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Abstract In this study, activation cross-sections were
measured for the 101Ru(n,p)lmTc reaction at three different
neutron energies from 13.5 to 14.8 MeV. The fast neutrons
were produced via the 3H(d,n)“He reaction on K-400
neutron generator. Induced gamma activities were mea-
sured by a high-resolution gamma-ray spectrometer with
high-purity germanium detector. Measurements were cor-
rected for gamma-ray attenuations, random coincidence
(pile-up), dead time and fluctuation of neutron flux. The
data for "°"Ru(n,p)'®' Tc reaction cross-sections are repor-
ted to be 15.7 £ 2.0, 18.4 £ 2.7 and 22.0 = 2.4 mb at
135+ 0.2, 141 £0.2, and 14.8 £ 0.2 MeV incident
neutron energies, respectively. Results were compared with
the previous works.
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Introduction

Experimental data of neutron-induced reactions in the
energy range around 13.5-14.8 MeV are needed to verify

J. Luo (X)) - J. Han - S. Ge - Z. Liu - G. Sun

School of Physics and Electromechanical Engineering,
Hexi University, Zhangye 734000, China

e-mail: luojh71@163.com

J. Luo

State Key Laboratory of Nuclear Physics and Technology,
Institute of Heavy Ion Physics, Peking University,

Beijing 100871, China

R. Liu - L. Jiang
Institute of Nuclear Physics and Chemistry, Chinese Academy
of Engineering Physics, Mianyang 621900, China

the accuracy of nuclear models used in the calculation of
cross-sections. A lot of experimental data on neutron
induced cross-sections for fusion reactor technology
applications have been reported and great efforts have been
devoted to compilations and evaluations [1, 2]. We chose
to study the neutron-induced reaction cross-sections of the
101Ru(n,p)lmTc reaction mainly for three reasons. First,
ruthenium is fission product from the nuclear spent fuel.
The (n,x) reaction cross-sections of ruthenium isotopes are
therefore important for calculations on radiation safety of
nuclear spent fuel. Second, for 10]Ru(n,p)lmTc reaction of
ruthenium isotopes, ruthenium of natural isotopes compo-
sition was used as target material, it is likely that some of
the studied activation products may be formed not only via
the main routes but also via a few other interfering
reactions. In the case of 101Ru(n,p)lmTc reaction, special
care is necessary to correct for the effect via the

14Ru(n,00)'""Mo (T, = 14.61 m, 1Mo =1 101
and the 1OZRu(n,d*)IOITc (T, = 14.22 m) processes (see
Fig. 1). Third, the cross-sections of 101Ru(n,p)lOITc reac-
tion around 14 MeV have been measured by several groups
[3-6], but most of them were obtained before 2000, fur-
thermore, there was disagreement in those data. This is

caused mainly by three factors:

1. the system difference caused by different measuring
methods and experimental conditions (neutron field
characteristics, radiation detector, neutron monitoring
method). For the cross-sections of 1OlRu(n,p)loch
reaction, the results of Kielan et al. [4], Kasugai et al.
[3], and Kasugai et al. [5] using the gamma count
method are about nine times higher than the result of
Paul and Clarke [6] using beta counters method.

2. the decay data deficiencies (half-life). For
101Ru(n,p)lOITc resction, the cross-secrions have been
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Fig. 1 Simplified level schemes of '°’Mo and '°'Tc. Formation of
these products via different neutron induced reactions is given
together with the spin and parity of the target nuclei in parentheses [7]

determined by Paul and Clarke [6] using half-life
15.0 min. The data for 14.22 min have been measured
accurately in recent years.'

3. interfering reactions. For ]O]Ru(n,p)]O]Tc resction,
previous work [3, 5, 6] did not consider the contribu-
tion from the 104Ru(n,oc)lmMo and 102Ru(n,d*)lmTc
reactions.

Therefore, it is necessary to make further measurements of
high precision for the cross-sections of the '*'Ru(n,p)''Tc
reaction.

In the present work, the cross-sections of the above
mentioned reaction were measured in a neutron energy
range from 13.5 to 14.8 MeV and a gamma-ray counting
technique was applied using high-resolution gamma-ray
spectrometer and data acquisition system. Pure ruthenium
powder was used as the target material. The reaction yields
were obtained by absolute measurement of the gamma
activities of the product nuclei using a coaxial high-purity
germanium (HPGe) detector. The neutron energies in this
measurement were determined by cross-sections ratios for
the *°Zr(n,2n)*™*¢Zr and **Nb(n,2n)”*™Nb reactions [8].
The present results of 101Ru(n,p)lmTc reaction were
compared with the previous works.

