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Abstract: Utilizing the cross sections for “*Nb(n, 2n)**™Nb or *Al(n, a)**Na reactions as monitors, the

cross sections for the reactions *®Sn(n, p)***™In, *%Sn(n, p)"*®In, ""Sn(n, p)''"In and *'"Sn(n, p)

117m1n

have been measured at neutron energy ranging from 13.5 to 14.6 MeV through activation technology. Then,

the results of present work were compared with the published experimental data.
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1 Introduction

Neutron reaction cross section is one of the most
important research subjects in nuclear physics. It is
essential for understanding the nuclear phenomenon
in materials by neutron irradiation. Experimental
data of neutron induced reactions are used to test
and verify the accuracy of nuclear models, which are
used in the process of calculating cross sections. Stan-
num is a kind of significant fusion reactor metal,
and research on the cross section reaction of stan-
num isotopes is of importance. The cross-section of
stannum isotopes at neutron energy of 14 MeV has
been measured by several research groups. Some data
are obtained, but relatively large disagreement ex-
ists, and the majority of data were obtained before
1990. Therefore, it is necessary to further measure
the cross-sections on stannum isotopes with accuracy
in order to strengthen the reliability of the database.

In the present work, the cross sections for
1580 (n,p) ™ In, 1%Sn(n,p) 1oIn, "Sn(n,p) 7In
and "7Sn(n,p) "™™In reactions were measured in
the neutron energy ranging from 13.5 to 14.6 MeV
through activation technology. The reaction yields
were obtained by absolute measurement of the
gamma activities of the product nuclei using a coaxial
high-purity germanium detector. The results are dis-
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cussed and compared with the existing data obtained
previously.

2 Experiment

2.1 Sample irradiation

The irradiation of samples was carried out at ZF-
300-II Intense Neutron Generator at Lanzhou Uni-
versity with a yield of (3-4)x10' n/s. T (d, n) *He
serves as a neutron source with average deuteron
beam energy of 135 keV and beam current of 500 pA.
The thickness of the tritium-titanium target was
1.35 mg/cm?. An accompanying x—particle was used
to monitor the neutron flux in order to correct some
small variations during irradiation. The cross sec-
tions for reaction **Nb(n,2n) ?*»Nb or 2" Al(n,«) 2*Na
[1] were selected as monitors to measure the reaction
cross section on several stannum isotopes. The neu-
tron energies in these measurements were determined
by the cross section ratios for °Zr(n,2n) 3™ *eZr and
9Nb(n,2n) *>™Nb reactions [2]. Groups of samples
were placed at 0°, 45°, 90°, or 135° angles in relation
to the beam direction. The samples in each group
were sandwhiched between two Al or Nb foils.

The cross section values of the monitor reaction
27 Al(n,o) #*Na were (125.741.4) mb, (121.941.2) mb,
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(116.1£1.2) mb and (112.9+1.2) mb at neutron ener-
gies of 13.5 MeV, 14.1 MeV, 14.4 MeV and 14.6 MeV,
respectively. The cross section values of the moni-
tor reaction **Nb(n,2n) **™Nb were (451.7+6.2) mb,
(457.14£6.5) mb, (460.24+5.6) mb and (459.94+5.6) mb
at neutron energies of 13.5 MeV, 14.1 MeV, 14.4 MeV
and 14.6 MeV, respectively.

2.2 Gamma activity survey

A CHS8403 coaxial high-purity germanium detec-
tor (sensitive volume 110 cm?®) (made in China) with
a relative efficiency of 20% and an energy resolution
of 3 keV at 1332 keV, was devoted to determining the
gamma ray activities of 92™Nb, 24Na, 15mIn, 16m]p,
"7In and "*™In. The efficiency of the detector needs
to be calibrated precisely using the standard gamma
source. The standard reference material 4275 was ob-
tained from the National Institute of Standards and
Technology (Washington, D. C. USA). An absolute
efficiency calibration curve was obtained at 20 cm
from the surface of the germanium crystal. In our
situation, however, we needed to calibrate the effi-
ciency at 2 cm. The actual counting position was
used because of the weak activity of the sample. For
this reason, we placed a set of single y sources at two
positions (20 cm and 2 cm) in succession to measure
their efficiency ratios, so that we were able to evalu-
ate the efficiency ratio curve as a function of energy. |

The absolute efficiency curve at 2 cm can be obtained
from the calibration curve at 20 cm and the efficiency
ratios curve. The uncertainty of the activity of the
standard source was ~1.0%, while the uncertainty of
the absolute efficiency curve at 2 cm was estimated
to be ~1.5%.

The absolute efficiency curve was

€:a0+a1E+a2E2+a3E3+a4E4
at 2 cm. If £ <200 keV, then

ay = 0.07389381,

a; = —0.1465568 x 1072,

a; = 0.1383559 x 1076,

as = —0.6226944 x 10~°,

as = 0.1073058 x 10™*2,
or else

ao = 0.10054,

a; = —0.2807773 x 1073,

a; = 0.3767462x 1075,

as = —0.2409134 x 107°,

a, = 0.5878159 x 102,

The decay characteristics of the product radioiso-
topes and natural abundances of target isotopes un-
der investigation are summarized in Table 1 [3].

