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Abstract An investigation of inelastic scattering of 14.1
MeV neutrons on an iron sample was carried out using an
improved TANGRA (TAgged Neutron and Gamma RAys)
setup at JINR (Dubna). The yields of the occurring y-
transitions and anisotropy of the emitted y-rays were mea-
sured using the tagged neutron method. The setup with a
high-purity germanium (HPGe) detector was used to obtain
the energy spectrum of y-rays. The setup with 18 BGO scin-
tillation detectors positioned in a circle around the sample
was used to obtain angular distributions of y-rays. A detailed
y-spectrum for (n, Xy) reactions was obtained and the y-
ray angular distribution was measured for the 847 keV and
1238 keV y-transitions. The distribution was fitted by Leg-
endre polynomials up to fourth order and the angular distri-
bution coefficients a,, as were extracted. A comparison with
other published experimental results is given. Model calcula-
tions using computer code TALYS 1.9 were performed. The
results of calculations are discussed in comparison with the
obtained experimental data.

1 Introduction
The study of inelastic neutron scattering is important from
the fundamental science point of view and is necessary for

the nuclear physics practical applications. Despite the long
history of the issue, the constant development of technology
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requires a refinement of the nuclear data. In recent years, pre-
cisely measured cross-sections and yields of the processes
taking place in fast neutrons scattering have gained partic-
ular relevance in connection with the development of the
Generation-IV nuclear reactors.

One of the most important tasks is obtaining data for iron
isotopes. Iron is a component of stainless steel, which is used
as a structural material in a wide variety of fields, including
nuclear energy and physical research. The natural composi-
tion of iron isotopes consists of 56Fe (91.75%), the other sta-
ble isotopes make a significantly smaller contribution: >*Fe
(5.85%), 'Fe (2.12%), and *3Fe (0.28%) [1]. The impor-
tance of their nuclear characteristics for both nuclear engi-
neering and nuclear physics leads to a high demand on actual
data. The cross-sections of neutron inelastic scattering on
Fe are needed in the Nuclear Data High Priority List [2].
The nuclide *°Fe and Fe-minor isotopes have been included
in the CIELO international collaboration research program to
improve the evaluated nuclear data files of the major nuclides
[3].

The scattering of fast neutrons by iron and neutron-
induced y-radiation was extensively studied, starting with
pioneering work in 1935 [4]. The measurement of the y-
quanta production cross-section and determination of the y -
ray angular distribution, primarily for the first transition in
SFe (E y = 846.8keV), has been the subject of many experi-
ments performed at various neutron energies. In recent years,
most experiments, along with improving data accuracy, are
aimed at conducting measurements in a wide range of neutron
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energies to test the results of nuclear reaction model simu-
lations. A high-resolution measurement of the y-transitions
cross-sections on iron for several incident neutron energies
E, intherange from 6.5 up to 64.5 MeV was done at CNL [5],
and for E,, from 0.1 to about 18 MeV at JRC-Geel [6,7]. At
the nELBE neutron time-of-flight facility, the cross-sections
for E, from 0.8 to about 9.6 MeV and the angular distribu-
tion of the y-quanta, emitted in inelastic neutron scattering
for E, from 0.1 to 10 MeV, were investigated [8,9]. The
recent measurements of the inelastic scattering cross-section
and y-ray angular distributions were performed at the Uni-
versity of Kentucky [10] for several incident energies E,
from 1.30 to 7.96 MeV.

Previously, a significant part of the experiments was per-
formed using monoenergetic 14 MeV neutrons [11]. Due to
the compactness of 14 MeV neutron sources, the fast neutron
scattering reaction is widely used for applied research [12].
Theoretical and model descriptions of the neutron inelas-
tic scattering require a precise measurement of the cross-
sections and n—y correlations. y-quanta emission cross-
sections are needed for fast elemental analysis; y-quanta
angular distributions could be used to improve the accu-
racy of an elemental composition determination. The exist-
ing database on the angular distributions of y-rays emitted
during the neutron inelastic scattering process contains con-
tradictory information and quite scattered values at large and
small angles.

As part of the TANGRA international collaboration, at
Frank Laboratory of Neutron Physics of the Joint Institute
for Nuclear Research (FLNP JINR) a facility was created for
studying the inelastic interaction of 14.1 MeV neutrons with
atomic nuclei using the Tagged Neutron Method (TNM) [13,
14]. Based on the experience from the previous experiments
on the inelastic neutron scattering by other nuclei [15-17],
performed in the framework of the TANGRA project, in this
work we measured the yields and angular distributions of y -
quanta in reactions of the (n, Xy) type, where X is n’, 2n, p,
dora.

2 Experimental setup

The TANGRA setup can be used with different multi-
functional y-detector system configurations. To study differ-
ent properties of the nuclear reactions occurring upon irradi-
ation with 14.1 MeV neutrons, two detector systems were
used: the “Romasha” system with 18 BisGe3012 (BGO)
detectors and a system with a single ORTEC GMX30-83-
PL-S high-purity germanium (HPGe) detector.

