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Abstract The precise knowledge of the half-life of the reac-
tion product is of crucial importance for a nuclear reaction
cross section measurement carried out with the activation
technique. The cross section of the 92Mo(er,n)* Ru reaction
was measured recently using this experimental approach.
The preliminary results indicated that the literature half-life
of 9°Ru, derived about half a century ago, is overestimated.
Therefore, the half-lives of > Ru and its daughter isotope * Tc
and > Tc have been measured with high precision using
y-spectroscopy. The results are t;» = 1.6033 4 0.0044h
for ®Ru, t;» = 19.258 & 0.026h for *>Tc and t;)p =
61.96 + 0.24d for " Tc. The precision of the half-life val-
ues has been increased, consequently the recently measured
92Mo(oc,n)%Ru activation cross section will become more
precise.

1 Introduction

The bulk of the isotopes heavier than iron are synthesized via
neutron capture reactions in the so-called s and r processes [1,
2]. However, on the proton-rich side of the valley of stability
there are — depending on the astrophysical model — 30-35
mostly even-even proton-rich species. These, so-called, p-
nuclei cannot be synthesized by neutron capture reactions,
since they are separated by unstable short-lived nuclei from
the path of both the s and r processes [3]. According to our
knowledge, in the production of these isotopes, (y,n), (v,p)
and (y,«) photodisintegration reactions play key role and the
process takes place either in type IA supernovae or in Type
II (core collapse) supernovae [3,4].

The astrophysical modeling of this nucleosynthesis sce-
nario requires an extended reaction network calculation, the
necessary cross sections are taken from the statistical model.
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The predictions of the statistical model can be tested and its
input parameters — such as optical model potentials, level
densities and y-ray strength functions — can be optimized
by measuring the cross sections of charged-particle induced
reactions, the inverses of the relevant photodisintegrations.
Such cross section measurements are often carried out using
the activation technique [5]. The application of this experi-
mental approach requires precise information on the decay
properties of the reaction product(s). Accordingly, the half-
life (t;/2) of the resulted isotope and the intensities of the
y-rays emitted after the S-decay have to be known to derive
the number of created reaction product nuclei.

To constrain the parameters of the a-nucleus optical
potential, a new measurement for the 92Mo(oe,n)gSRu reac-
tion cross section is in progress at the Institute of Nuclear
Research (Atomki). The number of reaction products is
deduced from the yield of the well-known y-radiation [6]
emitted after the S-decay of > Ru. From the measured activ-
ities, the initial number of the produced ’Ru nuclei has
been calculated using the adopted half-life value (t;, =
1.643 £ 0.013h [7]; derived as the weighted mean of the
results of two experiments: t;2 = 1.650 & 0.017h [8],
ti2 = 1.632 £ 0.021h [9] carried out about half a century
ago). The preliminary results, shown in Fig. 1, clearly show
a decreasing tendency which may indicate that the half-life
of the Ru is overestimated.

Furthermore, the cross section of the investigated reaction
can also be derived by measuring the activity of the daughter
isotope of the reaction product. However, the adopted half-
life value of PTc is based on only one measurement [7, 101

I Two further experiments, carried out in 1948, aimed at the determi-
nation of the half-life of the ground state of 9STc [12,13]. However,
these data (t;2 = 20+ 2h and t; 2 = 20.0 £ 0.5 h) were not taken into
account when the adopted half-life value of *>Tc was derived [10] prob-
ably due to the fact that in 1948 the metastable state was not identified
yet and therefore the data of [12,13] is not corrected for its IT decay.
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Fig. 1 The number of ®Ru isotopes produced in the *>Mo(c,n)>>Ru
reaction as a function of time after the activation calculated from the
336.40 keV peak area using the literature half-life (t;2 = 1.643 £
0.013h). The slope of the data indicates that the half-life value may be
overestimated

carried out almost 50 years ago using a Nal(T1) detector [14].
In table 1 of [14] the y -transitions assigned to the -decay of
9Tc are listed, however, according to [6,7] some of the tran-
sitions belong also to the decay of the metastable state of > Tc
(®>"Tc¢) or y-transitions emitted during the S-decay of the
metastable state can be found close to listed peaks (within the
resolution of the detector). Accordingly, the derived results
may overestimate the ground state half-life of >>Tc. Finally,
the half-life of > Tc has unusually high uncertainty, exceed-
ing 3 % [15]. Therefore, a high precision experiment has been
carried out aiming at the determination of the half-lives of
the above listed two isotopes and the isomeric state of > Tc.
This paper is organized as follows. In Sect. 2 the details of
the experiment are presented. Section 3 shows the data anal-
ysis and summary is given in Sect. 4 along with the obtained
results.