Experimental

Activation technique is very suitable for investigating low-
yield reaction products and closely space low-lying isomeric
states, provided their lifetimes are not too short. The details
have been described over the years in many publications
[9-13]. For the 101Ru(n,p)lmTc reaction, the cross sections

' The expression (n,d*) cross-sections used in this work includes a
sum of (n,d), (n,np) and (n,pn) cross sections.
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weren’t directly measured. Rather, they were calculated
relative a comparator isotope with known cross section
using the detection of gamma rays from the daughter nuclei.
Here we give some salient features relevant to the present
measurements.

Samples and irradiations

About 7 g of ruthenium powder of natural isotopic com-
position (99.99 % pure) was pressed at 10 ton/cm?, and a
pellet, 0.2 cm thick and 2.0 cm in diameter was obtained.
Three such pellets were prepared. Monitor foils of Nb
(99.99 % pure, 0.2 mm thick) and Al (99.999 % pure,
0.04 mm thick) of the same diameter as the pellets were
then attached in front and at the back of each sample.
Irradiation of the samples was carried out at the K-400
Neutron Generator at Chinese Academy of Engineering
Physics (CAEP) and lasted 128 min with a yield
~4-5 x 10" n/s. The samples position in the experiments is
shown in Fig. 2. The groups of samples were placed at 0°, 90°
or 135° angles relative to the beam direction and centered
about the T-Ti target at distances of ~4 cm. Neutrons were
produced by the T(d,n)*He reaction with an effective deuteron
beam energy of 134 keV and beam current of 230 pA. The
tritium—titanium (T-Ti) target used in the generator was
2.18 mg/cm? thick. The neutron flux was monitored by a
uranium fission chamber so that corrections could be made
for small variations in the yield. Cross-sections for
93Nb(n,2n)92mNb or 27Al(n,oc)24Na reaction [14] were selected

as monitors to measure the reaction cross-sections on '*'Ru.
Measurement of radioactivity

After having been irradiated, according to the half-life of
product radioisotopes, the samples were cooled for 5-
10 min, and the gamma ray activity of '°"Mo, '°'Tc, **™Nb
and **Na were determined by a HPGe detector (ORTEC,
model GEM 60P, Crystal diameter: 70.1 mm, Crystal
length: 72.3 mm, made in USA) with a relative efficiency
of ~68 % and an energy resolution of 1.69 keV at
1332 keV for ®°Co. The efficiency of the detector was pre-
calibrated using various standard gamma sources. The
decay characteristics of the product radioisotopes and the
natural abundances of the target isotopes under investiga-
tion are summarized in Table 1 [7].

Calculation of cross-sections and their uncertainties

The measured cross-sections can be calculated by the fol-
lowing formula [15]:

[Se1,nKMD}, [JAFC), _ "
[Sel,KMD], [2AFC]," "

Ny0x =
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Fig. 2 Sample position with the
target assembly
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:szl(:::?a:e ngz(c::)(,)r(lisa;ngf Reaction Abundance of target Q-value Mode of Half-life of Ey Iy
activation products isotope (%) (MeV) decay (%) product (keV) (%)
1%Ru(n,a)'""Mo  18.7 1.069 B~ (100) 14.61 minutes  191.92 19.0
102Ru(n,d®)''Tec  31.6 —6.119 B~ (100) 14.22 minutes  306.85 88.0
IRun,p)' " Tec  17.0 —0.83 B~ (100) 14.22 minutes  306.85 88.0
%Nb(n,2n)°*™Nb 100 —8.83 EC (100) 10.15 days 9344  99.07
27 Al(n,0)**Na 100 —3.13 B~ (100) 14.959 h 1368.6 100
where the subscript O represents the term corresponding to (D + h/2)2
the monitor reaction and subscript x corresponds to the g~ D2 (4)

measured reaction, ¢ is the full-energy peak efficiency of
the measured characteristic gamma-ray, Iy is the gamma-
ray intensity, # is the abundance of the target nuclide, M is
the mass of sample, D = ¢ * — ¢ 2 is the counting
collection factor, ¢, t is the time intervals from the end of
the irradiation to the start and end of counting, respectively,
A is the atomic weight, C is the measured full energy peak
area, A is the decay constant, F is the total correction factor
of the activity:

