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Abstract: Cross sections of the *****'Ni(n, «)

ron energies based on the HI-13 tandem accelerator of China Institute of Atomic Energy (CIAE) with enriched *Ni,
“Ni, and °'Ni foil samples with backings. A twin gridded ionization chamber (GIC) was used as the charged particle
detector, and an EJ-309 liquid scintillator was used to obtain the neutron energy spectra. The relative and absolute
neutron fluxes were determined via three highly enriched 238U308 samples inside the GIC. The uncertainty of the

7% B¢ reactions were measured at 8.50, 9.50 and 10.50 MeV neut-

present data of the 58Ni(n, a)SSF e reaction is smaller than most existing measurements. The present data of 60Ni(n,
a)57Fe and GlNi(n, oc)ssFe reactions are the first measurement results above 8 MeV. The present experimental data
could be reasonably reproduced by calculations with TALYS-1.9 by adjusting several default values of theoretical

model parameters.
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I. INTRODUCTION

Nickel plays an important role in the field of nuclear
engineering [1-3]. In the MeV neutron energy region, the
radiation damage of structural materials due to the a-
particles emitted from the (n, o) reactions are non-negli-
gible. The abundances of *Ni, “Ni and *'Ni in natural
nickel are 68.077%, 26.223% and 1.140%, respectively
[4]. Therefore, accurate cross sections of the 58“60’61Ni(n,
a)55’57’58Fe reactions in the MeV energy region are import-
ant to the safety design for nuclear engineering. Also,
measurements of the cross sections of the 58’60’61Ni(n,
a)55’57’58Fe reactions can enhance the understanding of

nuclear structure and nuclear reaction mechanisms.
For the cross sections of the 58Ni(n, (x)SSFe (0 =2.899

Ni(n, @), GIC, CIAE

MeV) reaction, the residual nucleus *Fe is radioactive so
the cross section can be measured using the activation
method. In the MeV neutron energy region, there are el-
even existing measurement results, but most of them were
obtained in the region below 8 MeV or around 14 MeV
[5-15]. In the 8.50-10.50 MeV region, there are only two
measurement data [6, 12] for the 58Ni(n, a)ssFe reaction,
and the cross sections of Qaim [12] are higher by ~18%
than those of Fessler [6], showing apparent disagreement.

For the cross sections of the 60Ni(n, a)57Fe (Q=1.355
MeV) and 61Ni(n, oc)nge (O = 3.580 MeV) reactions,
measurement data are scarce because the activation meth-
od is unavailable. In the MeV energy region, for the
60Ni(n, a)57Fe reaction, there are only two measurement
data [5, 16], both measured below 8 MeV. For the 61Ni(n,
oc)SSFe reaction, there is only one measurement datum ob-
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tained by our group [5], and this datum was measured be-
low 6 MeV. So, there is no data for the 60Ni(n, a)57Fe and
61Ni(n, a)SSFe reactions in the 8.50-10.50 MeV region.

Thus, ex]gerimental data are scarce for all the
58’60’61Ni(n, o) >7%Fe reactions in the 8.50—10.50 MeV
region. According to the JENDL-4.0 [17] and TENDL-
2019 [18] libraries, the cross sections of the 58’(’O’élNi(n,
a)55’57’58Fe reactions are nearly equal to those of the
58’60’61Ni(n, xa)) reactions in the energy region below 11
MeV. So, the cross sections of the (#, xa) reactions can be
used as the reference for the analysis of the excitation
functions of the (n, a) reactions below 11 MeV. In the
8.50-10.50 MeV energy region, there are six measure-
ment data [19-24] for the 58Ni(n, xa) reaction, four meas-
urement data [21-24] for the 60Ni(n, xa) reaction, and one
measurement datum [22] for the 61Ni(n, Xxa) reaction.
Among these data, discrepancies are apparent. Further-
more, most of the experimental data for the 58’60’61Ni(n,
xa) reactions are characterized by large uncertainties
(>10%).