2 Experimental details

The half-lives were derived using y-spectroscopy. The y-
radiation following the B-decay of the reaction products was
measured using a 50 % relative efficiency HPGe detector
(Canberra model GR10024), placed into a complete 47 mul-
tilayered shielding. After the irradiation, the samples were
placed at 21 cm distance from the endcap of the detector.
The nuclear electronics used for the present half-life mea-
surement was similar to the one used in the past for the pre-
cise half-life measurements carried out at Atomki [16—-19].
Namely, the signals from the detector preamplifier were first
shaped (the shaping time was set to 3us) and amplified by
an ORTEC model 671 module. An ORTEC model ASPEC-
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927 multichannel analyzer unit was used and the data were
collected using the ORTEC A65-B32 MAESTRO software
which provides deadtime information found to be precise in
the previous works.

The product of the 92Mo(oz,n) reaction is *°Ru, the Bt /e-
decay of this isotopes leads to the ground and metastable state
of PTc. The B /e-decay of *>Tc results in > Mo which is
stable. The %' Tc state decays by B+ /e-decay to *>Mo and
with internal transition (IT) to the ground state of >>Tc, the
branching ratios of these decay modes are I = 96.12+0.32 %
(Bt /e)and I = 3.8840.32 % (IT), respectively. Each decay
is followed by the emission of several high relative intensity
y-rays. Moreover, ®Tc and *>"Tc can not only be produced
or populated by the B-decay of *Ru, but also directly dur-
ing the irradiation of **Mo through the *>Mo(«,p) reaction
(although its cross section is about an order of magnitude
lower than the cross section of the (c,n) reaction). The rele-
vant decay parameters of “Ru, *Tc and " Tc are summa-
rized in Table 1.

The *Ru and ?>Tc samples were produced by alpha irra-
diation of high purity natural isotopic composition 0.5 mm
thick molybdenum plates. The energies, intensities and the
length of the irradiations were optimized to produce samples
with appropriate activities for the half-life measurements.
On the one hand side, the activity of the sample should be
high enough to measure the selected y -transitions with good
statistics. On the other hand, the deadtime of the counting sys-
tem should be kept as low as possible to limit the systematic
uncertainty arising from the deadtime correction. According
to this, at first, using E, = 12.0MeV and E, = 11.0MeV
o irradiations, relatively weak sources were produced. In
the first 10 hours of the counting the spectra were stored
and erased every 10 minutes (and from the yield of the
E, = 336.4keV, E, = 626.8keV and E, = 1096.8keV
y -transitions, the half-life of 9Ru was derived). Later the
spectra were saved every hour. The spectra measured t,, = 24
hours after the end of the irradiation were used to derive the
half-life of ®>Tc (during this waiting time practically all >Ru
isotopes already decayed to *>Tc). Figure 2 shows typical y -
spectra measured after the end of the « irradiations of Mo
targets.

Next, a high activity source was produced with a E, =
13.0MeV « beam irradiation and used to derive the half-life
of %" Tc. The source activity was measured for more than 3.5
months and the spectra were stored and erased every 12 hours.
One day after the end of the irradiation the deadtime was
still exceeding 20 %, therefore, this sample was solely used
to derive the half-life of the metastable state and accordingly
the activity measurement started about three weeks after the
end of the irradiation. During this waiting time practically
all PTc isotopes originated from the B-decay of ®Ru and
from the ®?Mo(a,p) reaction already decayed to *>Mo. Using
the E, = 204.1keV, E, = 582.1keV, E, = 616.5keV,
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Table 1 Decay parameters of the studied isotopes taken from [7,10,11] (*: emitted after the IT decay of the metastable state)

Product Decay mode E, [keV] L, [%]

9Ru 100% B /e 336.4 69.9+0.5
626.8 17.8 £0.5
1096.8 209+ 1.0

BTc 100% B /e 204.1 0.304 £ 0.023
765.8 93.8+0.3
947.7 1.95 £ 0.02

95me 96.124+0.32% B /e 204.1 63.2+0.8

3.88+£0.32% IT 582.1 30.0 £ 0.4

616.5 1.284 +0.021
765.8% 93.8+0.3
786.2 8.66 +0.12
820.6 4.71 £0.06
1039.3 2.78 £0.04

9TRu 100% B /e 215.7 87.66 £0.11
324.5 11.01 £0.12

103Ru 100% B~ 497.1 91.0+1.2
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E, = 786.2keV, E, = 820.6keV and E,, = 1039.3keV
and the E,, = 765.8keV (belonging to 9Tc) y-transitions
listed in Table 1, the half-life of the metastable state was
derived with high precision. Figure 3 shows the decay curves
of “Ru and *"Tc, the fitted exponential functions and the
residuals.

