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Abstract: A study of the inelastic scattering of neutrons with an energy of 14.1 MeV on the nuclei of oxygen,
phosphorus, and sulfur was performed at the TANGRA facility at JINR (Dubna). The experiment aimed to refine ex-
isting data and obtain new data on the yields and angular distributions of y-quanta emitted by the studied nuclei due
to neutron-induced nuclear reactions using the tagged neutron method. Two types of detector systems were used to

register y-quanta. The y-ray yields were measured using a high-purity germanium (HPGe) detector. The angular dis-

tributions of yp-rays were obtained using a system of 18 scintillation detectors based on bismuth germanite

BisGe3012 (BGO) located around the sample. The performed experiments measured the yields of two transitions

for the reaction of tagged neutrons with 160, nine transitions for the reaction with 31P, and nine transitions for the

reaction with 32 for the first time. The angular anisotropy of the y-radiation accompanying the inelastic scattering

of neutrons with an energy of 14.1 MeV on 31D nuclei was also measured for the first time.
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I. INTRODUCTION

Information about neutron-nucleus interactions is es-
sential for both fundamental and applied physics. The
neutral electric charge of a neutron provides a unique op-
portunity for studying the structure of matter at the mo-
lecular and nuclear levels and for revealing the nature of
nuclear forces. Data on neutron-nuclear reactions are also
necessary for designing nuclear power plants and for
modeling various devices and objects that interact with
neutron radiation in one way or another. For example,
neutrons are widely used in inspection complexes and in-
stallations for neutron logging, non-destructive elemental
analysis of matter, nuclear medicine, and radio-pharma-
ceutical production. The fact that most queries on the
NEA Nuclear Data High Priority Request List (HPRL)
[1] are directly related to neutron-nuclear reactions indic-
ates the relevance of studying the characteristics of neut-
ron-nucleus interactions. The most important task faced

by the nuclear power industry is the creation of Genera-
tion IV fast neutron reactors, as they must be economic-
ally efficient and have high safety and reliability across
all technological processes. The design and construction
of new reactors impose serious requirements on the qual-
ity of neutron-nuclear data for the largest possible num-
ber of nuclides across a wide range of neutron energies,
especially for fast neutrons.

Oxygen is one of the most abundant elements on
Earth. In addition to water, it is a part of several chemic-
al compounds, mainly oxides, emphasizing the need to
focus on its study [1]. Phosphorus and sulfur are also
widespread. For example, they form components of apat-
ite, a valuable raw material for producing mineral fertil-
izers. The timely control of the elemental composition of
apatite ores is important for technological processes to
run smoothly. Methods to enable the rapid elemental ana-
lysis of this raw material have already been proposed [2].
Sulfur, in turn, is part of several products in the chemical
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industry, particularly rubbers and explosives. However, it
pollutes oil products, significantly worsening their prop-
erties. Therefore, developing a technique for measuring
its content is of great importance.

Our research aims to study the characteristics of y ra-
diation arising from the interaction of fast neutrons with
atomic nuclei. On the one hand, y-quanta marks the pres-
ence of the corresponding nuclide in the medium. On the
other hand, this radiation is an important component of
inelastic neutron scattering, and its characteristics are ne-
cessary to model neutron-nuclear interaction processes
completely. The experiments were performed at the
Frank Laboratory of Neutron Physics (JINR, Dubna) in
the framework of the TANGRA (TAgged Neutrons and
Gamma RAys) project to study the inelastic scattering of
neutrons with an energy of 14.1 MeV with atomic nuclei
using the tagged neutron method (TNM) [3, 4].