Because the existing measurement data are either
scarce or show discrepancies, deviations among different
evaluation libraries are noticeable. For example, in the
8.50-10.50 MeV region, the amount of variation among
different evaluation libraries [17, 18, 25—303, are 10.5%,
19.9% and 23.9% for the **Ni(n, o) Fe, “Ni(n, )’ Fe
and 61Ni(n, a)58Fe reactions, respectively.

In our previous work, the cross sections of the
58’60’61Ni(n, a)55’57’58Fe reactions in the 4.50< E, <5.50
MeV region were measured based on the 4.5 MV Van de
Graaff accelerator at Peking University (PKU) [5]. In the
present work, measurements were extended to the 8.50
< E, <£10.50 MeV region on the HI-13 tandem accelerat-
or at China Institute of Atomic Energy (CIAE). Details of
the experiment are described in section II, data pro-
cessing and results are presented in section III, theoretic-
al analysis is described in section IV, and the conclusions
are drawn in section V.

II. DETAILS OF EXPERIMENTS

The experiments were performed using the HI-13 tan-
dem accelerator of the China Institute of Atomic Energy

(CIAE). The experimental apparatus is shown in Fig. 1,
which was similar to the previous measurement [5], ex-
cept that the scintillator detector was further away from
the neutron source because of the strong y-background
from the source.

Through the ZH(d, n)3He reaction, neutrons with kin-
etic energies of 8.50, 9.50, and 10.50 MeV were gener-
ated using the energetic deuteron beam from the acceler-
ator to bombard the deuterium gas target with incident
energies of 5.95, 6.91, and 7.90 MeV. The deuteron beam
current was about 2.0 pA throughout the measurement.
The deuterium gas target was 3.0 cm in length, 1.0 cm in
diameter and 3.0 atm in pressure. It was separated from
the vacuum tube of the accelerator by a molybdenum foil
10.0 um in thickness. In addition to the main neutrons,
low-energy neutrons will also be generated through the
2H(d, np)zH reaction. To correct for this interference, the
neutron energy spectra were measured using an EJ-309 li-
quid scintillator detector. Unfolding the pulse height
spectra measured with the scintillator detector [31], the
neutron energy spectra were obtained as shown in Fig. 2.

A twin gridded ionization chamber (GIC) with sides
labelled '01 side' and '02 side' was used as the charged
particle detector. The working gas of the GIC was Xe +
5.0% H, with the pressure of 1.161 atm. The high
voltages applied on the cathodes and anodes were -1500
V and 750 V, and the grid electrodes were grounded.
There is a sample changer at the common cathode of the
GIC with five sample positions, on which these samples
were mounted: 1) back-to-back compound a-sources for
the detection system calibration, 2) 238U308#1H/Ta
samples for the absolute neutron flux measurement, 3)
back-to-back “Ni#I1/**Ni#l foil samples for the measure-
ment of the 58Ni(n, a)SSFe reaction (the *Ni#ll sample
was broken, so the cross section was obtained using the
*Ni#l sample), 4) back-to-back “’Ni/*'Ni foil samples for
the measurements of the 60Ni(n, a)57F e and 61Ni(n, a)SSFe
reactions, and 5) Ta/Ta backings for the measurement of
the background events. To monitor the relative neutron
flux, the 238U308#1 and 238U308#H samples were glued on
each of the fission cathode electrodes of the GIC, respect-
ively. Details of the GIC, including the measurement
principle, structure and electronics, together with inform-

GIC
Neutron source
Deuterium L Scintillator
gas target 280,04 detector
Deuteron beam —"] —
: 01 | 02 — :
: side | side Samples in '
' 432 1 2 34 | sample changer E
: 154 cm

3.50 m

1‘. Cathode 2. Grid 3. Anode 4. Fission cathode

Fig. 1.

(color online) Schematic drawing of the experimental apparatus.
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Fig. 2. (color online) Measured neutron energy spectra from

the EJ-309 liquid scintillator detector.

ation of the samples, including the isotopic enrichment,
thickness, diameter, unevenness and impurity content can
be found in Ref. [5].