Finally, a moderate activity source was used to derive
the ground state half-life of ®Tc. Although the y-counting
started about 34 min after the end of the irradiation, only
the y-spectra measured t,, = 24.55 hours after the end
of the irradiation were analyzed. During this waiting time,

600 700 800
Energy [keV]

T
400 500 900 1000 1100 1200

practically all produced *>Ru nuclei decayed to *>Tc. The
total length of this counting was 62.17 days and to derive
the half-life of ®Tc the yields of the E, = 204.1 keV,
E, = 765.8keV and E,, = 947.7keV y-transitions were
measured. However, the S-decay of >>Ru populates not only
the ground but a low-lying metastable state in *>Tc, too.
Although the half-life of the metastable state is about 75
times longer than the one characterizing the ground state
and furthermore the probability of the internal transition
decay is rather low, still the y-rays emitted along this decay
chain influence the determination of the ground state half-
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Fig. 3 Decay curves (and residuals) based on the study of the E, = 626.8keV (*>Ru) and E, = 582.1keV > Tc) y-transitions. The widths of

each time bin are 10 min for ®Ru and 12 h for %" T¢

life. According to this, the measured y-yields (similarly to
the E, = 12.0MeV and E, = 11.0MeV « beam irradia-
tion) were fitted with the sum of two exponential functions.
Figure 4 shows the decay curve of *Tc and the sum of the
two fitted exponential functions.

3 Data analysis and results

In each spectrum the peaks were fitted with a Gaussian plus
a linear background. Moreover, numerical integration was
also used to determine the areas. For both approaches dif-
ferent background regions were selected. The two methods
resulted in half-lives always within 0.09 % which is taken
into account as systematic uncertainty characterizing the
peak area determination. To determine the half-lives of > Ru
and " Tc, exponential curves were fitted — using the least
square method (described in details e.g. in [20]) — to the
deadtime corrected areas of the y-peaks as the function of
time. In the case of >Tc, the measured y-yields were fit-
ted with the sum of two exponential functions, keeping the
half-life of ®>Tc and the initial number of the *>%*"Tc iso-
topes as free parameters (and the half-life of > Tc as fixed).

@ Springer
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Fig. 4 Decay curve (and residual) obtained from the measured E, =
204.1keV y-transition of *Tc. The width of each time bin is 2 h before
and 4 h after 188.00 h long counting

Table 2 lists and Fig. 5 shows the measured half-life values
for Ru, PTc and 9" Tc. The uncertainties, listed in Table 2
are statistical only and the X,.zg 4. value refers to the exponen-
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Table 2 Half-life results (HA refers to the E, = 13.0MeV high activity source and MA refers for the E, = 13.0 MeV moderate activity source).
The listed uncertainties are statistical only. For more details see text

Isotope Eq [MeV] E, [keV] ti)2 X
SRu 11.0 336.4 1.6044 +0.0018h 1.61
626.8 1.6000 4 0.0055h 1.15
1096.8 1.6074 4+ 0.0064 h 0.84
12.0 336.4 1.6028 4+ 0.0032h 1.02
626.8 1.5938 4+ 0.0087h 1.29
1096.8 1.5925 4+ 0.0094 h 1.58
STc 13.0 MA 204.12 19.124+0.33h 1.06
765.8 19.2579 £+ 0.0049h 1.04
947.7 19.280 4+ 0.056h 1.08
12.0 204.1 18.84 £0.77h 1.02
11.0 204.1 19.65 £ 1.25h 0.97
95mTe 13.0 HA 204.12 61.949 4+ 0.035d 1.18
582.1 61.991 +0.057d 1.18
616.5 62.40 +0.39d 1.16
765.8 62.05 +0.18d 1.19
786.1 61.98 +0.25d 1.02
820.6 61.99 +0.16d 1.10
1039.3 61.82 +0.21d 0.97
13.0 MA 204.1 61.69 +£0.24d 1.11
765.8 62.5+1.1d 0.97
9TRu 11.0 215.7 2.8387 +0.0028d 0.96
12.0 215.7 2.8422 +0.0012d 1.37
13.0 215.7 2.8411 4+ 0.0004d 1.47
183Ry 13.0 497.1 39.297 +0.021 d 1.08
95 ; :
Ru half-life %Tc half-life 9%mTe half-life
1.66- 21.24 64.0- = 204.1 kev Presentwork:t,,=61.96+0.24d
1.651 Literature ty,=1.643+0.013 h 20.8] 7Presentwork: t,;, = 19.258 + 0.026 h 63.51 = 582.1keV Literature t,, = 61.0 £ 2.0 d
1641 63.01 616.5keV
' I 20.4 4 Literature t,, =20.0 £ 0.1 h ’
1.63 .
= 1.62 Present work: t,, = 1.6033 + 0.0044 h EZO'O .
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Fig. 5 Obtained half-life values for >Ru, > Tc and *>" Tc. The plotted the grey shaded areas show the total uncertainties. For comparison, the
values are the individual results as well as the weighted averages of the literature half-life values and their uncertainties (in light grey) are also
half-lives determined from the analysis of the different y-transitions indicated

