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Activation cross sections for reactions induced by 14 MeV neutrons on natural ruthenium
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Cross sections for (n, 2n), (n, p), (n, α), and (n, d∗)1 reactions have been measured on ruthenium isotopes at
the neutron energies of 13.5 to 14.8 MeV using the activation technique in combination with high-resolution
gamma-ray spectroscopy. Data are reported for the following reactions: 104Ru(n, 2n)103Ru, 98Ru(n, 2n)97Ru,
96Ru(n, 2n)95Ru, 96Ru(n, p)96Tcg , 96Ru(n, p)96Tcm, 104Ru(n, p)104Tc, 102Ru(n, p)102Tcm, 104Ru(n, α)101Mo,
102Ru(n, α)99Mo, 96Ru(n, α)93Mom, and 96Ru(n, d∗)95Tcm. Results were discussed and compared with the
previous works.
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Introduction. Experimental data of neutron-induced1 re-
actions in the energy range around 13.5 to 14.8 MeV are
needed to verify the accuracy of nuclear models used in the
calculation of cross sections. Furthermore, the data are of
considerable importance for practical applications, such as for
integral calculations on the first wall, blanket and shield of a
conceptual fusion power reactor. 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
ruthenium isotopes 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, the cross sections of ruthenium isotopes around
14 MeV have been measured by several groups, but most
of them were obtained before 1995, furthermore, there was
disagreement in those data. Third, for 96Ru(n, p)96Tcm and
96Ru(n, α)93Mom reactions of ruthenium isotopes, the cross
sections have been not reported. Thus it is necessary to
make further precision measurements for the cross section
of ruthenium.

In the present work three (n, 2n), four (n, p), three (n, α),
and one (n, d∗) reaction cross sections on ruthenium isotopes
have been studied at neutron energies of 13.5 to 14.8 MeV
and a gamma-ray counting technique was applied using
high-resolution gamma-ray spectrometer and data acquisition
system. The neutron energies in these measurements were
determined by cross section ratios for the 90Zr(n, 2n)89Zrm+g

and 93Nb(n, 2n)92Nbm reactions [3]. The present results were
compared with experimental data found in the literature,
and with the comprehensive evaluation data in JENDL-3.3
and JEFF-3.1/A libraries, and the cross sections of
96Ru(n, p)96Tcm and 96Ru(n, α)93Mom reactions were first
reported here.

*Corresponding author: kongxz@lzu.edu.cn
1The expression (n, d∗) cross section used in this work includes a

sum of (n, d), (n, np), and (n, pn) cross sections.

Samples and irradiations. About 7 g of Ru powder of
natural isotopic composition (99.99% pure) was pressed at
10 ton/cm2, 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 to 5 ×
1010 n/s. Neutrons were produced by the T(d, n)4He reaction
with an effective deuteron beam energy of 134 keV and beam
current of 230 µA. The tritium-titanium (T-Ti) target used in
the generator was 2.18 mg/cm2 thick. The neutron flux was
monitored by a uranium fission chamber so that corrections
could be made for small variations in the yield. 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 ∼3 to 5 cm. Cross sections for 93Nb(n, 2n)92Nbm

or 27Al(n, α)24Na reaction [4] were selected as monitors to
measure the reaction cross section on several Ru isotopes.

Measurement of radioactivity. After having been irradiated,
three samples were cooled for 5 to 21967 min. The gamma ray
activity of 103Ru, 97Ru, 95Ru, 96Tcg , 96Tcm, 104Tc, 102Tcm,
101Mo, 99Mo, 93Mom, 95Tcm, 92Nbm, and 24Na were deter-
mined by a high-purity germanium (HPGe) detector (ORTEC,
model GEM 60P, Crystal diameter: 70.1 mm, Crystal length:
72.3 mm, made in U.S.A) with a relative efficiency of ∼68%
and an energy resolution of 1.69 keV at 1332 keV for 60Co.
The efficiency of the detector was precalibrated using various
standard gamma sources. The decay characteristics of the
product radioisotopes and the natural abundances of the target
isotopes under investigation are summarized in Table I [5].