The ****'Ni i(n, o) Fe reactions were measured at
E,=8.50,9.50 and 10.50 MeV. For each neutron energy
point, measurements were performed with the sample set
sequentially at the five sample positions, then the GIC
was rotated by 180° and measurements were performed
for each sample position again, so that the forward
(0°-90°) and the backward (90°-180°) cross sections of
the (n, a) reaction could be measured. The experiment
was conducted in October 2020, and the total neutron
beam duration was ~ 30 h.

55,57,58

ITII. DATA PROCESSING AND RESULTS

A. Data processing

The data processing procedures are presented in Fig.
3, which were the same as the previous measurements in
the 4.50-5.50 MeV range [5] except that the unfolding
method for reducing the uncertainty of £, was not used in
the present work. The uncertainty of the £, at CIAE was
small enough (<1%) due to the higher energy of the in-
cident deuteron beam, therefore the unfolding method is
not necessary.

The forward or backward cross sections g, of the (n,
a) reactions can be calculated by

Ny - N, ‘Ef _plow -(1- kimpurity)

To O Nyi-Ny-gq -G - Cf fission 7 M
where oy is the standard cross section of the ° U(n /) re-
action [32]. Ny and Ny; are the numbers of the **U and

$POINi nuclei in the samples, respectively. N, is the

count of the net a events within the threshold in the an-
ode projection spectrum after the valid-event-area de-
termination in the cathode—anode two-dimensional spec-

trum and background subtraction. A typical cathode—an-
ode two-dimensional spectrum and an anode projection
spectrum are shown in Fig. 4 (a) and (b), respectively. Ny
is the count of the fission events within the threshold in
the fission anode projection spectrum as shown in Fig. 5.

g, and & are the detectslgsr; 5efﬁcmnmes for the a particles
from the ****'Ni ( o) *Fe reactions and fission frag-
ments from the U(n, f) reaction at the specific neutron

1

Correction of the
events induced by the
low-energy neutrons

Calibration of the
detection system

|

Statistics of the 5 l
fission counts Correction of the a
events from the
l impurity isotopes
Statistics of the l
net a events
Calculation of the
cross sections

Fig. 3. Data processing procedure.

15 T T T T 5
\ Valid-event-area of a-particles /
s
% 12 1 B4
g
B 9 B 3
)
=
: 6F . 2
= t5 X
= @ events from the *Ni(xn,
: 3 a)*Fe reaction - 1
% 38Ni(n, a)*Fe
0 1 1 1 1 0
0 3 6 9 12 15
Cathode energy (MeV)
T
240 —(b): lI 58Ni(n’ a)SSFe
210 -4 E,=10.50 MeV
180 : [ Foreground events
|- ‘b
@ | | —-—--Background eventsxC"
E 150 - l i == - Net events
g 120 | ‘h Simulation (E, = 10.50 MeV)
{
Q 00 Lowgr thrashold bl Upper threshold
- p "’/"z“rq"- i
60 | o "' s iy
' Ry |
30 S r.u,\"u‘; [/\, "i"’t‘“ I
[I LA "H’J d A'(il \W”“‘r"l""""“'""’l"?}* #ARY
2 4 6 8 10 12 14

Anode energy (MeV)

Fig. 4. (color online) (a) Cathode—anode two-dimensional
spectrum of the foreground events (the area between the red
line is the valid-event-area of a particles determined using the
two-dimensional spectrum obtained from the a sources). (b)
Anode projection spectrum of the foreground, background and
net events together with the simulated spectrum for the meas-
urement of the 58Ni(n, a)SSF e reaction in the forward direction
at £, =10.50 MeV.
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Fig. 5. (color onlne) Anode spectrum of the fission frag-
ments for the absolute neutron flux measurement at £, = 10.50
MeV.

energy, respectively. ploW is the correction coefficient of
the a and fission events induced by the low-energy neut-
rons. k™™ is the correction coefficient of the o events
from the nickel and oxygen impurity isotopes. G is the ra-
tio of the average neutron flux in the area of nickel
sample to that of the U3OS#HI sample area at the
sample changer ™" is the ratio of the fission counts
from the U3OS#I or’ U308#H sample glued on the fis-

sion cathode during the foreground measurement to that
during the absolute neutron flux measurement. &,, &5 p o
k™™ and G were obtained using simulation methods;
whose details can be found in Ref. [5]. Values of the
parameters in Eq. (1) for the three reactions are presented
in Tables 1-