The scheme of the TANGRA setup for studying the fast
neutron scattering reactions with the HPGe detector is shown
in Fig. 1. The HPGe y-detector was used to obtain high-
resolution energy spectra. It has a diameter of 57.5 mm and
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a thickness of 66.6 mm. The detector was located at the min-
imum possible distance from the sample, which excluded
direct tagged neutrons from entering the detector. To reduce
the background from non-tagged neutrons and to protect the
detector from damage by fast neutrons, a lead shielding was
used.

The scheme of the TANGRA setup for y-quanta angu-
lar distribution measurements based on BGO detectors is
shown in Fig. 2. The “Romasha” system consists of 18 BGO-
scintillator y-detectors placed with 14° step on a circle of
radius of 75 cm with the sample in the center. The iron target
was placed at a distance of about 75 cm from the floor and
about 4 m from the walls. The nearest object containing iron
is the neutron generator and the HPGe detector support. It
is difficult to separate the background from the generator in
the analysis, but it should be practically completely absorbed
by the collimator of the HPGe detector. Geometrically, the
tagged beams do not hit the detector support.

The portable neutron generator ING-27, produced by
VNIIA (Moscow,Russia), is used as a neutron source. It has
a built-in 64-channel silicon «-detector, with 8 strips in both
horizontal and vertical directions, which forms 64 tagged
neutron beams with an energy of 14.1 MeV. The neutrons
are produced in the reaction

d+t—n+a. @))

The reaction (1) is induced by the continuous deuteron beam
with kinetic energy from 80 to 100 keV, focused on a tritium-
enriched target. The products of this reaction are a 14.1 MeV
neutron and a 3.5 MeV «-particle. The a-particles are regis-
tered by the 64-pixel «-detector with a pixel dimensions of
6x6 mm?. The a-detector is located at a distance of 10 cm
from the tritium-enriched target. In our experiment only 4
vertical strips were used, the estimated width (FWHM) of a
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Fig. 1 Scheme of the TANGRA setup with the HPGe detector in the
reaction plane: 1 is for the neutron generator ING-27, 2 for the lead
shielding, 3 for the case of the HPGe detector, 4 for the HPGe crystal, 5 —
sample. Axis of the experimental setup is indicated by horizontal dashed
line. Tritium-enriched target is marked as asterisk. All dimensions are
given in millimeters
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Fig. 2 Scheme of the TANGRA setup with BGO detectors in the reac-
tion plane: 1 is for the portable neutron generator ING-27, 2 for the
sample at the center of the “Romasha” y-ray registration system, 3 for
the case of the BGO detector, 4 for the BGO crystal. The symmetry
axis of the experimental setup is indicated by horizontal dashed line.
The tritium-enriched target is marked by an asterisk. All dimensions
are given in millimeters

single neutron beam from single strip at the sample center
is 13 mm, the height is 193 mm. The height of the sample
(14 cm) was smaller than the height of the tagged neutron
beams (19.3 cm). It does not influence our results on the rel-
ative yields and angular distributions of the y-rays, and the
absolute cross-sections were not determined.

The TNM is based on registration of the 3.5 MeV «-
particle from the reaction (1). The a-particle has practically
the opposite direction of flight relative to the direction of the
neutron emission. This property allows us to determine the
neutron emission direction. The maximal intensity of the total
neutron flux in 47-geometry is 5 x 10’s™!. The a-particles
are registered in coincidence with the pulses from the char-
acteristic nuclear y -radiation, emitted from neutron-induced
reactions on the nuclei A in the sample:

A(n,x)B* % B. 2)

So, it is possible to reconstruct the neutron flight direction by
estimation of the «-particle emission angle, i.e. to “tag” the
neutron. The o«—y coincidence allows one to decrease sig-
nificantly the number of background events in the y spectra.
Application of the TNM to the data obtained from these two
types of the detector systems was quite different.

The background events are separated by using the Time-
of-Flight (TOF) method. The TOF is defined as the time
difference between the signal from a pixel (or strip) of the

alpha detector and the signal from a y/neutron detector. The
events from neutron-induced reactions on the target form an
a—y coincidence peak in the TOF spectrum, “sitting” on a
flat background of random coincidences. In the experiment
with HPGe detector because of the small distance and low
time resolution this peak contains both y-rays and secondary
neutrons emitted from the target. In the experiment with the
“Romasha” BGO detectors the time-of-flight method allows
one to separate y-rays from scattered neutrons (Fig. 3). All
signals were recorded by the data acquisition based on 32-
channel 100 MHz digitizers [18]. These devices cannot digi-
tize long pulses such as signals from HPGe, so another digi-
tizer CRS-6 was used to collect the data from HPGe detector.
The profiles of the tagged neutron beams were measured prior
to the experiment, using a position-sensitive silicon charged
particle detector for fast neutron detection via the 28Si(n, o)
reaction [19]. This information was used for adjusting the
neutron generator beams and for the samples’ sizes optimiza-
tion. The experimental data analysis procedure is discussed
in detail in our previous paper [15].

