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Reaction cross sections for Y and Tb induced by neutrons at 287 MeV were measured by using "Li(p,n) reaction

at NO beam line in the Research Center for Nuclear Physics (RCNP), Osaka University.

To estimate

quasi-monoenergetic neutron-induced cross sections, these samples were irradiated on the two angles of 0 degree
and 30 degrees for the axis of the primary proton beam. Proton-induced reaction cross sections for these
elements at 300 MeV were also measured. The measured cross section data in the **Y(p,x) and *Y(n,x)

reactions are evaluated by the reference values.
59Tb(p,x) reaction.

Those in the '**Tb(n,x) reaction are compared with those in the
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I. Introduction
Neutron-induced reaction cross sections are important as
basic nuclear data for the estimation of residual

radioactivities in the accelerator facility”. Those data are
also essential in the field of cosmochemistry for deciphering
of the cosmic-ray irradiation history by evaluating the
amounts of cosmogenic nuclides stored in extraterrestrial
matters”. However, neutron cross sections in the energy
range above 100 MeV have scarcely been measured
experimentally except for those from C, Cu, Pb and Bi
targets” ¥.  Therefore, those obtained from calculation codes
are utilized and proton cross section data are also utilized on
the basis of the assumption that neutron cross sections in
higher energies than 100 MeV approximately equal to proton
ones in the same energy range.

In this work, we measured reaction cross sections for Y
and Tb induced by neutrons at 287 MeV, which have never
been reported. Furthermore, proton-induced cross sections
for these elements at E;= 300 MeV were also measured to
compare their values with the neutron ones.

I1.
1.

Experiment
Neutron irradiation
The irradiation experiments were carried out using
neutrons produced through "Li(p,n) reaction at NO beam line
in the Research Center for Nuclear Physics (RCNP), Osaka
University. To estimate quasi-monoenergetic neutron
induced cross sections, the sample stacks of Y and Tb were
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irradiated on the two angles of 0 degree and 30 degrees for
the axis of the primary proton beam”. The schematic view
of these irradiation configurations described above is shown

in Fig. 1.
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Fig. 1 Schematic view of irradiation configurations; (a) 0-deg. and
(b) 30-degs.

This irradiation method referred to the method by Sisterson
et al.®. Since peak energy neutrons produced by 'Li(p,n)
reaction are tend to be emitted forward and low energy
neutron isotropically, the irradiation on the angle of 0 degree
were performed by peak and low energy neutrons, whereas
the irradiation on 30 low energy ones only. Therefore,
neutron cross sections were able to be estimated by
subtracting the activities produced in the samples placed on
30 degrees from those of 0 degree to correct the contribution



90

of the low energy tail in the neutron spectrum.

The neutron energy spectra were measured by the
time-of-flight method using a NE213 liquid scintillation
detector placed at 17.10 or 16.13 m from the Li-target in the
forward direction at 0 degree or 30 for the axis of the primary
proton beam (shown in Fig. 1). The neutron spectra
obtained in the irradiation on the angle of 0 degree and 30 are
shown in Fig. 2(a). The quasi-monoenergetic neutron
spectrum obtained by subtracting the spectrum in 30 degrees
from the one in 0 is shown in Fig. 2(b).
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Fig. 2 (a) Neutron spectra of the 0° and 30° irradiation measured
with the TOF method (b) Quasi -monoenergetic neutron
spectrum obtained from the spectra of the 0° and 30°
irradiation

The samples were placed at 8.05 or 7.05 m from the
Li-target in the forward direction at 0 degree or 30 for the
axis of the primary proton beam (shown in Fig. 1). Those
samples were irradiated for 26 hours on the angle of 0 degree
or for 18 hours on 30.

2. Proton irradiation

The samples were mounted in the holder where the
Li-target was mounted in the neutron irradiation and
irradiated for 90 seconds. In the proton irradiation, both
on-beam samples and off-beam ones were prepared.
Proton-induced reaction cross sections were estimated by
subtracting the activities produced in off-beam ones from
those in on-beam.

During the neutron and proton irradiation the proton beam
current at the beam dump was recorded by the digital current
integrator, connected to a multi-channel scaler (MCS) with
the dwelling time of 30 seconds, to monitor the fluctuations
of proton beam currents.

3. y-ray spectrometry

After the irradiation, y rays emitted from the irradiated
samples were measured with a high-purity germanium
(HPGe) detector. The neutron-irradiated samples were
counted for 1000-230000 seconds more than ten times, and
the proton-irradiated ones for 7000-17000 seconds several
times. The measured nuclides in the neutron- and proton-
irradiated samples are listed in Table 1 with their physical
properties.

III. Data analysis

1. Reaction rate in neutron-irradiated samples
Activation reaction rates were estimated by considering

the peak counts of gamma-ray spectra measured with the

HPGe detector, the peak efficiency of the HPGe detector
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Table 1 Physical properties of measured nuclides

Target Reaction ~ Measured Half-Life ~Gamma-ray Branching
nuclides nuclides energy[keV] ratio[%]
¥y (P, %) vy 106.6 day 1836 99
¥y (p, %) ®Rp  86.2day 520 45
¥y (0, %) Se  119.6 day 265 59
¥y (0, %) MAs 17.8 day 596 59
¥y (0, %) 870 244.3 day 1115 51
Yy (n, x) 778y 57.0 hour 239 23
Yy (n, x) By 1.6 hour 287 88
¥y (n, x) As  26.0 hour 834 80
Ty (px),(m,x) 'PGd 9.3 day 150 48
b (p, %), (,x) gy 55.6day 550 99
Tb  (p,x),(n,x) "Eu  24.6day 197 27
1 (%), (,x)  Eu 5.9 day 894 66

calculated by EGS4 codes”, the self-absorption of gamma
rays in the samples also corrected by EGS4 codes and the
beam current fluctuation during the irradiation.