Table 1. Values of the parameters in Eq. (1) for the 58Ni(n,
a)SSFe reaction.
Values
Parameters
E,=850MeV  E,=9.50 MeV =10.50 MeV
Ny 1.872x10"*° 1.872x10"*° 1.872x10"*°
Ny 1.039x10°*" 9.526x10"*° 4.883x10"""
a;/mb 1015.0*° 1013.5°° 1009.5*°
N 4764° 4570 " 9592 °
“ 4768 ° 6221° 8401 °
N 14085 *° 16801 ° 19284 °
/ 16366 " 17128° 20307 "
o 1.009 * 1.058° 1.010°
’ 1.008 ° 1.048 " 1.080°
o 84.23 " 83.26" 83.25"°
& (%) 82.62" 81.18" 81.40°
” 90.01° 89.45° 92.30°
£ (%) 92.81°" 93.48" 88.02°
1.012° 1.008 * 1.004°
G 1.006 " 1.006 " 1.009 °
kimpumy - 0 a,b - 0 a,b - 0 a,b

a . b .
For the forward cross section. ~ For the backward cross section.

Table 2. Values of the parameters in Eq. (1) for the 6ONi(n,
oc)57Fe reaction.

Values
Parameters
E,=850MeV  E,=9.50MeV  E,=10.50 MeV
Ny 1.872x10°*°  1.872x10"*" 1.872x10"*°
Nyi 9.526x10”*"  9.526x10"*" 9.526x10"*"
o;/mb 1015.0*" 1013.5*" 1009.5 "
6890 ° 7260 ° 11335"°
Na b b b
5976 6927 7867
16366 ° 17128° 20307 *
Nf b b b
14085 16801 19284
ow 1.031° 1.097 * 1.154°
’ 1.026" 1.030° 1.150°"
y 82.62° 81.18° 81.40°
& (%6) 84.23° 83.26" 83.25"
” 93.97° 87.05° 89.05"
£ (%) 91.49° 94.06" 93.02°
1.007 * 1.010° 1.007 *
G 1.002° 0.999 ° 1.000°
impurity 0.007 * 0.021"° 0.096*
k b b b
0.006 0.008 0.007

. b .
* For the forward cross section. ~ For the backward cross section.

Table 3. Values of the parameters in Eq. (1) for the (’lNi(n,
a)nge reaction.
Values
Parameters
E,=850MeV  E,=9.50MeV  E,=10.50 MeV
Ny 1.872x10°*°  1.872x10"*° 1.872x10"*°
Nyi 4.883x10°"°  4.883x10”"° 4.883x10"*°
ay/mb 1015.0*° 1013.5*° 1009.5 *°
N 2155° 2556 3343°
“ 1937° 2191° 3091°
N 14085 * 16801° 19284 *
v 16366 " 17128 " 20307°
ow 1.024° 1.031° 1.139°
’ 1.023° 1.075° 1.124°
y 84.23° 83.26° 83.25°
& (%) 82.62" 81.18" 81.40"
” 94.88 * 91.18" 93.02°
& (%) 92.60" 90.35" 85.58"
1.010° 0.999 * 1.007*
G 0.994° 1.002° 1.005°
iy 0.1724° 0.1607 * 0.1573 °
0.1768 " 0.1600° 0.1445°

tions of the

. b .
* For the forward cross section. ~ For the backward cross section.

