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Investigation of 14.1 MeV neutrons interaction with C, Mg, Cr
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This paper is dedicated to n+'*C, n+**Mg, n+>>Cr -reactions investigation at 14.1 MeV neutron energy. Characteristics of
these reactions have been calculated using TALYS code to estimate perspectives of using of this code in data interpretation
in the TANGRA project. This project is performed in Frank Laboratory of Neutron Physics (FLNP JINR) to investigate
properties of (n,xy)-type reactions, important for fundamental and practical applications.
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1 Introduction

Reactions with fast neutrons are widely used in
nuclear sciences. Investigation of the mechanism of
these reactions could improve our knowledge on
atomic nuclei structure. Information about these
reactions is needed for fast neutron reactors and
different kinds of industry devices developing'. One
of the projects that studies the interaction of fast 14.1
MeV neutrons with various atomic nuclei is the
TANGRA project™”, which is performed in the Frank
Laboratory of Neutron Physics of the Joint Institute
for Nuclear Research (JINR FLNP). The experimental
setup used in this project provides possibility of
the y-quanta angular and energy distributions
measurements. Search of the correct theoretical
approach to calculate cross-sections and angular
distributions of the y-quanta emitted in (n,xy)-type
reactions is an important task of the TANGRA
project. Due to the fact that TALYS 1.9 ? is a quite
universal program, which includes a number of
theoretical models (optical model, DWBA, coupled-
channel model, several models for level density). The
usage of this program could be prospective with
future modification to calculate the quantities,
measured in our experiment. In this paper a
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comparison between calculation results and measured
data for "°C, **Mg and **Cr is presented to estimate
the dynamics of discrepancy between calculation
and experiment and to test the applicability of the
TALYS program for data interpretation in the
TANGRA project.

2 TANGRA Setup

The TANGRA setup consists of: portable tagged
neutron generator ING-27, y-ray detection system
(Romashka, Romashka or HPGe) and data acquisition
system (DAQ)’. Using of the tagged neutron method
is an advantage of the experimental setup. This
method is based on the fact that the neutron and the
o-particle formed in the reaction:

d+t—>a(3.5MeV )+n(14.1MeV) )

in the laboratory frame are scattered in almost
opposite directions. Therefore, knowing the direction
of emission of a-particle, it is possible to recover the
direction of the neutron, i.e. to “tag” it. In practice, the
“tagging” of a neutron is done by using a position-
sensitive (pixelated) alpha detector embedded in the
neutron generator. Registration of a-particles permits
to determine the intensity of the tagged neutron flux
and realize o-y (detectors) coincidence scheme.
The tagged neutrons irradiate the target and induce
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different nuclear reactions which could lead to y—ray
emission. The y-quanta are registered in coincidence
with a-particles. It has been shown® that using the
(e — y) coincidences helps to increase the signal-to-
noise ratio and the accuracy of the experiment.

3 Neutron Scattering Cross-sections
3.1 Elastic scattering

Elastic neutron scattering is a process which
doesn’t change the internal energy of the target
nucleus. There are two different mechanisms of this
reaction: in the first case a compound nucleus is
formed, in the second case this process takes place
without compound nucleus formation: the scattering
is going on the nuclear potential. For theoretical
description of the direct scattering process an optical
model is successfully used, for which individual
parameters of the optical potential are needed for each
nucleus. It is possible to estimate the optical potential
using so called global parametrization which
describes the dependence of optical parameters on 4
and Z (Ref. 5). For large range of nuclei so called best
parameters are defined in TALYS by fitting
parameters of optical potential. Cross sections of
neutron elastic scattering o,; are shown in Fig. 1 for
12C, Mg and **Cr. The calculation results are quite
close to the experimental data®'? or ENDF/BVIILO
estimations'” for all used nuclei. However, the
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calculation doesn’t reproduce the tiny structure of
cross-sections energy dependence.