Calculation of cross sections and their uncertainties. The
measured cross sections can be calculated by the formula [6].
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 uncertainties of
irradiation, cooling, and measuring times (0.1–1%), neutron
energy (1 ∼ 1.5%), and decay data (1%).
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TABLE I. Reactions and associated decay data of activation
products.

Reaction Abundance Half-life Eγ Iγ (%)
of target of product (keV)

isotope (%)

96Ru(n, p)96Tcm 5.52 51.5 min 1200.23 1.08
96Ru(n, α)93Mom 5.52 6.85 h 263.06 56.7
104Ru(n, 2n)103Ru 18.7 39.26 d 497.08 90.9
98Ru(n, 2n)97Ru 1.88 2.9 d 215.718 86.0
96Ru(n, 2n)95Ru 5.52 1.643 h 336.43 70.2
96Ru(n, p)96Tcg 5.52 4.28 d 812.581 82.0
104Ru(n, p)104Tc 18.7 18.3 m 358.0 89.0
102Ru(n, p)102Tcm 31.6 4.35 m 475.07 87.0
104Ru(n, α)101Mo 18.7 14.61 m 191.92 19.0
102Ru(n, α)99Mo 31.6 65.94 h 739.5 12.1
96Ru(n, d∗)95Tcm 5.52 61d 204.117 63.25
93Nb(n, 2n)92Nbm 100 10.15 d 934.4 99.07
27Al(n, α)24Na 100 14.959 h 1368.6 100

Results and discussion. The cross sections measured in the
present work are summarized in Table II. Our data and the
values published previously are compared in Figs. 1–9. Earlier
data were obtained via β-ray counting or γ -ray counting by
NaI(TI) or Ge(Li) detection of the reaction products measured.

(i) From Fig. 1 it can be seen, for 104Ru(n, 2n)103Ru
reaction, that at the neutron energy 13.5 MeV, our
result is in agreement with Bormann et al. [7] within
experimental error, whereas at the neutron energy
14.8 MeV our result is between those of Gray et al. [8]
and Qaim et al. [9].

(ii) From Table II and Fig. 2 it can be seen, for our work,
that in the neutron energies of 13.5–14.8 MeV, the cross
sections for 98Ru(n, 2n)97Ru reaction increase with the
increasing of neutron energy; at the neutron energy
14.1 MeV, our result is in accordance with that of Lu
et al. [10] and higher than values of JENDL-3.3 [11],
JEFF-3.1/A [12], and Temperley et al. [13].
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FIG. 1. Experiment and evaluation data for 104Ru(n, 2n)103Ru
reaction.

(iii) The measured cross sections for 96Ru(n, 2n)95Ru reac-
tion are shown in Fig. 3 together with the literature
data [7,10,13–19], In the neutron energies of 13.5–
14.8 MeV, the present data and the literature data [7,17]
increase with the increasing of neutron energy.

(iv) For the 96Ru(n, p)96Tcg reaction in Fig. 4, our results
agree well with that of Konno et al. [17], Temperley
et al. [13], and Lu et al. [20] at neutron energy points
13.5, 14.1, and 14.8 MeV, respectively, and are lower
than data obtained by Gray et al. [8] and Kielan et al.
[21].

(v) The cross section of the 104Ru(n, p)104Tc reaction are
shown in Fig. 5 together with the results of previous
experiments. The present data are consistent with results
of Kielan et al. [21] in the neutron energies of 13.5–
14.8 MeV. But our values and results of Kielan et al. [21]
are lower than those of Gray et al. [8] and Kasugai
et al. [22,23] in the 13.5–14.8 MeV.

(vi) Figure 6 offers five sets of data for 102Ru(n, p)102Tcm

reaction. Our results and the literature data [21–23]
increase with increased neutron energy.

TABLE II. Summary of cross-section measurements.