F =f. X fo X fq (2)

where f;, f. and f, are correction factors for the self-
absorption of the sample at a given gamma-energy, the
coincidence sum effect of cascade gamma-rays in the
investigated nuclide and the counting geometry,
respectively. Coincidence summing correction factor f,
was calculated by the method [16]. The gamma ray
attenuation correction factors f; in the sample and the
geometry correction f, were calculated by the following
Egs. (3) and (4), respectively.

uh

ST exp( )

(3)

Here p (in cm_l) is the linear attenuation coefficients in
ruthenium for gamma rays at each of the photon energies
E, h (in cm) is the thickness of the sample and D is the
distance from the measured sample to the surface of the
germanium crystal. X = neutron fluence fluctuation factor:

S

Where L is the number of time intervals into which the
irradiation time is divided, A is the duration of the ith time
interval, T; is the time interval from the end of the ith
interval to the end of irradiation, @; is the neutron flux
averaged over the sample during At;, S =1 — ¢ T is the
growth factor of the product nuclide, T = total irradiation
time, @ is the neutron flux averaged over the sample during
the total irradiation time T

According to formula (1), we can obtain the following
formula:

0.3166('*Ru(n,d*)'"'Tc) + 0.17¢('"'Ru(n,p)'*' Tc)
[Sel,nKMD),, [LAFC]
= L X a0 (6)
[Sel,KMD], [JAFC],

e_;VAt")e_“w" /(DS (5)
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Table 2 Summary of cross-section measurements for '*'Ru(n,p)'®' Tc reaction

Reaction References Cross-sections (in mb) at various neutron energies (in MeV)
E,=135+02 E,=141+02 =148 £02
TR u(n,p)'*'Tc Present work 157 £ 2.0 184 £ 2.7 220 + 24
104Ru(n,o) """ Mo 3] 1.47 £ 0.26 1.92 £+ 0.30 2.55 £ 0.33
102Ru(n,d*) ' Te 3] 0.63 £ 0.07 1.23 £ 0.10 2.77 £+ 0.19
%Nb(n,2n)**"Nb [14] 4579 + 6.8 459.8 + 6.8 459.7 £ 5.0
27 Al(n,o)**Na [14] 125.7 £ 0.8 121.6 £ 0.6 111.9 £ 0.5
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In the process of calculating the cross-sections of the .
102 4101 101 101 . = This work
0.3164(" “Ru(n,d*) " Tc) +0.17¢("" Ru(n,p) " Tc) reaction, 40 - o Kasugai et al. (1992)[3]
C, in (6) should be the results of actual measured full- ¢ Kielan et al. (1993) [4]
energy peak area minus the contribution from '°'Mo via o v Kasugai et al.(1998) [5] g
o =100%) € 30} 4 Pauletal (1953)[6]
10IMo ——— 5 191T¢ (counting C;), (see Fig. 1) [15]. c ——ENDF/B-VII
. . i) P JEFF-3.1/A
According to the regulation of growth and decay of 5 | . JENDL-3.3 }
artificial radioactive nuclide, C; can be written as [17]: $ 20
2
C I]N]()G]I C[S ( D /um/ltDl) +l ( )QDZ] (3 10
1 Imta(Ae = ) "“"Ru(n,p)"'Tg
AC
1y (7) . i
[NoSDL,¢],, P | | A .
6 8 10 12 14 16 18 20

where the subscript m represents the term corresponding to
the product '”'Mo and r corresponds to the '°'Tc, S, =
1 —e T, and S, I, is branching ratio of
the product '°"Mo by = decay, ¢ is full-energy peak effi-
ciency of the measured characteristic gamma-ray, I, is gamma
ray intensity, D, = e/t —e 2 Q= [(1 —e )

-1— e*)mto

=e —e
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Neutron energy (MeV)
Fig. 4 Experiment and evaluation data for '°'Ru(n,p)'*'Tc reaction

+;

At =l

e (e7HT — =T, D, = e~4h — e74" g, is cross-sec-

tion of the '®Ru(n,)'°’Mo reaction, Njo is the number of
target of 1%Ru(n,0)'"*"Mo reaction.
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Results and discussion