Angular distributions of elastic scattered neutrons
((do/dQ),.;) with energy close to 14.1 MeV are shown
in Fig. 2. For 2C calculations for E, = 14.1 MeV
neutrons coincide well with experimental data”'* for
angles less than 90°. In the same time, the cross-
sections for backscattering are underestimated. In case
of **Mg, the calculations well describe the
experiment'' for angles <120, for bigger angles 6 the
calculation result lies under the experimental data. We
couldn’t find data for elastic scattering of 14.1 MeV
neutrons for **Cr so the calculation was made for
18.5 MeV neutrons and the results were compared
with those from' (Fig. 2 ¢)), a good agreement was
observed. We can deduce that the agreement between
calculation and experiment becomes better with
increasing of A, the impact of the compound
processes in the same time decreases.

3.2 Inelastic scattering

The inelastic neutron scattering reactions always
change the intrinsic energy of the target nucleus and
they can go through compound or direct mechanism.
For both of them data from optical model calculations
are used. The energy dependences of inelastic
scattering cross sections are shown in Fig. 3 g,
for °C, J* = 2%, 4.439MeV(a), for **Mg, J* = 2%,
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Fig. 1 — Dependence of the neutron elastic scattering on neutron energy o.: a — for '2C (experimental data: Ref. 6-10), b — for *Mg
(Ref. 11), ¢ - for %Cr (Ref.12). Green line — ENDF/B-VIILO estimation(Ref. 13). Red line — TALYS 1.9 calculation with default

parameters, blue line — calculation with "best parameters".
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Fig. 2 — Angular distributions of scattered neutrons (do/dQ)e;, calculated with TALYS 1.9: a — for '*C ( squares — Ref. 9 (E, = 14 MeV),
triangles — Ref. 14 (14.43 MeV)), b — for **Mg (Ref. 11, 14.8 MeV), ¢ — for *°Cr (Ref. 15, 18.5 MeV). Blue line — share of compound

processes, red line — direct processes, black line — sum.
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Fig. 3 — Dependence of i, and 6, on E,, for first excited state of final nucleus: a — Gy, for 12C (experimental data— Ref.16), b — o, for
Mg (Ref. 17), ¢ — o, for 2Cr (Ref. 1). Red line — calculation result with default parameters, blue line — calculation with "best"

parameters.
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Fig. 4 — Angular distribution of inelastic scattered neutrons (do/dQ);,e;, calculated with TALYS 1.9: a — for 12c (squares — Ref. 9, E, =
14 MeV), triangles — Ref. 14,14.43 MeV), b — for **Mg (triangles — Ref. 18, 14.1 MeV), points—Ref. 11, 14.8 MeV), ¢ — for **Cr (Ref. 19,
14.1 MeV). Blue line shows impact of the compound processes, red line — impact of the direct processes, black line — sum.

1.369 MeV (b) and for *Cr, J*= 2" 1.434 MeV (c).
The calculation results reproduce experimental
data"'®"7 good enough, but tiny structure still isn’t
described. Calculated angular distributions of the
inelastic scattered neutrons (do/dQ),,.; for first excited
state of final nucleus are shown in the Fig. 4 for '°C,
Mg and Cr as well as shares of compound and
direct components. Calculation results are quite close
to the experimental values except for '*C. For '*C
calculations significantly underestimate cross-sections
for all angles except narrow area around 90°.

3.3 Gamma-ray emission cross-sections

The y-ray emission cross-sections are important
data for practical applications, they are needed for fast
elemental analysis to estimate the elemental
composition of irradiated sample. These cross-
sections for **Mg and **Cr were measured, using
HPGe y—detector with TANGRA setup. We
performed calculations of the y-ray emission cross-
sections using TALYS for C, *Mg and *Cr.
Calculated cross-section for 4.44MeV y—line is 164 mb
and this value could be overestimated because
TALYS doesn’t take into account the fact that higher
excited states of '’C decay through emission of
a-particles. The amount of observed y—lines in **Mg

and *°Cr is significantly higher because energy
difference between neighbor levels decreases with
growth of the nuclear mass.