The dimensions of the irradiated sample were chosen from
two contradictory requirements: the sample size must allow
us to use as many tagged beams as possible, but, on the other
hand, the self-absorption of y-quanta inside the sample must
not significantly change the observed y-quanta angular dis-
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Fig. 3 Anexample of the TOF spectrum for the BGO detector. Peak 1
corresponds to y-quanta emitted from the sample, peak 2 to scattered
neutrons
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tribution. The simplicity of the sample preparation was also
an important factor, so we decided to use a box-shaped con-
tainers for powders of different chemical compositions. The
iron powder chemical purity is about 99%.

We used a Geant4-based Monte-Carlo simulation to esti-
mate the influence of the y-quanta and neutron absorption
inside the sample. The simulation results showed that the
optimal sample shape has a square section in the detector
plane. The correction coefficients were calculated for each
combination of ¢—y detectors and applied in the analysis.
For all tagged beams used, the distortion of the observed
anisotropy of y-radiation in the case of the selected container
size does not exceed 20%. The difference between the angu-
lar distributions for different pixels on the same vertical strip
was found to be insignificant, so, we decided to use all 8 pix-
els on the vertical strip, and the height of the sample was set
equal to 14 cm. The sample used was a 4x4x14 cm? container
made of 0.2 mm aluminum foil and filled with pure natural
(°%Fe-91.75%, *Fe-5.85%,%"Fe-2.12%) iron powder with a
density of 3.53 g/cm?>. These sample dimensions allowed us
touse 4 vertical strips: the two central beams were used for the
determination of yields and angular distributions, the other
two beams did not cover the sample completely and were
used for estimation of the radiation background in the col-
lected y -spectra. To determine the background component in
the y-spectra resulting from the interaction of neutrons with
the sample holder and other structural materials of the setup,
a separate measurement was performed with an empty box.

All detectors were calibrated using standard y -radiation
sources. For BGO scintillation detectors the light output and,
accordingly, the energy calibration are not very stable and
depend on the temperature, load, and other external factors.
Considering these features of the BGO detectors, an addi-
tional real-time calibration was applied using known back-
ground lines recorded during the measurement with the sam-
ple.

3 Data analysis

To realize the tagged neutron method, two different
approaches were used. In the case of measurements with
the BGO detectors, the TOF-based event separation was per-
formed to select events, which are connected with nuclear
reactions inside the sample. The time resolution of the BGO
y-detectors lies between 7.5 and 8.6 ns and it is enough to
separate the scattered neutrons and y-quanta.

In Fig. 3 an example of the TOF spectrum is presented.
A 20 time window around the y-peak was taken to fill the
gated y-spectrum. This approach decreases the number of
background events that leads to removing the substrate and
background peaks from the final spectrum; the number of
the neutron events inside the gamma window depends on
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the relative position of the y-detector and neutron beam and
does not exceed 25% for detectors placed close to the direct
beam (these data points were rejected) and 12% for used
n — y combinations. For each tagged neutrons strip and y
detector combination the contribution of the neutron events
was determined from the TOF spectra. The energy spectra
of the neutron events were also determined in the neutron
time window and subtracted from the energy spectra in the
gamma window, after proper normalization. A slightly differ-
ent method was used to process the data obtained with HPGe
detector. In this case it is not possible to separate y-quanta
and neutrons from the sample due to low time resolution of
the HPGe detector. Due to the strong dependence of the HPGe
detector time resolution on the event energy [20], a special
procedure is needed to select a proper time window for each
y-ray energy and then improve background separation and
prevent loss of good events.

To obtain events, which are mostly correlated with reac-
tions inside the sample, we approximated the peak centroid
in the TOF-energy spectrum (Fig. 4) and selected a window
with 30 width around that peak. We call that time interval the
coincidence window. According to our estimation, after the
above described procedure the HPGe time resolution in dif-
ferent energy ranges is between 26 ns (in the energy interval
600-900 keV) and 17 ns (in the interval 3600-3900 keV).
The energy resolution of the HPGe detector in our experi-
ment was 0.8% for the strongest observed y -line 846.8 keV
and 0.6% for the y-line 1238.3 keV. The coincidence peak
o at energies of 1000-1300 keV is 9.5 ns, the signal from
direct neutrons in the bottom part of the neutron beam hitting
the floor should arrive ~60 ns, and from walls about 90 ns
later than from the sample. These events are subtracted as
anticoincidences. The neutrons scattered at about 90° could
hit the HPGe detector and contribute to the background, but
their impact could be separated due to the good energy reso-
lution of the HPGe detector. In the case of the measurements
with the BGO detector system additional measurement with
empty box was made to estimate the y spectrum generated by

10°
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- 1
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Fig. 4 Full TOF-energy spectrum from measurement with the HPGe
detector. The time gate is marked by solid lines
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the scattered neutrons in the facility elements and it was taken
into account in the data processing procedure. Moreover, in
the y-spectra obtained in experiments with other samples,
the peaks of iron are not observed, which indicates that the
y-quanta emitted in reactions on the iron contained in the
surrounding materials practically do not affect the obtained
coincidence spectra.

