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NEUTRON INDUCED >*Mn REACTION IN THE ENERGY RANGE 0.001MeV TO 40MeV
A. K. M. Rezaur Rahman®*, Taslim Hoque Happy?, Mustofa Khalid Ovi3?, Abdul Awal**, Mark Anthony Bromuela®?, MD.
Jubayer Rahman Akhand®¢, Shyamal Ranjan Chakraborty”?, and A. K. M. Moinul Haque Meaze®

Abstract: Neutron induced 5°Mn reactions were evaluated in the energy range 0.001 MeV to 40 MeV using TALYS 1.95 computer code.
During this evaluation, local and global parameterisations of Koning and Delaroche were used in nuclear optical model. Comparisons were
made with experimental data, collected from EXFOR and other sources. Some optical model parameters (OMP) were needed to be
adjusted for better agreement between theoretical calculations and experimental findings. Various evaluated libraries such as ENDF,
JENDL etc. were checked and compared with our evaluation. TALYS evaluation showed better agreement when parameters were adjusted.
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1. Introduction
Application of developed nuclear science that has and will

have an important impact on society — nuclear energy, medicine,
security, material characterisation, geological exploration,
radiation safety and protection and the promise of fusion energy
(Plompen et al. 2020). Accurate nuclear cross section data that
need to be provided to predict the tritium breeding capability,
assess the shielding efficiency, estimate the nuclear power
generated in the system, and produce activation and radiation
damaged data for the irradiated materials/components (Fischer
et al. 2018). The new evaluated nuclear data plays an efficient
role in nuclear technology (Rahman & Awal 2020; Rahman et al.
2019; Lorenz & Schmidt, 1986). Evaluation of nuclear data is a
continuous process and the evaluation of cross-section data is
very important for those who have experimental difficulty and are
hopeless for measuring the cross-section data (Rahman& Zubair
2020a; Rahman 2012a). So, the cross-section evaluation for
materials has special importance in systematic use of neutron
induced reaction cross-section. (Rahman 2012b). In nuclear data
evaluations, theoretical calculation is essential and the evaluated
data from the theoretical calculation plays an important role on
their applications to fusion reactor neutronics. Precise data on
cross sections are needed for comprehensive computer modeling
for future experiments. Success of many nuclear research
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programs depends on the quality of nuclear database (Rahman &
Zubair 2020b; Reshid 2013; Shibata1989).

Manganese is a very hard, brittle, grey-white transitional
metal that has only one stable isotope °*Mn with 100%
abundance. It is a nutritional inorganic trace element required for
a variety of physiological processes including development,
antioxidant defenses, reproduction and neuronal function
(Horning et al. 2015; Kwakye 2015). It is a key component of
aluminium copper alloys which is widely used in accelerator
technology, fission and fusion devices as structural materials,
dosimeter materials, control module etc. Manganese is also
essential for anti-tumor immune responses (Lv et al. 2020). At
present, 85% to 90% stainless steel contains around 2% of
manganese. Many radioactive isotopes are produced from
n+55Mn reactions like 5*Mn, 3¢Mn, 3>Mn, 51Cr. Cancer can be
obstructed by summing some manganese supplements in daily
diet. Manganese has also displayed ability in controlling the
balance of sugar in human blood by normalizing insulin synthesis
and secretion and can prevent diabetes (Kaziet al. 2008). Al-Mn
alloys are possibly the most important of the non-age hardenable
alloys of aluminium and generally contain between 0.25 to 1.25%
Mn (Zamin 1981). Cu—Al-Mn alloys are well-known types of shape
memory alloys introduced to technological use (Canbay et al.
2014).

