0.45

Low frequency
Counting uncertainty on ""Re 1.64 0.21 0.34
Background subtraction 0.38 0.49 0.19
Pulse pile-up and dead time 0.45 0.49 0.22
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Fig. 5. (color online) Normalized residuals of the calculated

"SRe vy characteristic peak counts after deducting the corres-
ponding vy characteristic peak counts emitted from ""Re
versus the fitted exponential decay curve; (a) 792.067 keV, (b)
894.760 keV, and (c) 903.282 keV. The residuals show no
clear autocorrelation and seem randomly distributed, mostly
within two standard uncertainties.

ive analysis must be performed. The counting uncer-
gg}nty introduced in the calculation of y-rays emitted from
"Re, background subtraction, pulse pile-up, and dead
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Fig. 6. (color online) Half-life of "**Re calculated in this

study compared with the values previously reported.

time correction are all considered low frequency compon-
ents of the uncertainty. In this study, a conservative ap-
proach was used for the analysis part of the low fre-
quency instability components; therefore, n was set equal
to 1 for background correction, pulse pile-up, and dead
time correction. However, the contribution of the count-
ing uncertaint;/ introduced in the calculation of y-rays
emitted from " "Re was deduced from data processing by
the weighted least-squares fit. For this, n was set to the
number of measurements. The total uncertainty was 0.45
%, as outlined in Table 4. The final half-life of ""2Re was
3543 +£0.16 d.

The deduced half-life of "**Re is listed in Fig. 6 along
with previous literature values, where the data represen-
ted by the green line in the figure is from the NNDC data-
base [5, 9—12, 15, 30]. As shown in Fig. 6, the uncer-
tainty on our result was significantly lower than the cur-
rent recommended value. The experiment and ensuing
uncertainty evaluation were discussed in detail. This
provides a more accurate and reliable half-life for applic-
ations using an activation method, such as the calculation
of the cross-section of "*'Re via the "“Re (n, 2n) "Re re-
action. More importantly, this result demonstrates that an
accurate half-life of the ground state can be obtained by
eliminating the contamination of y-rays emitted from the
isomer on the counts of the ground state characteristic
peaks.

IV. CONCLUSIONS

In this study, the isomeric ratio of %M 2Re and the
half-life of "***Re were measured in the "*’Re (n, 2n) reac-
tions at 14.8 MeV, and the uncertainty was discussed in
detail. Based on the isomeric ratios formula and weighted
average, the upper limit of the isomeric ratio was success-
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fully calculated to be 0.29 + 0.11, which is consistent
with prior results within the uncertainty. By eliminating
the contamination of y-rays emitted from the isomer on
the counts of the ground state characteristic peaks, an ac-
curate "**Re half-life was obtained as 35.43 + 0.16 d.
This uncertainty was significantly lower than that of the
recommended value 7;,=35.4 + 0.7 d. In contrast to pre-
vious reports that obtained this uncertainty based only on
least square fitting, a careful uncertainty evaluation was
performed, and an uncertainty budget was presented.
Therefore, the result in this paper is recommended as the
new half-life of '***Re. This result will provide essential
information for applications using an activation method,

such as the calculation of cross-section. Moreover, this
experiment indicates that an accurate half-life of the
ground state can be obtained by eliminating the contam-
ination of y-rays emitted from the isomer, which is cru-
cial for calculating the nuclear data of nuclides contain-
ing isomers.
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