After this procedure the number of registered events,
which correspond to the y-ray emission from different dis-
crete states of nuclear reaction products, could be extracted
from the y-spectra. To obtain these values, the full energy
absorption peaks were approximated by gaussians with lin-
ear background.

We use thick samples in our experiments, which leads to
the absorption of the y-rays and neutrons in the sample and
to a non-homogeneous distribution of the y-ray emission
points. In our data processing, corrections for the absorp-
tion of neutrons and y -quanta were not calculated separately.
Due to the fact that the tagged neutron beams have a rather
complex spatial distribution and the neutrons are absorbed
and scattered inside the sample, the subsequent y-ray emis-
sion inside the sample also turns out to be inhomogeneous.
Because of this, instead of the absorption coefficients, the
ratio

Aga
NG4y

€(E) = 3)
was introduced for each neutron beam, where N is the calcu-
lated in Geant4 number of y-quanta emitted during neutron—
nuclear reactions and A is the calculated number of registered
y-quanta. Thus, €(E) takes into account both the absorp-
tion of neutrons by the sample and the self-absorption of
y-quanta, as well as the efficiency of the y-detector. The
yields of the individual y-lines were determined from the
areas under the corresponding gaussians:

Ny (Ei)€(Eo)

W)= EoeED

* 100%. “)
The index i = 0 corresponds to the most intense observed y -
transition, to which all other lines are normalized. The values
of € (E) for the two strips used lie between 0.0085 at 100 keV
and 0.001 near 4 MeV; for 846.8 keV they are 0.0022 and
0.0030, for 1238.3 keV they become 0.0018 and 0.0023. The
difference between calculated and measured efficiency of the
y -detectors does not exceed 20% and a correction factor was
added to the €(E) values.

To measure the y-ray angular distribution an array of BGO
y-spectrometers was used. Figure 5 shows the comparison
between the experimental y-ray spectra obtained in coinci-
dence with tagged neutrons using the BGO detectors and the
HPGe detector.

In the case of measurements with BGO detectors, due to
their low energy resolution, the so-called response function
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Fig. 5 Gamma-spectra for iron, obtained with “Romasha” BGO and
HPGe y-detector systems
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Fig. 6 An example of the BGO spectra analysis. The experimental
points are obtained after the random coincidence background subtrac-
tion. Solid colored lines represent the response functions of individual
y-transitions. The dashed line corresponds to a smooth additional back-
ground substrate. Peak 1 corresponds to the 846.8 keV line, peak 2 to
1238.3 keV, peak 3 is formed by 1289.5, 1303.4 and 1316.4 keV y-rays

was used, which includes the full energy absorption peak,
single- and double-escape peaks, and Compton continuum.
The energy spectra for each BGO detector were fitted by the
sum of the response functions of all characteristic lines plus
additional smooth background substrate. The contribution of
background from untagged neutrons was determined from
the anticoincidence spectra and subtracted with proper nor-
malization. An example of such a fit is shown in Fig. 6. The
details of the response function are discussed in [21].

The parameters of the angular distributions of y-quanta
relative to the direction of the incident neutron beam were
determined. Since the energy resolution of BGO detectors
does not allow one to separate efficiently the peaks of the
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total absorption of the y quanta of close energies, the angu-
lar distributions were determined only for the strongest y -
transitions. The situation shown in Fig. 6 is quite indicative:
the peak at an energy of 1238.3 keV is distorted due to over-
lap with a nearby peak. The sum response function takes into
account all peaks, and in the case when they are too close to
each other the uncertainties of their areas increases. The min-
imization procedure performs the function behavior analysis
near minimum and determines the errors of the parameters
automatically. The relative probabilities of the emission of
y-quanta of a given energy at one angle were determined
from the area under the corresponding gaussian. The neces-
sary corrections for the absorption of y-rays in the sample,
as well as the effective solid angles for each detector, were
obtained as a result of modeling in Geant4.

The differential cross-section of the y-ray emission can
be represented as

% _ Do), 5)
de2 4n
where o, is the y-ray emission cross-section for a given y
transition; W () is the angular distribution function.