Accurate neutron capture cross-sections of 3Mn are
important for reactor design in view of its use as an alloy
structural material. Cross-section data provide important
information of various kinds of actions and these data can be used
for different types of researches. Data evaluation of >>Mn is very
essential for the design of nuclear device and many features are
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currently placed on it for using fusion reactor neutronics (Shibata
1989). 5°Mn is used as an alloy of structural material in which
accurate capture cross-section is necessary for the future of
reactors. Reliable estimation of the activation levels of
manganese is needed to support critical safety analyses (Barough
et al. 2017). In nuclear data evaluations, theoretical calculation is
essential and the evaluated data from the theoretical calculation
play an important role on their applications to fusion reactor

neutronics.

Experimental nuclear data are stored in the EXFOR database.
Collection of nuclear data from nuclear models is subject to
uncertainties, coming from the imperfect knowledge of model
parameters or the models themselves. These two sources need to
be combined. An isotopic evaluation results in a probability
distribution for the observables of a (usually) neutron induced
reaction on that isotope. The most probable solution is the
evaluation of nuclear data, while the full probability distribution
is often missing. Nevertheless, this is often the case for many of
the world libraries, the evaluated file is the evaluators’ “best
shot”(Koning 2015).

In our current research, we aim to analyze the nature of
nuclear reaction for n+55Mn in the energy range 0.001MeV to 40
MeV. The experimental values from EXFOR data file of INDC of
IAEA and evaluated values from various data libraries are to be
used for evaluation purpose. Reaction channels and production
routes are also analyzed. Discrepancies will be mitigated by
adjusting the parameters of necessary nuclear model(s).

2. Theoretical Model and Evaluation Tool

TALYS is the modern nuclear data evaluation code system
(Koning 2015). It is a software for the simulation of nuclear
reactions and a versatile tool to analyze basic microscopic
experiments. This code is used to generate nuclear data for all
open channels in the fast neutron energy region, that is, beyond
the resonance region. In situations where experimental data are
unavailable, TALYS is used for the prediction and extrapolation of
data (Koning & Rochman, 2012). The objective of TALYS is to
provide a complete simulation of nuclear reactions in the 1 KeV-
200MeV energy range, through an optimal combination of
reliable nuclear models, flexibility and user-friendliness.
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Optical model returns a prediction for the basic observable,
namely the elastic angular distribution as well as polarization, the
reaction and total cross section and for low energies, the s, p-
wave strength functions and the potential scattering radius R'.
When enough experimental scattering data of a certain nucleus
are available, a so called local OMP can be constructed. TALYS
retrieves all the parameters v;, v, etc. of these local OMP
automatically from the nuclear structure and model parameter
database. The global neutron OMP, validated for 0.001 < E <
200MeV and 24 < A <209.

Pre-equilibrium emission takes place after the first stage of
the reaction but long before statistical equilibrium of the
compound nucleus is attained. It is imagined that the incident
particle step-by-step creates more complex states in the
compound system and gradually loses its memory of the initial
energy and direction. Pre-equilibrium processes cover a sizable
part of the reaction cross section for incident energies between
10 and (at least) 200MeV. Pre-equilibrium reactions have been
modeled both classically and quantum-mechanically and both are
included in TALYS.

Various models for direct reactions are included in the
program: DWBA for spherical nuclides, coupled-channels for
deformed nuclides, the weak-coupling model for odd nuclei, and
also a giant resonance contribution to the continuum. In all cases,
TALYS drives the ECIS-06 code to perform the calculations. The
results are presented as discrete state cross sections and angular
distributions, or as contributions to the continuum.

During this calculation, local and global parameterisations of
Koning and Delaroche were used (Koning & Delaroche 2003). The
parameter set are given below, where, the units are in fm:

r, = 1.3039 — 0.4054 A~1/3 1)

a, = 0.6778 — 1.487 x 10™* A %)
rp = 1.3424 — 0.01585 A'/3 3

ap = 0.5446 — 1.656 x 107™* A 4
rso = 1.1854 — 0.647 A~1/3 (5)

Agso = 0.59 (6)
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3. Results and Discussions

Based on our evaluation, the reaction grid for n +5>Mn is
shown in Fig. 1. Different reaction channels, residual production
and production routes of residual production are tabulated in
Table 1.