B. Measured results

Using Eq. (4), the forward and backward cross sec-
*Ni(n, a) Fe, “Ni(n, a)’Fe and *'Ni(n,
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Table 4. Sources of uncertainty and their magnitudes.
Magnitude (%)
Source *Ni(n, o) Fe “Ni(n, o) Fe *'Ni(n, &) "Fe
Ny 1.0*° 1.0*° 1.0*°
Nyi 1.0*° 50" 1.0*°
o 14-1.5"" 14-15"" 14-15""
N, 21-38%27-65" 28-53%46-82"° 64-84"102-139"
Ny 0.7-09"" 07-09"" 07-09""
o 27-33%28-46" 44-46°40-46" 44-53°40-48"
& 20-25"" 20-25"" 20-25""
€y 26-35%22-40" 3.0-65%3.0-45" 1.7-29%25-48"
G 05-13%" 05-1.6"" 05-19°
g ~0 0.1-46°<02° 3.0-3.1%3.1-32"
60-6556-95" 72-107%83-103" 99-107%123-160"
7 59-78° 77-9.6¢ 11.0-129°
E, 07-09"" 07-09"" 07-09"°

* For the forward cross section. ° For the backward cross section. ¢ For the total (n, a) cross section.

Table 5. Measured 58Ni(n, a)SSFe cross sections and for-
ward/backward ratios in the laboratory reference system (res-
ults obtained from the *Ni#I sample) compared with TALYS-
1.9 [33] calculations using the adjusted input parameters.

Table 6. Measured 6oNi(n, a)”Fe cross sections and for-
ward/backward ratios in the laboratory reference system com-
pared with TALYS-1.9 [33] calculations using the adjusted in-
put parameters.

Cross section/mb Forward/backward ratio

Cross section/mb Forward/backward ratio

E./MeV E/MeV
Measurement Calculation Measurement Calculation Measurement Calculation Measurement Calculation
8.50+0.07 73.4+43 76.4 1.22+£0.10 1.08 8.50 +0.07 32.6+2.5 33.7 1.06 £0.11 1.08
9.50 +0.08 72.6 +4.4 76.3 1.10 +0.09 1.17 9.50+£0.08 332+3.0 345 1.18+£0.16 1.10
10.50+0.08 75.7+59 77.0 1.16 £0.13 1.25 10.50£0.08 33.3+3.2 34.8 1.27+£0.18 1.15

Table 7. Measured 61Ni(n, a)nge cross sections and forward/backward ratios in the laboratory reference system compared with TA-

LYS-1.9 [33] calculations using the adjusted input parameters.

Cross section/mb

Forward/backward ratio

E /MeV
Measurement Calculation Measurement Calculation
8.50+0.07 16.5+2.0 1.18+£0.21 1.10
9.50+0.07 18.0+2.0 1.12+0.18 1.16
10.50 £0.08 19.7+2.5 1.09 £0.21 1.26

a)nge reactions can be calculated. Total (n, &) cross sec-
tion can be acquired by adding the forward cross section
and backward one together. Sources of uncertainty and
their magnitudes are presented in Table 4. The measured
cross sections of the three reactions are shown in
Tables 5-7 and Fig. 6 (a) — (¢).

C. Comparison of the present results with evaluations

and existing measurements

As Fig. 6 (a) — (c) show, the present reaction cross
sections were compared with the data from different eval-

uations [17, 18, 25-30], as well as existing measurement
data of the 58’60’61Ni(n, a)55’57’58Fe reactions and the
58’60’61Ni(n, xa) reactions below 11 MeV [5-16, 19-24].
The three reactions are discussed as following:

1) For the 58Ni(n, a)SSFe reaction, compared with dif-
ferent evaluations, the present results are lower by
8.1% —28.8% [17, 18, 25-30]. In the 8.50< E, <10.50
MeV region, the present results show that the change of
cross section of the 58Ni(n, a)SSFe reaction with the in-
creasing of E is quite small, and the ENDF/B-VII.1 [26]
evaluation shows the similar trend.
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Fig. 6.
[34], TALYS-1.9 [33] calculations and existing measurements [35].