The TNM is based on registration of the 3.5 MeV a-
particle from the reaction

d+t—n+a. )

According to the reaction's kinematics, the neutron is
emitted in the direction opposite to that of the a-particle
(in the center-of-mass frame). Thus, knowing the direc-
tion of emission of the a-particle, it is possible to determ-
ine the direction of motion of the neutron. This way,
forming a beam of "tagged" neutrons with a well-defined
energy and flux is possible. The a-particles are registered
in coincidence with the pulses from the characteristic
nuclear y-radiation emitted from excited products of neut-
ron-induced reactions on the nuclei 4 in the sample:

A(n,x)B* > B. )

Using this time-correlated associated particle tech-
nique (TC-APT), which significantly reduces the effect of
background radiation on the quality of experimental data,
a multi-pixel a-particle detector, and a set of detectors for
products of neutron-induced nuclear reactions, perform-
ing elemental and/or isotopic analysis (visualization, ra-
diography, tomography) of any substance and/or object to
determine the differential and total cross sections of neut-
ron-induced nuclear reactions and the energy and angular
distributions of these reactions' products with higher ac-
curacy and reliability is possible.

The experimental study of the inelastic scattering of
neutrons with an energy of 14.1 MeV by some light and
medium nuclei [5-9] is continued within the framework
of the TANGRA project. Here, we present the results on
the yields and angular distributions of y-quanta emitted in
the (n,Xy) type reactions of oxygen, phosphorus, and sul-
fur nuclei, where X =rn’, p, d, a.

IO. EXPERIMENTAL SETUP

A portable neutron generator, ING-27, manufactured
by VNIIA (Moscow, Russia), was used as a neutron
source. It is a small-size device based on a sealed gas-
filled neutron tube with a built-in multi-pixel o-particle
detector capable of producing a maximal neutron flux of
5% 107 s~!. Reaction (1) is induced by a continuous beam
of deuterons with a kinetic energy of 80—-100 keV fo-
cused on a titanium tritide target.

The position-sensitive a-particle detector placed in
the ING-27 neutron tube at a distance of 100 mm from
the target consists of 16 (8 + 8) mutually perpendicular
semiconductor strips, each 6 mm wide and 55 mm long.
The overlapping strips form 64 (8x8) pixels with a pixel
size of 6x6 mm. The count rate of each pixel of the a-de-
tector uniquely determines the associated beam of tagged
neutrons. This way, depending on the neutron source-to-
target solid angle, one can use up to 64 tagged neutron
beams of well defined energy, direction, and flux.

The TANGRA setup can be used with multifunction-
al detector systems of various configurations. Two detect-
or systems were used to study the properties of nuclear
reactions that occur when samples are irradiated with 14
MeV neutrons: the "Romasha" system with 18 BGO [10]
(Bi,Ge;0,,) scintillation y-rays detectors and a high-pur-
ity germanium (HPGe) [11] y-ray spectrometer. The en-
ergy resolution for the BGO detectors was approximately
110 keV at 1.33 MeV, and for the HPGe detector, it was
1.9 keV.

The layout of the TANGRA setup for y-quanta yield
measurement using a HPGe p-ray detector is shown in
Fig. 1. The HPGe crystal had a diameter of 57.5 mm and
a thickness of 66.6 mm. The detector was located at the
minimum possible distance from the sample and protec-
ted from the direct neutrons emitted from the generator
by 172 mm thick lead shielding. With this configuration,
the energy spectra of y-rays were measured with high res-
olution.

Figure 2 presents the layout of the TANGRA setup
for the y-radiation angular distribution measurement us-
ing the "Romasha" detector system. It consisted of 18
BGO gamma scintillation detectors arranged in 14 de-
gree increments in a circle with a radius of 75 cm and a
sample in its center.

The samples used in this experiment were rectangu-
lar boxes made of 0.1 mm thick aluminum foil filled with
the substances being investigated. The bulk density of
each sample was determined as a ratio of net weight to
volume. The main characteristics of the samples are
shown in Table 1.