.

3
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Figure 1. Main reaction grid for n+55Mn reaction.

Table 1. Table for residue particle product, reaction channels,
and most probable routes according to this work.

Half-life Residue
. . Most
Sl Reaction of Particle Probable
No. Channel Residue Production Route
Particle Routes
55Mn (n,
1 Sslem 8 55789 hr (n,g) (n, g)
55Mn (n, . .
2 inl) 5SMn Stable (n, inl) (n, inl)
55Mn (n,
3 2n) 59Mn 312.12d (n, 2n) (n, 2n)
55Mn (n, p) 3.4967
4 sscr min (n, p) (n, p)
55Mn (n, d
5 54ér ) Stable (n, d) (n, np)
(n, np)
55Mn (n, t
6 53ér ) Stable (n, t) (n, 2np)
(n, nd)
(n, 2np)
55Mn (n, .
7 3He) 3V 1.6 min (n, he3) (n, n2p)
(n, pd)
(n, n2p)
55
8 Mn (n, a) 3.74}33 (n, o) (n, o)

s2y min
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In the grid, only main reactions are considered. There are lots
of isotopes of manganese, among them only 3°Mn is the stable
isotope with 100% abundance and the others are radioisotopes,
like: 46Mn, 4Mn, 48Mn, 4°Mn, 5°Mn, 51Mn, 52Mn, >*Mn, >6Mn, 5’Mn.
These radioactive isotopes emit B (B*, B-) particles with the half-
life of 36.2ms to 312.12 days. From n+°>Mn reaction many
isotopes are produced, the most significant isotopes we
considered here, 5*Mn, 36Mn, 55Mn, 51Cr, 52Cr, 4V, 51V, and 48Ti.

All sorts of reaction processes happened in n+°>Mn reaction
are shown in Fig. 2. It is seen that the cross-section data of non-
elastic, elastic, shape-elastic and reaction cross-section value are
quite closer to the total cross-section data; with some fluctuation,
they have significant cross-section data in both low and high
energies.

The cross-section value of compound non-elastic cross-
section for n + 3*Mn is too low at the higher energy range. It has
been seen that, between the energy ranges 1 MeV to 10 MeV,
cross-section values of compound non-elastic cross-section are
increasing slowly to the higher energy range, but it is damping
about the energy range 15 MeV (about 900 mb). The cross-section
values of the compound elastic cross-section for n + 5Mn are
reduced to zero in the energy range between 10 MeV to 15 MeV,
while its lower energy range contains momentous cross-section
data. Direct reaction process starts after 0.2 MeV and reaches
maxima around 2 MeV (about 116 mb). Then it reduces slowly.
Pre-equilibrium reaction begins at 3 MeV. For Pre-equilibrium,
cross section rises rapidly, immediately after the straight point.
Pre-equilibrium process rapidly ascends toward its flat maxima
(about 700 mb) around 30 MeV.
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Figure 2. Various scattering and reaction cross-section from n + 55Mn reaction.

The default model used by TALYS is the two-component
exciton model with collision probabilities based on the effective
squared matrix element. To fit experimental data, the model
parameters can be adjusted via adjustable parameters through
different keywords. The rvadjust is a multiplier to adjust the OMP
parameter r, which has default value 1.0 for all nuclei. We
changed its value to 1.0502 for 55Mn for better agreement with
experimental values. Multiplier to adjust the OMP parameter ayis
avadjust which has default value 1.0. We have changed its value
0.8199 for better agreement with experimental values. These
changes are tabulated in Table 2.

Table 2. Table for showing OMP values

Calculation Rvadjust Avadjust
Type
Default 1.0 1.0
Adjusted 1.0502 0.8199

For adjusting our parameters to the desired values above,
multiple reruns on TALYS were made with new and better values
as to fit with the experimental plots. The values were chosen as
prescribed by Eqgns. (1-2). All other parameter values were kept
default in TALYS. The values were given up to four decimal figures
for accuracy which we deemed fitting sufficiently such

experimental plots.