Compared with existing measurements, the present
cross sections in the 8.50< E, <10.50 MeV region are
close to the experimental data of S. L. Graham (1987,
5.0-14.0 MeV, (n, xa)) [24] and E. Wattecamps (1992,
8.0 -11.0 MeV, (n, xa)) [23] within the error range.
However, the present cross sections are 42.6% and 25.9%
lower than the results of S. M. Qaim (1984, 5.36-9.49
MeV) [12] and Fessler (1999, 5.36-19.4 MeV) [6]. Both
Qaim [12] and Fessler [6] used the activation method, but
their measurement data were characterized by large un-
certainties due to the small counts and low energy of the
X-ray (K, = 5.89 keV and K; = 6.49 keV) of the activa-
tion product *Fe (T, = 2.7 yr). Average uncertainties of
the results of Qaim [12] and Fessler [6] are 15.8 % and
11.7 %, respectively, while that of the present result is
6.6%.

Also, the present cross sections are 19.9%, 20.2%,
and 20.6% lower than the experimental data of R. C.
Haight (1996, 9.85 MeV, (n, xa)) [22], R. C. Haight
(1997, 2.0 48.5 MeV, (n, xa)) [21], and S. Kunieda
(2012, 1.7-25.0 MeV, (n, xa)) [19], respectively. The
three existing measurements were all carried out using
the a-particle counting method. Average uncertainties of

(color online) Present (a) 58Ni(n, a)SSFe, (b) 60Ni(n, a)57Fe, and (c) GINi(n, oc)nge cross sections compared with evaluations

these three results are 16.3%, 8.5%, and 14.6% which are
greater than that of the present results.

2) For the 60Ni(n, a)57Fe reaction, compared with dif-
ferent evaluations [17, 18, 25-30], the present results are
lower by 3.8%—46.4%. The present results show that the
cross section of the “Ni(n, a)57Fe reaction are nearly in-
variable with the increasing of £, in the 8.50< E,, <10.50
MeV region, which is similar to the trend of the ENDF/B-
VIIL.1 [26] evaluation. As shown in Fig. 6 (b), the present
results in the 8.50< E, <10.50 MeV region together with
the data measured by our group in the 5.00< E; <5.50
MeV region [5] agree well with the evaluation results of
the ENDF/B-VII.1 [26] library multiplied by the coeffi-
cient of 0.54.

Compared with existing measurements, the present
cross sections in the 8.50< E, <10.50 MeV region agree
well with the measurement data of S. L. Graham (1987,
5.0-14.0 MeV, (n, xa)) [24] and E. Wattecamps (1992,
8.0-11.0 MeV, (n, xa)) [23] within the error range.

R. C. Haight has measured the cross sections of the
“Ni(n, @) "Fe reaction in 1996 [22] and 1997 [21], yet his
data in 1997 are ~20% lower than those in 1996. Com-
pared with the data of his two measurements, the present
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cross sections are close to his data measured in 1997.

3) For the 61Ni(n, a)nge reaction, compared with dif-
ferent evaluations, the present results are lower by
17.5%—-60.1% [17, 18, 25-30]. In the 8.50< E, <10.50
MeV region, the present results show that the cross sec-
tion of the 61Ni(n, a)SSFe reaction grows gradually with
the increasing of £, which is similar to the trend of eval-
uations of the CENDL-3.2 [29] and BROND-3.1 [30] lib-
raries. The present cross sections are lower by 13.9% than
the experimental data of R. C. Haight (1996, 9.85 MeV,
(n, xa)) [22].

IV. THEORETICAL ANALYSIS

The cross sections of the 58Ni(n, a)SSFe, 60Ni(n, a)57Fe
and 61Ni(n, a)nge reactions were calculated using TA-
LYS-1.9 [33]. To better agree with the present results,

Table 8. Adjusted input parameters for TALYS-1.9 [33].