Two computerized ADCs were used to collect and di-
gitize the analog signals from the systems: ADCM-32 for
the "Romasha" detector system with BGO detectors and
CRS-6/16 for experiments with the HPGe detector. Both
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Fig. 1. Scheme of the TANGRA setup with the HPGe de-

tector in the reaction plane: 1 — neutron generator ING-27, 2 —
lead shielding, 3 — housing of HPGe detector, 4 — HPGe crys-
tal, 5 — sample. The axis of the experimental setup is indic-
ated by a horizontal dashed line. The tritium-enriched target is
marked with an asterisk. All dimensions are given in mm.

devices were developed at JINR. The characteristics of
the digitizers are shown in Table 2. The data acquisition
system was controlled by the "Romana" computer pro-
gram, which we wrote using CERN's ROOT [12] frame-
work. The list-mode data were saved on the computer
hard drive for further offline analysis using several
ROOT-based programs.

Before the experiment, the tagged neutron beam pro-
files were measured using a position-sensitive silicon de-
tector of charged particles capable of detecting fast neut-
rons via a 2Si(n, @) reaction [13]. This information was
used to optimize the sample dimensions and correct the
position of the tagged neutron beams incident on it. The
horizontal dimensions of the target (6 cm X 6 cm) were
optimized to achieve y-absorption not exceeding 20% for
the considered y-lines. Thus, only four neutron beams,
corresponding to the four innermost vertical strips of the
a-detector, covered the target.

The procedure and methods used to obtain and ana-
lyze the experimental data were discussed in detail in our
previous article [6]. Here, we briefly outline their main
content.

ITII. DATA ANALYSIS
Using the TNM made it possible to significantly re-

5 S
% prads

Fig. 2.
in the reaction plane: 1 — portable neutron generator ING-27,

Scheme of the TANGRA setup with BGO detectors

2 — sample in the center of Romasha y-ray registration system,
3 — BGO detector housing, and 4 — BGO crystal. The sym-
metry axis of the experimental setup is indicated by a hori-
zontal dashed line. The tritium-enriched target is marked with
an asterisk. All dimensions are given in mm.

duce the contribution of the background events (correl-
ated and random) to the recorded energy spectra of y-
quanta by organizing the coincidence of signals from the
y-ray detectors and position-sensitive a-detector. To im-
plement this technique correctly, we conducted a thor-
ough analysis of the time spectra of y—a coincidences,
which, following the terminology in neutron spectro-
scopy, can be called time-of-flight (TOF) spectra.

Figure 3 shows the different analysis steps of the data
obtained from the BGO-"Romasha" detector system. The
upper figure shows the components of the TOF spectra:
black curve (labeled A) — the total spectrum recorded
with the sample; pink curve (labeled B) — the back-
ground spectrum recorded in a separate experiment
without a sample but with a sample holder and empty alu-
minum box; red curve (labeled C) — the difference
between the two spectra. The background spectrum was
normalized to the same total neutron flux as the spectrum
with the sample. The first peak in all the TOF spectra cor-
responds to the y-rays, while the second peak is due to the
scattered neutrons. The energy spectra components (Fig.
3 (b)) were constructed from events that fall inside the

Table 1. Sample characteristics.
Sample Bulk density /(g/cm®) Size /em® Mass /g Isotopic composition Purity
P,0; 0.903 6%x6x14 455 3P — 100%, %0 — 99.757%, "0 — 0.038%, 'O — 0.25% > 99%
g 1.244 6x6x 14 627 328 — 94.99%, 338 — 0.75%, **S — 4.25%, **S — 0.01% > 99%
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Table 2. Characteristics of the digitizers used for data ac-
quisition.
Characteristic ADCM-32 CRS-6/16
Number of channels 32 6
ADC bit depth 14 bit 11/16 bit
Sampling frequency 66 MHz 100 MHz
Input amplitude range -1+1V -1+1V
Data transfer rate ~250 MB/s ~190 MB/s
Interface type PCl-e USB-3
Max. count rate ~10° ev/s ~5x10% ev/s
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Fig. 3. (color online) An example of the TOF spectrum for

the BGO detector (a) and components of the energy spectra
obtained at same detector (b). See text for details.

corresponding windows in the TOF spectra: the y-win-
dow was selected as +20,, where o, is the standard devi-
ation of the Gaussian fit of the corresponding y-peak
marked by pink vertical lines. The neutron window,
marked by blue vertical lines, was chosen in such a way
that events from y-rays do not fall into it.