In our data the procedure measuring the angular distribu-
tion W*P (6) was obtained by normalization of the measured
full energy absorption peak area:

i (A)

’

A.
Wexp _ i (6)

where A; is the y-peak area in the detector i and (A) is
the average full energy absorption peak area. After that the
calculated angles with the Geant4 code for each «-strip—y -
detector combination were assigned to WiexP . To take into
account the absorption of y-quanta inside the sample, the
correction coefficients K; were calculated using Geant4:

AG4

G4 _ i
K" = (AGH) )

where AiG4 is the Geantd-calculated y-peak area, (A®%) is
the average peak area. These correction factors were applied
to the experimental data using the relation

W = — ®)

where K; is a correction coefficient, which is specific for
each a-strip-y-detector combination. For all used samples,
the values of K; were between 0.7 and 1.3. Figure 7 shows
that the correction procedure removes a significant left—right
anisotropy caused by different distances from the y-ray
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Fig. 7 Data processing example: experimental data W¢*”(9) (set of
Wi”p ) before correction (a) and corrected angular distribution (set of
W;) (b) for 846.8 keV y-line

emission volume to the left and right parts of the BGO detec-
tor system. The obtained angular distributions of y-quanta
are usually approximated with a series of Legendre polyno-
mials:

2J
W@O)=A[1+ Y aPi(cosh) )
k=2,4...

where A is the normalization coefficient, a; are expansion
coefficients, J is the y-transition multipolarity.

4 TALYS 1.9 calculations for 5°Fe

The main advantage of TALYS software is its versatility: it
includes modern descriptions of main reaction mechanisms
(direct, compound, multi-step, and fission) and covers a wide
range of energies (up to 200 MeV) and target nuclei [23]. This
software can be used for the verification of ranges where the
theoretical approaches are valid. On the other hand, in its
development, TALYS also turns into a tool for generating
nuclear data in areas where these data are difficult to obtain
experimentally. These applications require the default param-
eter sets to be in regular checking and “fine-tuning” modes.

The TALYS software has become an important component
in the study of neutron-induced reactions in a wide range of
energies. Several years ago the program code TALYS 1.6
was successfully used to describe the experimental results
on inelastic neutron scattering by iron isotopes [6,8,10]. In
our model calculations, we use a more recent version of the
TALYS 1.9 code [24].
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For optical model and for coupled-channel calculations
TALYS software includes ECIS-06 [25] as a subroutine.
The optical model calculation, based on the global Koning—
Delaroche parametrization, is adjusted to the neutron total
cross-section data for *°Fe and neutron differential scatter-
ing data in the energy range from 4 to 26 MeV [26]. In
Table 1 the values of optical potential parameters for several
incident energies E, are shown. To illustrate the parame-
ters’ energy dependence, we provide parameter sets for three
energies E,: alow energy of 2.0 MeV, relevant for TANGRA
experiment energy of 14.1 MeV and the highest one used in
the calculations, 20.0 MeV. In vibrational model and rota-
tional model calculations, the imaginary surface parameter
Wp was reduced by 15% compared to the values indicated
in the Table 1, the other parameters had the same values. The
notation agrees with Ref. [26].

We compared the obtained experimental cross-section
data from other papers with nuclear reaction code TALYS
calculations to check its applicability to y-ray emmission
cross-section evaluation and test its sensitivity to the model
parameters’ variation.

By default, in TALYS 1.9 the calculation is conducted in
the distorted-wave Born approximation (DWBA), therefore
the °Fe nucleus is considered to be near-spherical. At the
same time noticeable deformation is indicated in TALYS 1.9
by the default parameters. For the first excited state of °Fe,
B> = 0.239. Coulomb-excitation studies lead to almost the
same By = 0.2393 % 0.0049 for >°Fe isotope [27]. This is
a relatively large value, and thus the direct collective reac-
tions are significant. For higher excitation levels > did not
exceed the value of 0.065. In this work the same TALYS 1.9
default values of B, for the excited states were accepted in
all calculations, parameters §; with A > 2 were considered
zero valued because f; plays a leading role.

Compared with DWBA a more adequate description of
the experimental results on inelastic neutron scattering by the
SFe isotope at E,, from 1.5 to 26 MeV was obtained using
coupled-channel (CC) calculations [10,28]. Better agree-
ment of the results of the coupled-channel calculations with
the experimental ZT excitation cross-section at 6.96 and 7.96
MeV projectile kinetic energy was obtained in [10] with
B2 =0.24.

In this work, besides the default, TALYS 1.9 calcula-
tions using the CC method with rotational and vibrational

models were conducted. In the rotational model the lowest
0%, 2%, 4% excited states in *°Fe were coupled in rotational
band. In the vibrational model the lowest 0T, 2T levels were
coupled, and the 27 level was considered a one-quadrupole
phonon excitation.