*Ni(n, @) ’Fe “Ni(n, @)’ 'Fe

Keyword Parameters Keyword Parameters
Tljadjust * 22.00 0 rvadjust " a1.08
Tljadjust * a2.001 rvadjust ” p 157
Tljadjust " al752 aadjust * 2860 1.22
rvadjust b 20.95 aadjust ¢ 27 60 1.06
rwadjust ° al.62 Tadjust ° 2859 0.80
rvadjust b p1.05 cstrip ! 2 0.90
aadjust * 2655 0.85 *'Ni(n, a)"Fe
Tadjust 2655 0.92 Keyword Parameters
cstrip ! 2 0.80 rvadjust b a1.01
maxlevelsbin ® a8 rvadjust b pl12
aadjust * 26 58 1.04
Tadjust * 26 58 0.93

* Tljadjust: Multiplier to adjust the optical model potentials (OMP)
transmission coefficient per /-value [33], whose parameters are
;‘particle symbol, value and /-value”.

rvadjust: Multiplier to adjust the OMP parameter r, of Eq. (3) of
Ref. [36]. whose parameters are “particle symbol and value”.
¢ rwadjust: Multiplier to adjust the OMP parameter r,, of Eq. (3) of
Ref. [36], whose parameters are “particle symbol and value”.

aadjust: Multiplier to adjust the level density parameter a of Eq.
(15) of Ref. [37], whose parameters are “atomic number, atomic
mass number, and value”.
¢ Tadjust: Normalization factor for the nuclear temperature T of Eq.
(53) of Ref. [37], whose parameters are “atomic number, atomic
mass number, and value”.

cstrip: Adjustable parameter for the stripping or pick-up process
to scale the complex-particle pre-equilibrium cross section per
outgoing particle [38], whose parameters are “particle symbol and
value”.
¢ maxlevelsbin: The number of included discrete levels for the
nuclides resulting from binary emission that is considered in
Hauser-Feshbach decay and the gamma-ray cascade [33], whose
parameters are “particle symbol and value”.

several input parameters of the TALYS-1.9 [33] includ-
ing those of the optic model, the level density and strip-
ping parameters were adjusted from the default values as
Table 8 lists. As shown in Tables 5-7 and Fig. 6 (a) — (c),
the calculated cross sections and forward/backward ra-
tios agree well with both the present measurement results
and the results measured by our group in the 4.50
< E, £5.50 MeV region [5]. Using the adjusted paramet-

10
| — — ENDF/B-VIIL0 = ENDF/B-VIL1
58Ni(n tot) - - - JENDL-4.0
] RONSFOND-2010 = JEFF-3.3
x ----CENDL-3.2
S 8 b —-=+ TENDL-2019
= ~-~-BROND-3.1
= A.Brusegan (1994)
= « M. B. Fedorov (1980)
-2 6 4 C.M. Perey (1993)
*5 TALYS-1.9 (default)
59 ——TJLYS-1.9 (adjusted
b4 _
2 4
[=]
L
O .
2 1
(2)
0 1 1 1 1 1 1 1 1 1
0 2 4 6 8 10 12 14 16 18 20
Ep (MeV)
220 — ENDF/B-VIILO
L - - ENDF/B-VIL1
200 |- - - - JENDL-4.0 (b)
180 | RONSFOND-2010 = JEFF-33