We identified three main sources of the background
that must be considered when processing data:

1. Random coincidences (labeled 1 in Fig. 3). It is
constant in the time spectrum, and its height is determ-

ined by the counting rate in the detectors of a-particles
and y-quanta involved in the coincidences. The back-
ground energy spectrum of the random coincidences was
constructed by selecting events from the time spectrum to
the left of the y-peak. We used a time window of —200 to
—30 ns. The random coincidence spectra were normal-
ized by the ratio of the widths of the corresponding coin-
cidence windows.

2. Neutrons scattered on the sample and its surround-
ing (labeled 2 in Fig. 3). Such events fall into the second
peak in the TOF spectrum, but owing to partial overlap
with the y-peak (blue region in Fig. 3 (a)), these events
also form a background in the y-ray spectrum. The en-
ergy spectrum of the neutron background was determ-
ined in the neutron window, marked by blue vertical lines
in Fig. 3 (a), and normalized to the ratio of the corres-
ponding components in the TOF spectra.

3. Gamma-quanta formed during the interaction of
neutrons by the environment near the sample (labeled 3 in
Fig. 3). The contribution of this background was determ-
ined from a separate measurement without a sample. The
energy spectrum of the y-background was obtained in the
same coincidence window of +2c0, asthe sample spec-
trum.

The net energy spectrum, which is the difference
between the total spectrum and the sum of all back-
ground components, was approximated by a special fit-
ting function. Examples of the BGO energy spectra fit are
shown in Fig. 4. The fitting function includes a smooth
background and a sum of the response functions of the
BGO detector for each y-line, as described in [14]. The
integral of the response function for the corresponding y-
line is proportional to the number of y-quanta recorded by
the detector and was used to determine the angular distri-
bution of the y-ray emission.

The time resolution of the HPGe gamma detector
does not separate useful events from the background as
effectively as the BGO scintillation detector. Meanwhile,
the TOF technique can still be used to isolate the time-
constant background of random events generated mainly
in the interaction between "untagged" neutrons and the
environment. Owing to the small distance from the
sample and lower time resolution of the HPGe detector,
the only peak in the time spectrum contains events from
both y-rays and secondary neutrons emitted from the tar-
get.

The time resolution of the HPGe detector shows
strong dependence on the event energy [15]. Therefore, a
special procedure was applied to select the proper time
window for each y-ray energy, improve background sep-
aration, and prevent the loss of good events.

We defined a 2-dimensional coincidence window, as
shown in Fig. 5, by approximating the 1-dimensional
TOF profiles of the locus in different energy windows us-
ing the Gaussian fit. The window width in the TOF-co-
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(color online) Energy spectra, obtained using a BGO-detector at an angle of 33° with phosphorus oxide (a) and sulfur (b), ap-

proximated by the response function. The gray dots with error bars are the experimental data, the solid black line is the full fitting func-

tion, the red line is the sum of all background components, and other colored lines are the response functions for the strongest charac-
teristic y-lines from oxygen, phosphorus, and sulfur, marked by vertical lines (see Tables 3, 4 , and 7).

ordinate was defined as +30 of the Gaussian for each en-
ergy window. The random coincidence window used for
the energy spectra analysis is below the coincidence win-
dow, having a width of 300 ns.

According to our estimation, after the procedure de-
scribed above, the HPGe time resolution in different en-
ergy ranges is between 26 ns (in the 600 — 900 keV en-
ergy interval) and 17 ns (in the 3600 — 3900 keV energy
interval).