TALYS 1.9 can be used to calculate cross-sections of pro-
cesses taking place in a nuclear reaction. Using calculated
cross-sections it is possible to deduce other reaction char-
acteristics. In this work we calculated the individual y-line
yields Y (E;):

ok (Ei) vk

Umax

Y(E) = . (10)
P
where oy (E;) is the cross-section of the y-transition, result-
ing from the reaction on the isotope k, UI’,’“”‘ is the cross-
section of the most intense y-transition, resulting from the
reaction on the isotope p, v, and v, are the abundances
of the isotopes k and p, respectively. In the case of an iron
sample, the normalization was made to the cross-section for

the transition E, = 846.8 keV (2?‘ — Og‘) for the isotope

s
SFe. Before performing a yield calculation it is necessary to
ensure that TALYS 1.9 is able to describe y -transition cross-
sections in good agreement with the experimental data. Espe-
cially it concerns the cross-section value of the most intense
y-transition because it participates in every yield by defini-
tion (10).

In order to check the quality of the reproduction of
y-quanta transition cross-sections on iron isotopes by the
TALYS 1.9 software, we calculated the cross-sections for
the range of E, from 0.1 MeV to 20 MeV with a step of
0.1 MeV. In Fig. 8, the cross-sections of emitting the y-
quanta with E,, = 846.8, 1238.3 keV as a function of E, are
showed. Note that TALYS was not intended for describing
the resonance region; that is why TALYS does not repro-
duce the fine structure of y-emission in the low energy
region. It is seen that TALYS 1.9 produces the results close
to experiment for a wide range of incident neutron energies
E,. Near the energy of our interest, E,, = 14.1 MeV, the
experimental partial cross-section of y-quanta with energy
E, = 846.8, 1238.3 keV are close to TALYS 1.9 results. The
model calculations for E,, = 14.1 MeV almost lie within
the error bars of the cross-sections. At the same time, the
calculated cross-sections for the first ZT — O;rs transition
are systematically lower than the evaluated cross-sections.

Table 1 Default spherical optical model potential parameters used in the TALYS 1.9 calculations for neutron energies E, = 2, 14.1, 20 MeV.
Depths V;, W; of potential components are given in MeV, diffuseness parameters a; and radii parameters r; are given in fm

E, MeV Vv ry ay Wy Wp rp ap Vso rso aso Wso

2.0 52.33 1.186 0.663 0.26 6.29 1.282 0.532 5.83 1.00 0.580 —0.02
14.1 4791 1.186 0.663 1.03 7.67 1.282 0.532 5.55 1.00 0.580 —0.07
20.0 45.86 1.186 0.663 1.55 7.23 1.282 0.532 5.42 1.00 0.580 —0.10
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Fig. 8 y-emission cross-sections for the 846.8 keV y-ray (ZT — O;S)

(a) and for the 1238.3 keV y-ray (4T — 2?’) (b). Shown are a com-
parison between experimental data from [6] (points), evaluated data

This difference reaches a maximum bigger than 0.2 mb near
E, = 5 MeV and grows close to 0.1 mb around E, = 14.1
MeV.

It is difficult to conclude which applied model describes
the experimental data better. All three curves of TALYS cal-
culation results are mostly overlapping in Fig. 8, integral
cross-sections received in vibrational, rotational, and DWBA
methods do not show significant difference. The question of
the most appropriate model for the °Fe nucleus was dis-
cussed in the previous work [28]. Furthermore, in calcula-
tions of the y-line yields Y (E;) the DWBA integral cross-
sections were used.

The model calculations for the energy dependencies of the
partial cross-sections for formation of y-quanta, in general,
are in good agreement with the experimental data. Calcu-
lated integral cross-sections seem to be appropriate to use in
Eq. (10).

5 Results

We used a HPGe y-spectrometer to obtain a high-
resolution y-spectrum. 19 y-transitions from °Fe(n, X)
reactions were observed with a sufficient number of events
to identify y-transition and extract the yield with a good
accuracy. They are marked in the spectrum in Fig. 9. The
main properties of these transitions are listed in Table 2.
The table also shows the yields obtained in our experi-
ment in comparison with the results from the calculation
using the TALYS code and experimental data from other
work [11,33]. Due to statistical limitations we present the
measured data for which the y-production cross-section
> 10 mb.

@ Springer

(b)

e

0,0 —————F—1— —_———
0 2 4 6 8 10 12 14 16 18 20
E., MeV

from ENDFE.B-VIIIL0 database [22] (grey solid line), calculations using
TALYS 1.9 with DWBA (red dotted line), vibrational approximation
(blue dashed-dotted line), and rotational approximation (green dashed
line)

As the natural iron sample contains the isotope >’Fe,
the total production cross-section for the 846.8 keV y-ray
on "“Fe includes, above E, = 8.64 MeV, a component
from the ’Fe(n, 2n)°°Fe reaction. The detailed analysis
of this contribution was made in [6,7]). The abundance of
>TFe is 2.12(3)% [1], so the impact of the "Fe(n, 2n’) °Fe
reaction should be small (according to the TALYS calcu-
lation it is about 3%). Despite the small value of the con-
tribution, at an incident neutron energy in the region of
14 MeV, its presence creates certain difficulties in deter-
mining the cross-section of the most intense y-line with
E, = 846.86 keV. The calculated cross-sections of this
y-transition in comparison with the experimental data are
shown in Table 3. There is a difference between the calcu-
lated absolute cross-sections and those from the compila-
tion [11], but the calculated value lies between experimen-
tally determined values used for data estimation. A general
analysis of the uncertainties for the major reaction chan-
nels for 3°Fe in the fast neutron range is given in Ref.
[37].