Reaction Cross sections (in mb) at various neutron energies (in MeV)

En = 13.5 ± 0.2 En = 14.1 ± 0.2 En = 14.8 ± 0.2

96Ru(n, p)96Tcm 18.6 ± 1.5 15.8 ± 2.4 15.9 ± 1.9
96Ru(n, α)93Mom 2.3 ± 0.9 4.5 ± 1.4 2.8 ± 0.2
104Ru(n, 2n)103Ru 1600 ± 61 1737 ± 70 1707 ± 60
98Ru(n, 2n)97Ru 1077 ± 33 1151 ± 42 1225 ± 41
96Ru(n, 2n)95Ru 534 ± 16 638 ± 20 735 ± 22
96Ru(n, p)96Tcg 171 ± 7 164 ± 7 116 ± 4
104Ru(n, p)104Tc 3.2 ± 0.2 4.8 ± 0.2 5.2 ± 0.2
102Ru(n, p)102Tcm 4.4 ± 0.4 6.7 ± 0.4
104Ru(n, α)101Mo 1.5 ± 0.2 2.1 ± 0.3
102Ru(n, α)99Mo 4.6 ± 0.5 6.4 ± 0.2
96Ru(n, d∗)95Tcm 32.5 ± 1.3 41.3 ± 3.7 45.2 ± 1.8
93Nb(n, 2n)92Nbm 457.9 ± 6.8[9] 459.8 ± 6.8[9] 459.7 ± 5.0[9]
27Al(n, α)24Na 125.7 ± 0.8[9] 121.6 ± 0.6[9] 111.9 ± 0.5[9]
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FIG. 2. Experiment and evaluation data for 98Ru(n, 2n)97Ru
reaction.

10 11 12 13 14 15 16 17 18 19 20 21 22
0

100

200

300

400

500

600

700

800

900

1000

 This work
 Bormann et al.(1970)[7]
 Lu et al.(1970)[10]
 Temperley et al.(1970)[13]
 Paul et al.(1953)[14]
 Rayburn et al.(1961)[15]
 Rieder et al.(1966)[16]
 Konno et al.(1993)[17]
 Chaturverdi et al.(1977)[18]
 Muyao Zhou et al.(1987)[19]
 JENDL-3.3
 JEFF-3.1/A

C
ro

ss
 s

ec
tio

n 
(m

b)

Neutron energy (MeV)

96Ru(n,2n)95Ru

FIG. 3. Experiment and evaluation data for 96Ru(n, 2n)95Ru
reaction.
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FIG. 4. Experiment data for 96Ru(n, p)96Tcg reaction.
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FIG. 5. Experiment and evaluation data for 104Ru(n, p)104Tc
reaction.
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FIG. 6. Experiment data for 102Ru(n, p)102Tcm reaction.

10 11 12 13 14 15 16 17 18 19 20
0

2

4

6

8

10

12

14

16

 This work
 Gary et al.(1966)[8]
 Temperley et al.(1970)[13]
 Kasugai et al.(1992)[22]
 Kasugai et al.(1998)[23]
 JENDL-3.3
 JEFF-3.1/A

C
ro

ss
 s

ec
tio

n 
(m

b)

Neutron energy (MeV)

104Ru n,α 101Mo

FIG. 7. Experiment and evaluation data for 104Ru(n, α)101Mo
reaction.
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FIG. 8. Experiment and evaluation data for 102Ru(n, α)99Mo
reaction.

(vii) Many people have measured 104Ru(n, α)101Mo reaction
and our results are in accordance with those of Gary
et al. [8] and Kasugai et al. [22,23] and are lower than
result of Temperley et al. [13] (see Fig. 7).

(viii) From Fig. 8 it can be seen, for our work, that in the neu-
tron energies of 13.5–14.8 MeV, the cross sections for
102Ru(n, α)99Mo reaction increase with the increasing
of neutron energy; at the neutron energy 14.8 MeV, our
result is in agreement with Qaim et al. [9] within exper-
imental error, whereas at the neutron energy 13.5 MeV
our result is lower than that of Kielan et al. [21].
The small contribution to the 99Mo activity from
reaction (n, α2n) on 104Ru could be safely ignored
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FIG. 9. Experiment data for 96Ru(n, d∗)95Tcm reaction.

because of small cross sections (<0.1µb [24]) of the
104Ru(n, α2n)99Mo reaction for fast neutrons.

(ix) From Fig. 9 it can be seen, for 96Ru(n, d∗)95Tcm

reaction, that the measured cross sections increase
with the increasing of neutron energy around
14 MeV.

It should be mentioned that this work presents the first data
for the 96Ru(n, p)96Tcm and 96Ru(n, α)93Mom reactions. For
the other reactions most of the literature data are at one or two
energies. This work thus covers a slightly broader range of
energies.
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