Figure 6 shows a fragment of the energy distributions
of y-rays measured by the HPGe detector for a P,O;
sample for the coincidence window (A), random coincid-
ences (B), and the spectrum of "pure coincidences" (C),
which is the difference between spectra A and B. Since
the width of the coincidence window varies as a function
of energy and is different from the width of the random
coincidence window, a special energy-dependent proced-
ure was developed to normalize the random coincidence
spectrum to the ratio of the corresponding window
widths.

In the coincidence and "pure coincidence" spectra, the
lines from the elements contained in the sample are signi-
ficantly enhanced, and the background peaks are either
absent or suppressed.

After this procedure, the number of registered events,
which correspond to the y-ray emission from different
discrete states of nuclear reaction products, could be ex-
tracted from the y-spectra. The full energy absorption
peaks were approximated by Gaussian functions with a
linear background to obtain these values.

In our experiments, we used relatively thick samples,
resulting in the tangible absorption and scattering of y-
rays and neutrons in the sample. Therefore, for each y-de-
tector, a correction function was calculated by the Monte
Carlo method, considering the re-scattering of neutrons in
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y-rays measured by the HPGe detector for a P,Os sample. A —

(color online) A fragment of the energy spectrum of

events in the coincidence window (blue line), B — background
of random coincidences in the same window (grey line), C —
difference (pure) spectrum (A -B) (magenta line). Character-
istics of peaks indicated by numbers are: 1 — E, = 140 keV
from background; 2 — E, = 169.3 keV from °O,2)'3C; 3 -
E, = 200 keV from background; and 4 — E, = 298.2 keV from
160 (n, p)!®N.
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the sample and the absorption and detection probabilities
of y-quanta based on their energies [14].

IV. RESULTS

High-resolution y-spectra were obtained using the
HPGe spectrometer. This allowed us to identify several y-
lines and determine their yields.

Yields of y-quanta Y; here and below are defined as
the emission cross-sections for y-quanta of a particular
energy E;, normalized to the cross section of the strongest
(reference) transition (E,) for a given element:

N;

Yy, =
N 3)

where N; and N, are the numbers of emitted y-quanta
with energy E; and E,, respectively. The y-quanta emis-
sion cross-sections obtained in other experiments or cal-
culated with the program TALYS 1.96 [16] for comparis-
on with our data were converted into yields using the fol-
lowing formula:

¥
n0;

Y, = - 5 4)
o0

where 7; is the abundance of the j-th isotope, o7 is the y-
quanta emission cross-section with energy E;, 1o is the
abundance of the element with reference y-transition, o
is the y-quanta emission cross-section with the reference
energy.

The angular distributions of y-quanta W(6#) obtained
in our experiments using BGO detectors were determ-
ined from the normalized number of y-quanta in the de-
tectors, corrected for absorption and scattering of -
quanta and neutrons in the sample, according to the pro-
cedure described in [6]. The coefficients of anisotropy in
the angular distributions of y-quanta are obtained by ap-
proximating the angular distributions using the following
expression:

2J

W) =1+ > aPi(cos). (5)

k=2.4...

The obtained parameters of the angular anisotropy
were used to correct the yields of the strong y-lines, for
which we determined the angular distribution. The other
y-lines were assumed to be isotropic.

Systematic and statistical errors are considered in our
analysis. The primary sources of systematic errors in our
measurements are the uncertainties in the positions of ele-
ments in the experimental setup, which led to changes in
the geometrical efficiencies of the detectors and y-ray ab-
sorptions in the sample. The systematic errors were de-

termined using Geant4 Monte Carlo simulations by vary-
ing the sample and detectors' positions to determine the
differences in the corresponding experimental values. The
resulting systematic errors are given in the corresponding
tables.

The TALYS code [16] is widely used for theoretical
calculations of various nuclear reactions induced by n, p,
d, *H, *He, and o in a wide energy range. We have com-
pared our results for y-ray yields with values calculated
by TALYS 1.96 using the "default" set of parameters.