In Table 1 a comparison between the calculations
with TALYS 1.9, our results® and”' is presented. The
calculation results are quite close to the measured
values except those for y—transitions with E,= 3735.2
keV (the calculation result 2.1 times lower) and
E, = 6246.8 keV (the calculation 1.6 times higher).
In Table 2 results of the TALYS 1.9 calculations and
experimental data for y-transitions cross-sections
observed from the irradiation of Cr with 14.1 MeV
neutrons are shown. Comparison of measured values,
obtained in the TANGRA experiment”® with the
calculation results demonstrates that TALYS 1.9
predictions are almost always lower than our
experimental values. However, TALYS 1.9 calculations
adequately coincide with experimental cross-sections;
observed discrepancy for most intensive lines
(E, = 935.5, 1333.6 and 1434.1 keV) are not higher
than 18%. The significant difference between
calculation and experiment for some low intensive
lines may be connected with the insufficient accuracy
of the branching ratios or with systematic
experimental errors.
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Table 1 — Observed y-ray transitions for **Mg observed in TANGRA experiment *°. Reactions lead to formation nuclei which emit
y—quanta as well as the spins and parities of initial (J");and final (J")states of y—emitting nuclei listed in columns 3 and 4.

E, keV Reaction N~ )y
350.7 *Mg(n,0)"'Ne 5/27 >3/2],
440.0 *Mg(n.d)"Na 5/20 —>3/2},
472.2 “Mg(n,p)*Na I >4,
1368.6 Mg(n,n’)**Mg 20 =0,
1809.0 *Mg(nn’)*Mg 2, -0,
2754.0 “Mg(nn)*Mg 45 -2
3735.2 *Mg(n,a)*'Ne 5/20 >3/2;,
3866.1 *Mg(n,n’)**Mg 32
4237.9 *Mg(n,n'Y*"Mg 2, >0,
4642.2 *Mg(n,n’)**Mg 45 27
6246.8 Mg(n,n’)y*Mg 3, 20

o,, mb
TANGRA [20] TALYS [21]
18542 123 77£13
26+1.6 34 31+8
153 126+20
412 411 412+62
82+13
55+3 82 55+11
19£3 9
2543 34 33£5
2744 25 36+8
23+3 23 20+4
1343 21 2444

Table 2 — The energy of gamma-rays and y-production cross-sections for 52Cr, obtained in a TANGRA experiment [22], together with
TALYS- calculations and those from other authors.

E,, keV E,, keV Reaction
(22] [13] [22]
126+3 124.45 S2Cr(n,p)*V 2842
125.08 32Cr(n,p)*V
32143 320.1 2Cr(n,dy°'V 2543
648+3 647.47 2Cr(n,n’)*Cr 77+3
74743 744.23 32Cr(n,n")*Cr 92+3
749.07 32Cr(n,2n)*'Cr
937+3 935.54 32Cr(n,n"y**Cr 254+4
1249+3 1246.28 2Cr(n,n’)*Cr 46+3
133543 1333.65 2Cr(n,n’)*Cr 200+4
1436+3 1434.07 32Cr(n,n")*Cr 785+6
153343 1530.67 32Cr(n,2n)*'Cr 5445
172843 1727.53 32Cr(n,n"y**Cr 39+3
2040+5 2038 2Cr(n,n’)*Cr 1843
2339+5 2337.44 32Cr(n,n")*Cr 1443

0,, mb
TALYS 1.9 [23] [24] [25]

7.6

14.4

10.3 14+£1
12.2 70+4
63.5 128+£21 714
45,5 42+1
236.9 221431 211£26 23749
21.87 48+8
163.1 239+36 173+£29 205+8
761.5 757+56 738451 783+30
32.9 74+23

18.9 26+4
11.8

20.1

4 Conclusions

TALYS 1.9 — is a complex program for nuclear
reaction calculation with large quantity of adjustable
parameters. The calculated cross-sections for nuclei
considered in this work are quite close to the
experimental data. It is important to notice that the
agreement between calculation and experimental data
becomes better with increasing of the nuclear mass.
Probably this fact is connected with features of the
global parameterization of the optical model. We
couldn’t reproduce the angular distribution of the

inelastic scattered neutrons, using TALYS 1.9, for the
first excited state at 4.44 MeV of '>C. Moreover, it is
not possible to calculate the angular distribution of the
y-quanta, emitted by residual nucleus after nucleon
emission, so, we have to modify TALYS code for
further usage in the TANGRA project.
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