Table 1. Reactions and associated decay data of activation products.

reaction abundance of target isotope (%) Half-life of product Ey /keV I, (%)
158n(n, p)1mIn 0.34 4.486 h 336.24 45.9
1168n(n, p)16mIn 14.53 54.41 m 818.7 11.5
178n(n, p) 17In 7.68 43.2 m 552.9 100.0
1780 (n, p)17™™In 7.68 116.2 m 315.3 19.1
93Nb(n, 2n)?2™Nb 100 10.15 d 934.4 99.07

27Al(n, «)?*Na 100 14.959 h 1368.6 100

3 Results and discussion

The cross-sections were calculated by the equation
proposed by Wang Y C et al. (1990) [4] as follows,

NAFC],

e, I,nK SM D],
= [}
NAFC],

7 = e, L,nK SMD],

®0,,

where ¢ is the reaction cross section, the subscript
o represent the term corresponding to the monitor
reaction and the subscript x corresponds to the mea-
sured reaction, ¢ is the full-energy peak emerency of
the measured characteristics gamma-ray, I, is the y
ray intensity, 1 denotes the abundance of the target
nuclide, A and C' describe the decay constant and the

| measured full energy peak area, respectively, M rep-
resents the mass of samples, A is the atomic weight,
F' denotes the total correction factor of the activity,
F = f.+ f,+f,, here fs, f, and f, represents the
factors for self-absorption of the sample at a given y-
energy, the coincidence sum effect of cascade y-rays
in the investigated nuclide and in the counting geome-
try, respectively. K is the neutron fluence fluctuation
factor, written as

K= Z¢z (1 _ekati) eAT;| /(bsv

where L denotes the number of time intervals into
which the irradiation time is divided, At; is the du-



PU Zhong-Sheng et al: Cross section measurements for (n, p)
No. 5 reaction on stannum isotopes at neutron energies from 13.5 to 14.6 MeV 447

ration of the ith time interval, T; is the time interval
from the end of the ith interval to the end of irradi-
ation, ¢; is the average neutron flux during At;, ¢ is
the average neutron flux during the total irradiation
time T. S =1—e T describes the growth factor of

—M_ e~ M2 ig the count-

the residual nucleus. D =e
ing collection factor. t; and ¢, are the time intervals
from the end of the irradiation to the start and finish

of counting, respectively.

The main error sources in our data measurements |

are from the counting statistics (0.3%-4.3%), de-
tector efficiency (1.5%), standard cross-sections un-
certainties (1%—2%), weight of samples (0.1%), self-
absorption of y-rays (0.4%), coincidence sum effect
of cascade y-rays (0-3%), uncertainties of irradiation,
cooling and measuring times (0.1%-0.8%), etc.

The cross sections measured in this work are sum-
marized in Table 2 and plotted in Figs. 1-4, together
with the value in the literature for comparison.

Table 2. Summary of the cross section measurements.
) neutron energy/MeV
reaction 13.5+0.3 14.140.2 14.4+0.3 14.6+0.3
cross sections/mb
1158n(n, p)t15™In 38+3.3 4143.1 34+3.3 36+£2.8
11630 (n, p)16mIn 5.840.8 114+1.8 1642.1
1178n(n, p)117In 5.640.8 1642.6 8.1+1.7
1178n(n, p)17™™In 3.440.6 5.340.7 4.440.6 6.940.8

Because of the little available experiment data in
the case of the '*Sn(n,p) '*™In reaction, there are
just two data from Refs. [5, 6] for comparison. The
results are shown in Fig. 1. It can be seen that our
result is really close to the result from Ref. [6] at the
energy of 14.4 MeV, but the value from Ref. [5] is
much smaller than those of this work and Ref. [6] at
this energy point.
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Fig. 1. The cross sections for the ''3Sn(n,p)

15m71y reaction.

The cross section data for *¢Sn(n,p) *In are
shown in Fig. 2. We can see that the cross section
of this reaction channel increases with the increasing
neutron energy at the energy of 14.1-14.6 MeV. At
the neutron energy 14.1 MeV, our result is in agree-
ment with that of Ref. [7], within experimental un-
certainty. At the neutron energy 14.4 MeV, the value

| of Ref. [6] is basically the same as our result, while

the value of Ref. [8] is somewhat lower relative to our
result. Values reported by Refs. [7, 9, 10] are much
smaller than the present data at the neutron energy
of 14.6 MeV.
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Fig. 2. The cross sections for the '**Sn(n,p)

16m1y reaction.

For the ""Sn(n,p) ''“In reaction, it can be seen
from Fig. 3 that the value obtained by Refs. [11, 12]
is a little greater than that obtained by this work at
the neutron energy of 14.1 MeV. In the neutron en-
ergy of 14.6 MeV, our value is consistent with those
given by Ref. [11], within experimental uncertainties,
but not consistent with the values published by Refs.
[10, 13, 14]. The data of Ref. [13] are somewhat
higher than others.
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Fig. 3. The cross sections for the ''”Sn(n,p)

17T reaction.

The present cross section values for the '7Sn(n,p)
N™mn reaction are shown in Fig. 4. Our results are
larger than those of Ref. [7] and Ref. [14] near some
experimental energy point measured. It can be seen
that our results are in agreement with those of Ref.
[12] at the neutron energy of 14.1 MeV, within ex-
perimental uncertainties, while at the neutron energy
14.4 MeV, our value is nearly the same as that of Ref.
[6], and sandwiched in between those of Ref. [8] and
Ref. [5]. The numerical value of Ref. [13] has large
discrepancies with others.
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