A comparison of the measured and estimated from [11]
y-ray yields shows that the discrepancy between them does
not exceed 16% for y-transitions with intensity > 9% and
30% for transitions with yield > 5%. The experimental and
estimated data comparison with TALYS shows agreement
better than 30% with our yields and better than 35% with the
compilation [11] for the y-transition with intensity > 5%. It
is important to notice that the largest discrepancies between
TALYS and the experimental data are for 30Fe(n, 2n)> Fe
and 54Fe(n, n' )54Fe reactions, so the default parameters of
the optical potential in TALYS for 3Fe and *Fe should be
adjusted.
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Fig. 9 Gamma-spectrum for Fe (HPGe). Energies of the most intense y -transitions Ey (in keV) from reactions S0Fe(n, n'), (n, 2n'), (n, p),(n,d),
(n, ) are signed. Energies matching observables’ peaks are taken from NDS [29-32]

The y-quanta angular distributions for Fe have been mea-
sured using the “Romasha” y-spectrometer system. In Fig. 5
the y-spectrum obtained by the BGO y-detectors is shown.
We present the y-quanta angular distributions for the two
mostintense y-transitions: 847 keV and 1238 keV, which cor-
respond to excitations of the 847 keV(2T) and 2085 keV(4™)
levels. The measured y-quanta angular distributions and
their approximations are shown in the Fig. 10 in compari-
son with the other experimental results [34—36]. The corre-
sponding coefficients of the Legendre polynomial approxi-
mation are given in Table 4. The discrepancy between the
data from different experiments is not large for the 847 keV
y-line in the 45°-150° angular range, at low angles the
points are overlapping within the margins of errors except
the data from [34]. The data points for 1238 keV y-rays
from our experiment and [34-36] are close to each other,
except for two data points from [34] at small angles. Such
systematical deviation of 15° and 30° data may be a con-
sequence of the peculiarities of the data processing pro-
cedure in [34]. In Refs. [35,36] the errors of the data fit
are not presented, so we have made our approximation for
them.

The comparison of the angular distribution coefficients
shows a significant discrepancy in the coefficient ar for
847 keV transition. Our results are close to [34], our coeffi-
cient ay is smaller than the one in [34,35]. Our approximation
shows that the coefficient a4 is insignificant for this transi-
tion.

For the 1238 keV y-transition the situation is quite sim-
ilar. Our value ap is smaller than the one in [34,35], the
coefficient a4 is insignificant for this transition according
to the data from [35,36] and important according to our
data.

The obtained values correspond to the main trends of the
energy dependences of the angular distribution coefficients
obtained evaluating the cross-sections and angular distribu-
tions of y-quanta in neutron scattering reactions on iron for
E, from 0.5 to 19 MeV [38]: for the 846.8 keV y-transition
the ap-value is clearly positive and a4 is mainly negative.
Above 2 MeV the angular distribution flattens out and the
ay value is close to zero. In [38] it was noted that for the
y-line £, = 1238.3 keV the coefficient a4 is small, there-
fore a4 = 0 was assumed in the analysis. The recent results
of the nELBE experiment [9] in the range of initial neu-
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Table 2 Parameters of the y-transitions observed in this work. The
asterisk “*” marks y-lines that cannot be separated. Energies of y-
quanta E), and the level parameters JiP ,J lf were taken from NDS,
Adopted levels [29-32]. For the energies measured in this work statis-
tical uncertainties only are presented. For each y-line spin—parity J*

and energy E for the initial (i) and the final (f) levels are given. The
measured yields of y-transitions Y,, are compared with TALYS 1.9 cal-
culation results and the experimental data from [33] and the compilation
(11]

E, keV Reaction Initial state Final state Y,, % TALYS [11] [33]

this work NDS JE(E;, keV) J ;’(E_,-, keV) this work

123.5(4)* 123.5 56Fe(n, p)°Mn 5% (335.5) 47 (212.0) 6(1) 5.8

126.0(4)* 126.0 S0Fe(n, d)>>Mn 17 (125.9) SAN())

211.9(2) 212.0 54Fe(n, py*Mn 5% (368.2) 47(156.3) 5.9(8) 4.81

212.0 56Fe(n, p)°Mn 47 (212.2) 07 (0)

335.7(5) 335.5 56Fe(n, p)*°Mn 3t (341.0) 21 (26.6) 2.2(8) 1.04

411.2(2) 411.9 50Fe(n, 2n)>>Fe 17 @119 370 5.3(7) 7.05 6.8(8)

477.4(5) 4712 56Fe(n, 2n)>°Fe 17 (1408.5) 37 (931.3) 4.6(7) 3.97 6.4(9)