listed in Table 1. The horizontal lines indicate the final half-life results,
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tial fit>. As can be seen the values derived from the different
y-transitions are in good agreement. The final t; /> values and
their statistical uncertainties were calculated as the weighted
average of the studied transitions.

Systematic uncertainties can influence the half-life results.
For example any change in the detection efficiency during the
y-counting leads to the alteration of the results. By measuring
the half-life of a reference source this possible effect and also
the precision of the deadtime determination can be studied.
Natural isotopic composition molybdenum targets were used
in our experiment, thus, °7-1%3Ru isotopes were also produced
via (a,n) reactions on **1%°Mo. The half-lives of these ruthe-
nium isotopes were measured recently with very high preci-
sion[21]and foundtobet;» = 2.8370£0.0014 d (0.049 %)
and t;2 = 39.210 4= 0.038d (0.097 %), respectively. Their
B-decay is followed by the emission of high intensity y-rays
suitable for half-life determination. Our resulted t;/» values
for the 97-103Ru reference isotopes are listed in Table 2, too.
As it can be seen, our data are higher than the literature val-
ues by 0.14% and 0.22 %, respectively, while our statisti-
cal uncertainties are 0.015 % and 0.054 %. In order to quan-
tify the above discussed effect, the deadtime values provided
by the data acquisition system (DAQ) were modified and
its effect on the obtained half-lives were studied. We found
that the literature half-lives of the reference sources can be
reached by modifying the deadtime by 18.3% (°’Ru) and
23.3% ('93Ru). The effect of such deadtime modifications
on the half-lives of the studied isotopes are 0.24%, 0.10%
and 0.38% for % Ru, ?>T¢ and " Tc, respectively. These
values are taken as systematic uncertainties characterizing
the stability of the counting setup and the deadtime determi-
nation.

Furthermore, any difference between the t; / values based
on the analysis of the different y-transitions could be
explained if e.g. we assume that weak y-rays, emitted after
the B-decay of other isotopes, with energies within the res-
olution of the HPGe detector contribute to yield of the peak
of our interest (see e.g. [19]). However, the derived half-life
values, based on the countings of different y-transitions are
statistically consistent and this indicates that the measured y -
yields contain no parasitic contributions and therefore, sys-
tematical uncertainty is not assigned.

4 Conclusions

The half-lives of PRu, ?>Tc and " Tc were measured
by high precision using y-spectroscopy. Table 2 lists and

2 In the calculation of the weighted mean, the uncertainties listed in
table 2 have been scaled up by the square root of the corresponding
Xred for xreq > 1 cases.

3 Relative uncertainties are given in parenthesis.
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Fig. 5 shows the measured half-life values. The total uncer-
tainties are the quadratic sum of the statistical uncertain-
ties and the above discussed systematic uncertainties. The
final half-life results are t;2 = 1.6033 & 0.0017 (stat.) &
0.0041 (syst.)hours, t;» = 19.258 £ 0.005 (stat.) £0.026
(syst.)hours, and t;» = 61.96 £ 0.03 (stat.) 0.24 (syst.)
days for Ru, >>Tc and " Tc, respectively. For the first two
isotopes, the differences between the adopted values and our
results exceed several o uncertainty and this fact calls for an
independent confirmation. Our new *>"Tc half-life value is
in agreement with the literature data, however, its uncertainty
is lower by more than an order of magnitude, therefore, the
result of this work is recommended as new adopted value.
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