The reaction rates per beam current, corrected for the
above-mentioned effects, are given as follows:

AC
NS}/Q_MC (1 _ e—itm )i {Q, (1 _ e—ﬂim )e—ﬂ(n—i)m }

i=1

R=

(1

where A is a decay constant (s'), C is a total counts of
gamma-ray peak area, ¢ is a peak efficiency, N is a number
of atoms in the target (atom), 7. is a cooling time (s), ¥ is a
branching ratio of gamma rays, #,, is a measurement time (s),
and Q; is a beam current for irradiation time interval It.
2.  Cross section estimation in neutron-irradiated
samples

The activation cross section (o) can be determined in
principle as follows:

o =— 2)
®
where @ is a neutron fluence rate per beam current.

Since neutron cross sections were estimated by subtracting
the reaction rate in the irradiation on the angle of 30-degs
from that in 0-deg. In this work, the cross sections were
estimated as follows:

o= RO ‘R30f (3)
®

where R, and R;, are the reaction rate in the irradiation on
the angles of 0-deg. and 30-degs., respectively and f is a
correction factor which cover the correction in subtraction of
neutron spectrum, the one due to the variation from 17.10 to
16.13 m in the distance between the Li-target and the NE213
in the irradiation on the angles of 30-degs. and the one due to
the variation from 8.05 to 7.05 m in the distance between the
Li-target and the samples.
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3. Cross section estimation
samples
The proton induced reaction cross sections were able to be

estimated as follows:

in proton-irradiated

Aon - Aaﬁ'

o = a1,
IN ;x(1-¢e"")

)

where / is a mean beam intensity during the proton
irradiation (s™), N, is an atomic density in the irradiated
samples (atom * cm™), x is a thickness of the irradiated
samples (cm), # is an irradiation time (s), 4 is a decay
constant (s7), A, (Ao is an activity produced in the
on-beam (off-beam) sample (Bq). Those activities were
estimated as follows:

AC
A = 5
gre (1 —e ) ©)

where symbols used in the equation (5) express same
physical quantities as those used in the equation (1).

IV. Results and discussion
1. Proton cross sections in Yttrium

The cross sections obtained for ¥Y(p,x)**Y, ®Y(p,x)*’Rb,
®Y(p,x)"Se, ¥Y(p,x)"*As and ¥Y(p,x)*Zn reactions are
shown in Fig. 3 through Fig. 7. From the comparison of
those cross section data with reference values *'?, it is found
that the experimental values of cross sections for the five
reactions described above agree well with the reference
values.

2. Neutron cross sections in Yttrium

The cross sections obtained for **Y(n,x)”’Br, ¥Y(n,x)”’Br
and ¥Y(n,x)’?As reactions are shown in Fig. 8 through Fig.
10. Since those neutron cross section data in the similar
energy range as used in this work have never been reported,
the experimental values are compared with reference values
in proton-induced reaction cross sections '),

Although the reference wvalues are insufficient, the
experimental values of *Y(n,x)"’Br and *Y(n,x)"*As
reaction cross sections approximately agree with the
reference values in the proton cross sections.  The
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Fig. 3 Excitation function for ¥Y(p,x)**Y.
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Fig. 7 Excitation function for Y (p,x)*Zn.
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experimental value of ~ Y(n,x) ”"Br reaction cross section is
shown to be lower than the reference values in the proton
cross sections.
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Fig. 8 Cross section obtained for Y (n,x)’'Br compared with
cross sections for ¥Y(p,x)”’Br 12,
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Fig. 10 Cross section obtained for *Y(n,x)’?As compared with
cross sections for ¥Y(p,x)?As 1119,

3. Proton and neutron cross sections in Terbium

The cross section data for *Tb(p,x)'*’Gd, "**Tb(p,x)"**Eu,
Tb(p,x)'"Eu and " Tb(p,x)"*Eu reactions were obtained.
The reference cross section data for those four
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proton-induced reactions have never been reported elsewhere.

Since the experimental proton cross sections in Y in this

work agree well with the reference values, those in Tb are

expected to be obtained successfully and shown in Fig. 11.
The cross section ‘ ‘

I ]
o 1 SgTb(p,X) 1

data for — 159 |
159 149 S o © “'Tb(n,x)
Tb(n,x) "~ Gd, E 2L at
Tb(n,x) *Eu, § e ® 3
Q 4
Tb(n,x)'"Eu and 2 © o
159 145 2
Tb(n,x) "Eu, g © 5
where product C 10 E
nuclides are same as L. o \ -
those in the above “Eu Eu "By 'Gd

four proton-induced Product nuclides

reactions, were
obtained and also
shown in Fig.11.
Comparing the neutron-induced reaction cross sections with
the proton ones in Fig. 11, it is shown that the neutron ones
tend to be lower than the proton one. To evaluate those
experimental neutron data in detail, further studies along this
line, comparison of those data with values obtained from
calculation codes, are in progress.

Fig. 11 Cross sections obtained for
Tb(p,x) and '*Tb(n,x)
reactions

V. Conclusion

Reaction cross sections for Y and Tb induced by
quasi-monoenergetic 287 MeV neutron were measured.
Proton-induced reaction cross sections for these elements at
300 MeV were also measured.

The measured cross section data in the *Y(p,x) reaction
agree well with the reference values. Those in the
¥Y(n,x)""Br and ¥Y(n,x)"*As reaction approximately agree
with the reference proton cross section data.

Those in the "Tb(n,x) reaction tend to be lower than
those in the 'Tb(p,x) reaction which are expected to be
obtained successfully.
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