= BROND-3.1

160 |- -CENDL-32

~~~~~ TENDL-2019

140 = A. A.Filatenkov (2016)
o J.W. Meadows (1996)
I 4 M. Wagner (1991)

K. T. Osman (1996)
100 F + R.Doczi (1998)

< S.Sudar (1994)

80 [ LuHanlin (1994)

Cross section (mb)
g

TALYS-1.9 (default)
60 = raLys.19 (adjusl‘ i -
40 P
20} 80Ni(n, p)*°Co
0 L L L L L L

0 2 4 6 8 10 12 14 16 18 20
Ep (MeV)

5
61ne - - - ENDF/B-VIILO
- Nl(l’l, el) - - — ENDF/B-VIL1 = JEFF-33

— gl JENDL-4.0
=2 RONSFOND-2010
= M - CENDL-3.2
°§ 3 == TENDL-2019
S —-—-'BROND-3.1
@ TALYS-1.9 (default)
% 2 S TALYS-1.9 (adjusted)
e RS
=
@)

1 .......

0 1 1 1 1 1 1 1 1

0 2 4 6 8 10 12 14 16 18 20
E, (MeV)
Fig. 7. (color online) TALYS-1.9 [33] calculations using the
default and adjusted parameters for the (a) 58Ni(n, tot), (b)
60Ni(n, p)GOCO, and (c) 61Ni(n, el) reactions compared with
evaluations [34] and existing measurements [35].
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10« = = = = = -« . .
. 3®Ni(n, a)*°Fe
° 08 (a) .. _
R 0.6~ - Compound component ~ . -
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" | === Direct component 7 N
0.2 7
N
(1).8 L 1 1 1
' *. Ni(n, a)*'Fe
08 (b)
'8 0.6 | = Compound component ° . ~7 9
§ == «Pre-equilibrium component <
0.4 —— Direct component P s el
0.2 I~ /
0.0 1 1 1 L 161 1 1 és L
L . Ni(n, a)Fe
~
08+ (c) . -
.g 0.6 I = Compound components -
< = =Pre-equilibrium compongnt
& 04 [====Direct component 7 .
0.2 e
[ .-
0.0 1 1 1 1 1 L 1 1 1
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E, (MeV)

Fig. 8.  (color online) Ratios of the direct, pre-equilibrium
and compound components of the (a) SgNi(n, a)SSFe, (b)
60Ni(n, a)57Fe, and (c) 6]Ni(n, a)ssFe cross sections calculated
using the TALYS-1.9 [33] code with the adjusted parameters.

ers, the calculated cross sections of other major reaction
channels, including the (n, tof), (n, el), (n, inl), (n, p) reac-
tions and the angular distributions of elastic scattering,
also agree well with the results of most evaluations [34]
and existing measurements [35] (three calculations are
shown in Fig. 7 as examples), by which the reliability of
the adjusted parameters was verified.

For E, < 10.5 MeV, 1f the angular distributions of
emitted o particles of the *****'Ni i(n, )55 *7%Fe reactions
are isotropic in the center-of-mass system, the
forward/backward ratio in the laboratory system should
be less than 1.07. However, as shown in Tables 5 — 7, the
forward/backward ratios of the 60’61Ni(n, a)55’57’58Fe re-
actions are generally larger than 1. 076, which reV5e5a517s5 2;[he
non-statistical mechanisms of the N( o) Fe
reactions in the 8.50-10.50 MeV region. Using TALYS-
1.9 [33] with the adjusted parameters, the ratio of the dir-
ect, pre-equilibrium and compound components of the (n,

a) cross sections were calculated as shown in Fig. 8.

As shown in Fig. 8, for the 58’60’61Ni(n, a)55’57’58Fe re-
actions, the compound mechanism predominates below ~
9 MeV, and then the pre-equilibrium mechanism gradu-
ally comes into effect. The direct mechanism has little ef-
fect on the final cross sections for all three reactions be-
low 20 MeV.

V. CONCLUSIONS

In the present work the cross sectlons of the Nl(n
) *Fe, Nl(n a) "Fe and Nl(n a) *Fe reactions have
been measured at 8.50, 9.5 and 10.50 MeV neutron ener-
gies using the HI-13 tandem accelerator, a GIC charged-
particle detector, enriched nickel isotopic foil samples,
238U308 samples, and EJ-309 liquid scintillator detector.
In the 8.50< E, <10.50 MeV region, the present cross
sections of the 58’60’61Ni(n, )55 *7®Fe reactions change
slowly with the increase of E,, and they are generally
~20% lower than most existing measurement data and
evaluations. By adjusting several default values of theor-
etical model parameters, the present experimental data
could be reasonably reproduced by calculations with TA-
LYS-1.9. Analyses show that for the three reactions the
compound mechanism predominates below ~ 9 MeV, and
then as the neutron energy increases the pre-equilibrium
mechanism gradually comes into effect The uncertalnty
of the present cross sections of the ° Nl(n a) *Fe reaction
is smaller than most of the data of ex1st1ng measurements
The present cross sections of the N1(n a) "Fe and
Nl(n a) *Fe reaction are the first measurement results
above 8.0 MeV region. Considering the difference and
scarcity of existing measurements and the discrepancy
among evaluations, the present results are useful in the
clarification of the deviations and can provide valuable
information for future evaluations.
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