68 DOl:https//doi.org/10.22452/mjs.vol42n03.9
Malaysian Journal of Science 42(3): 65-74 (October 2023)



Malaysian Journal of Science

Regular Issue

3.1 Total Scattering Cross-Section

From Fig. 3, we compared our calculated values of total
scattering n+>>Mn with the
experimental and evaluated values which were collected from
EXFOR and ENDF. Fig. 3 shows that both the experimental and
evaluated data show several fluctuations in structure below 0.1
MeV. From this present work we can observe that after 2MeV,
our calculated values of total Scattering cross-section have a good
agreement to the cross-section data of different sources and we
can also see that there is much resonance at lower energy range
region. Calculated data with default parameters do not match

cross-section for reaction

0.1

1

with experimental values at 0.01MeV. At 0.01MeV, the total
scattering cross section is up to 25000 mb (Cote et al 1964).
According to calculated values with default parameters, the total
scattering cross section is around 30000mb. So, adjustment is
made. After adjustment, our calculated values pass through the
experimental data at 0.01 MeV - 0.3MeV region. But, the
fluctuation in this region could not be well produced. There is no
experimental and evaluated cross-section values from 0.3MeV to
2MeV as far as we have searched.

10 100

50000

5000

Cross-section (mb)

500 .

Mn-55 (n, tot)

This calculation (adjusted) (mb)
This calculation (default) (mb)
Abfalterer et al. (2001).
Foster & Glasgow (1971)
X Rohr & Friedland (1967)
Cote et al. (1964) 4
] ENDF
TENDL-2019

50000

T T T T

1

10 100

Energy (Mev)

Figure 3. The comparison graph between experimental data, evaluated data and calculated values of total cross-section for n + 5>Mn

reaction.
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3.2 Neutron Elastic Scattering Cross-Section

Neutron elastic scattering cross sections for 5Mn are
calculated from 0.01MeV, and comparison is made between the
experimental and evaluated data. Fig. 4 shows the comparison
with experimental values and with evaluated values from ENDF.
At very low neutron energy (0.01 MeV) our calculated data with
default parameters do not match with experimental values. So
we adjusted parameters. At 0.1 MeV, the elastic cross section is
more than 6000 mb. But its values decline rapidly with energy. At
low energy region (0.2 MeV-0.6MeV) calculation with default
parameters shows a little bit higher cross sections. The calculation

with parameter adjustment makes the agreement better with
in that The pattern of the
experimental and theoretical curves agrees with each other and

experimental values region.
the calculated value passes through the evaluated and
experimental data at 1MeV-100MeV region. From this present
work, it has been noticed that there are high resonances in the
lower energy range and our calculated values have quite good
similarity to the experimental values at the higher energy range

and pass through the resonance region.

0.01 0.1 1 10 100
T — T — T T
i Mn-55 (n, e|) e Thils calculation (adjusted) (mb) i
100000 - — ——  This calculation (default) (mb) 5100000
1 > Holmaist et al. (1970) 1
] ®  Takahashietal (1992) ]
— E + ENDF/B-VIII.O 4
a
é 1mo; v TENDL-2019 . 10000
5 E ]
B ] ]
1 i 1
o 7 A LRV TPl Ad
15} '&'3 7 >
10001 1000
100 T LB e e T T T T T 100
0.01 0.1 1 10 100
Energy (MeV)

Figure 4. The elastic scattering cross-sectionfor n + 5Mn reaction.
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3.3 Total Neutron Production Cross-Section

From Fig. 5, we have compared our present work for
calculated total neutron production of n+>>Mn reaction with the
experimental and evaluated values which are collected from
different sources. In the energy region 0.1MeV-1 MeV calculated
data with default parameters do not match with evaluated and
experimental values. But the calculated curve with adjusted
parameters passes through the evaluated and experimental data.