846.86(2) 846.8 3SFe(n, n')Fe 2% (846.8) 0t (0) 100.0(6) 100 100 100
STEe(n, 2n)°°Fe

931.4(1) 931.3 56Fe(n, 2n)>°Fe 37(931.3) EEN()) 12.0(8) 19.43 10.7(9) 15(5)

1038.1(2) 1037.8 3Fe(n, n')Fe 4% (3123.0) 4+ (2085.1) 8.2(8) 6.48 6.0(5) 10(2)

1238.53(4)* 1238.3 30Fe(n, n')Fe 4+ (2085.1) 21(846.8) 43.8(1.1) 49.90 36(2) 46(5)
STEe(n, 2n)°°Fe

1289.7(5) 1289.6 0Fe(n, a)**Cr 17 (1289.5) 370 1.7(5) 1.68

1304.0(1)* 1303.4 0Fe(n, n')>Fe 61 (3388.6) 4% (2085.1) 9.2(6) 9.89 9.3(6) 10.1(1.5)
5TFe(n, 2n)>°Fe

1316.0(2) 1316.4 6Fe(n, 2n)>Fe 17 a316.5) EAN()) 5.6(5) 8.65 6.8(8) 7.4(1.2)

1408.3(3)* 1408.1 S4Fe(n, n')>*Fe 2+ (1408.2) 0t (0) 4.0(6) 6.50 3.0(6) 5.7(1.2)

1408.5 S0Fe(n, 2n)>°Fe 17 (1408.5) EEN())

1670.6(2) 1670.8 30Fe(n, n')*Fe 6% (3755.6) 4% (2085.1) 4.5(5) 5.1 6.9(7) 6.3(1.2)

1810.7(2) 1810.8 30Fe(n, n')Fe 2+ (2657.6) 2+ (846.8) 6.7(5) 3.27 4.8(6) 7.7(1.2)
STEe(n, 2n)>°Fe

2114.2(6) 2113.1 56Fe(n, n') °Fe 27 (2960.0) 2+ (846.8) 2.5(7) 1.8 1.9(6) 4.5(1.2)

2524.2(8) 2523.1 S6Fe(n, n')°Fe 2% (3370.0) 21 (846.8) 2.5(7) 1.37 2.7(6)

2600.3(5) 2598.5 56Fe(n, n')*°Fe 3+ (3445.3) 2+ (846.8) 3.4(5) 2.07 4.5(6)

tron energies between 0.1 and 7 MeV confirm the main
conclusions; however, the obtained experimental informa-
tion for five different y-lines indicates the necessity of tak-
ing angular distribution effects of higher orders into account.
In [9] for the 1238.3 keV y-ray angular distribution posi-
tive a; and negative a4 are observed over the entire energy
range.

6 Summary

Using TANGRA facility and the tagged neutron method,
we determined the y-radiation parameters from the inelas-
tic interaction of 14.1 MeV neutrons on natural iron. The
data obtained are generally consistent with the known liter-
ature data, but some significant differences are observed for

@ Springer

Table 3 The cross-sections of the 846.86 keV y-line emission (mb)
from the calculations with TALYS software and from the compilation
of experimental data [11,33]

Reaction TALYS [11] [33]
NalEe(n, 0’ 4 2n) 621.92 785(48) 663(70)
36Fe(n, n’)>°Fe 656.94 621(29)

5TRe(n, 2n")5Fe 904.58 -

some lines. For the most intense lines, the angular anisotropy
parameters of the emission of y-quanta relative to the direc-
tion of the neutron beam are determined. The comparison of
the measured yields with the calculated one shows a large dis-
crepancy for the (n, 2n) reactions, so this information could
be used to improve the model description of the neutron-
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Fig. 10 The angular 2,0
R NS ]
distributions of the y-quanta g i
from 14.1 MeV neutron E
inelastic scattering on *°Fe 15 ]

versus scattering angle 6 in c.m.

system: E, = 847 keV (a),

E, = 1238 keV (b).
Experimental data: solid circles
are for this work, triangles are
for [34], squares are for [35],
empty circles for [36]. The line
is a Legendre polynomial fit of
the data, measured in this work

(@ 1 (b)

Table 4 Legendre polynomial approximation coefficients for the y-
quanta angular distributions obtained in this work in comparison with
previous measurements

E, keV a ag Reference
846.8 0.13(2) 0.02(2) This work

0.21(5) 0.07(3) [34]

0.36 —0.38 [35]

0.09 —0.1 [36]
1238.3 0.24(4) 0.16(6) This work

0.32(8) 0.16(8) [34]

0.37 -0.23 [35]

0.14 —0.1 [36]

induced reactions. The difference in the angular anisotropy
coefficients obtained in different experiments probably is
connected with issues of the neutron background estimation
atlow angles, so measurement with high-resolution detectors
is required to solve this problem.
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