The advantage of the activation method with samples of the
natural isotopic content lies in the fact that it produces simul-
taneously different reaction products, which can be easily
selected because of the excellent energy resolution of the HPGe
detector. It has however also the drawback that it requires a
more involved analysis of the measured yields when reactions
on different target isotopes lead to the same final product, e. g.
there are three routes to produce '°'Tc, the first via the
102Ru(n,d*)lOITC reaction, the second via 101Ru(n,p)wch
reaction, and the third through the 104Ru(n,ot)101Mo reaction
followed by 5~ decay. The set of differential equations (Eqs.1—
7) describing formation and decay of the nuclei in question
was solved to get the contributions of the investigated and
the interfering reactions to the measured yield 0.316¢
(lozRu(n,d*)lmTC) + 0.170 (IOIRu(n,p)IOITc). Knowing the
cross-sections of the 104Ru(n,oz)mlMo reaction and of the
1%2Ru(n,d*)'*' T reaction with separated isotopes from [3] are
used in the present experiment.

Cross-sections values for 101Ru(n,p)lmTc reaction on
ruthenium isotopes were obtained relative to those of the
%Nb(n,2n)”>™Nb or >’ Al(n,0))>*Na reaction. The main error
sources in our work result from counting statistics
(0.1-15 %), standard cross-sections uncertainties (1 %),
detector efficiency (2-3 %), weight of samples (0.1 %),
self-absorption of gamma-ray (0.5 %) and the coincidence
sum effect of cascade gamma-rays (0-5 %), the uncer-
tainties of irradiation, cooling and measuring times
(0.1-1 %), etc. And some other errors contribution form
the parameters of the measured nuclei and standard nuclei,
such as, uncertainties of the branching ratio of the char-
acteristic gamma rays, uncertainties of the half life of the
radioactive product nuclei and so on all are considered.

The values of the 0.316¢('**Ru(n,d*)'°'Tc) + 0.17¢
("'"Ru(n,p)'®'Tc) are 2.87 £ 0.31, 3.52 4+ 0.42, and
4.62 £+ 0.34 mb at 13.5, 14.1, and 14.8 MeV incident neu-
tron energies, respectively.

The cross-sections measured in the present work are
summarized in Table 2.

One of the gamma-ray spectra is shown in Fig. 3. The
306.85 keV gamma-ray emitted in the decay of '°'Tc were
used to deduced the value of the 0.316a('“Ru(n,d*)'*'Tc) +
0.176(101Ru(n,p)101Tc) reaction cross-sections. The results
of this work are shown in Fig. 4 together with the literal
values. From Fig. 4, we can see that our values are in
agreement with Kielan et al. [4] within experimental uncer-
tainties, but our values are lower than those obtained by
Kasugai et al. [3], Kasugai et al. [5], and evaluated data of
ENDF/B-VII [18], JEFF-3.1/A [19] and JENDL-3.3 [20],
whereas our values are higher than data obtained by Paul
and Clarke [6]. In the neutron energis of 13.5-14.8 MeV,

the present data and literature data [3-5] increase with the
increasing of neutron energy.

Conclusions

We have measured the activation cross-sections for
101Ru(n,p)lOITc reaction on ruthenium isotopes induced
by 13.5, 14.1, and 14.8 MeV neutrons and a considerable
improvement in accuracy was achieved. The data for
1OlRu(n,p)lmTc reaction cross sections are corrected for
the calculated contributions of the '**Ru(n,o)'°"Mo and the
102 Ru(n,d*)lmTc reactions. The present results have been
compared with those measured previously and with the
evaluated data given in ENDF/B-VII, JEFF-3.1/A and
JENDL-3.3. Our work gives more accurate measurement of
cross sections for '"'Ru(n,p)'®'Tc reaction, during the
work we used newer nuclear data for decay characteristics
of the product nuclei, used a HPGe detector which has
better energy resolution than Beta counter detectors that
were used by early experimenters, subtracted contribution
from the interfering reactions 104Ru(n,ot)lmMo and
102Ru(n,d’k)lmTc. In addition, the present measurements
were performed in the Low Background Laboratory of
Chinese Academy of Engineering Physics and disturbance
from environmental radiation was reduced to a very low
level. In conclusion, our data would improve the quality of
the neutron cross-section database.
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