cross-section have good agreement with our calculated values
with adjusted parameters at lower energy range, except the
experimental values of Fujita et al. (1972) and Thomson (1963).
There is no experimental and evaluated values at higher energy
range as far as we searched. At 10MeV, the total neutron
production cross-section is more than 1250 mb. At 10MeV — 20
MeV, its value inclines with energy. There is a flat valley in the
curve at 50MeV-100MeV region according to our calculated

From this present work it has been observed that the values.
experimental and evaluated values of total neutron production
0.1 1 10 100
T T T T T 177 T T T T T T T 177 T T T 177
| g S2ic ation (aclusted) Mn-55 (n, inl) Mn-55
35101 — —— This calculation (defautt) 3510
] (mb) |
v Fuijita et al. (1972)
3010 +  Thomson (1963) 73010
1 Glazkov (1963) |
I~ * ENDF/B-VIILO
§, 2510 TENDL-2019 72510
§ |
§ -2010
4 |
) -1510
-1010
-1510
10 T T L T L T L 10

Energy (MeV)

10 100

Figure 5. The comparison graph between experimental data, evaluated data and calculated data value of total neutron production
cross-section for n + 55Mn reaction.
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3.4 Total Proton Production Cross-Section

From Fig. 6, we compared our calculated values of total
proton production for n + 53Mn reaction with the experimental
and evaluated values which are collected from different
experimental and evaluated sources. From this present work, it
has been seen that our calculated values are almost similar to the
experimental and evaluated values. We did not find any cross-

section value at higher energy range as far as we searched as well
as at the lower energy range, most of the experimental values
were found between 6 MeV to 15 MeV. We can see that at the
lower energy range our calculated values have good agreement
with evaluated and experimental values we collected for the total
proton production for n + 5>Mn reaction.

0.01 50.01 100.01 150.01
10000 5 \ T T 710000
Mn-55 (n, p)
i /
1004 3100
] This calculation (adjusted) (mb) ]
g 1 — —— This calculation (default) (mb) 7
< 1 * Bostam & Qaim (1994) il
.% X Prasad & Sarker (1971)
$ Weigold (1960)
§ 1 3 < Allan (1961) 3 1
o 1 + Mitra & Ghose (1966) E
] ENDF/B-VII1.0 ]
1 TENDL-2019 |
0.01 T T T 0.01
0.01 50.01 100.01 150.01
Energy (MeV)

Figure 6. Comparison graph of total proton production from n+5>Mn reaction.

By adjusting the parameters, we have increased the value of
the real potential (ry) and decreased the diffuseness parameter
(ay) for probability of interactional decrease. As a result, the
excitation function with adjusted parameters comes closer to the
experimental values.

4. Conclusion

We know, cross-section data of >Mn are used for reactor or
nuclear device designing, safety analysis or different types of
research. We compared our evaluated cross-section values with
different experimental and evaluated data values from different
sources. The present evaluation with default parameters agrees
well with evaluated and experimental data except for 0.01 — 10
MeV region. For better agreement, hence, geometrical and
diffuseness parameters of optical model are adjusted so that
more accurate data can be used for application if experimental
data are unavailable.

Our evaluation shows that among all scattering and reaction
cross-sections for n+>>Mn reaction, the cross-section data of non-
elastic, elastic-scattering, shape-elastic scattering and reaction
cross-section are nearly equal to the total cross-section data
values with some fluctuation and they have effective cross-
section data in both low and high energy ranges too. Our
calculated total and elastic cross section values with adjusted
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parameters agree well with experimental values in the overall
investigated energy range. Experimental and evaluated cross-
section data at lower energy range have good agreement with our
calculated cross-section data with adjusted parameters of total
neutron production for n+>Mn. At the lower energy range, our
calculated values of total proton production data with adjusted
parameters for n+>>Mn reaction are also in good agreement with
evaluated and experimental cross-section values.
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