The RIPL-3 [17] database is used as an information
source regarding nuclear structure and the properties of
nuclear reaction calculations in TALYS, which makes it
useful for y-spectra decoding. We are developing a spe-
cial software program named TalysLib to simplify the use
of the nuclear structure data from RIPL-3 and the TA-
LYS calculation results in data processing programs. It is
an object-oriented C++ library that uses ROOT [12] cap-
abilities for data drawing, storage, and theoretical model
parameter adjustments.

The main approach used in TALYS for neutron-in-
duced reactions is the optical model (OM). However, the
following modifications have been implemented to de-
scribe inelastic processes: distorted wave Born approxim-
ation (DWBA), symmetric rotational (ROT), harmonic
vibrational (VIB), vibration-rotational (VROT), and
asymmetric rotational (AROT) models (see [18] for de-
tails). The approach chosen depends on the nuclear struc-
ture and available data on the nucleon scattering. For 54
nuclides, there are predefined sets of optical model para-
meters in the TALYS nuclear structure. For other nuclei,
Koning parametrization [19] is used.

For the nuclei discussed in this paper, predefined OM
parameters and deformations are available for 3'P and
328, For '°0, they were calculated using Koning paramet-
erization. Strictly speaking, light nuclei in the oxygen re-
gion border on the limit of applicability of Koning para-
meterization. However, as provided in [20], the calcula-
tions for oxygen are generally in good agreement with the
experimental data.

The origin of the lowest excited states in *S was in-
vestigated in several papers [21, 22], and it was estab-
lished that they are vibrational in nature. By default, for
328 in TALYS, two bands with slightly different deform-
ations are set. The first band consists of vibrational ex-
cited states with spin-parity 2{ and 03, 25, and 47. It has
a deformation parameter 8 = 0.29. The state 3~ forms the
second band with 8 =0.3.

The OM parameterizations used in our calculations
are given in the Appendix.

A. Oxygen and phosphorus
The y-ray yields of phosphorus and oxygen were ob-

tained from measurements with phosphorus oxide P,Os.
The parameters of the sample are listed in Table 1. The
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high resolution spectrum of y-quanta obtained in this ex-
periment is shown in Fig. 7, also showing the identified y-
lines; single (SE) and double (DE) escape peaks for the
high-energy transitions are also marked. All lines were
identified using the TalysLib library.

The yields of individual p-transitions in the reactions
of 14.1 MeV neutrons with oxygen nuclei were determ-
ined by formula (3) and normalized to the yield of the
most intense p-line with an energy of 6129.9 keV. The
results are presented in Table 3, which includes eight
transitions that we consider to be fairly reliably identified
in our measurements and five transitions cited in [23] and
present in the TALYS 1.9 database but not observed in
our spectra. For the lowest two y-transitions (E, = 169.3
and 298.2 keV), the yields of y-quanta were experiment-
ally determined for the first time. For the y-transitions
shown in bold type, the angular distributions of y-rays
were also determined. The full errors (stat+sys) of y-ray
yields are indicated in brackets.

Gamma-quanta with an energy of 987 keV corres-
pond to y-transitions 17(7117 keV) — 37(6130 keV)),
whereas the branching ratio of this transition is signific-
antly lower than that of the main transition

17(7117 keV))iO{;S. Similarly, the transitions E,

H‘HH‘HH‘H\

800 1000 1200

2233.6 SE

2235.3SE

2240.0 SE
2

2000 2200 2400
Ey (keV)

Fig. 7.

1954.8 keV (27(8872 keV) — 2*(6917 keV)) and 1755.1
keV (27(8872 keV) — 17(7117 keV)) have a much lower
probability than the transition with E, = 2741.5 keV
(2-(8872 keV) => 3-(6130 keV)). The results of the TA-
LYS calculations generally confirm these ratios. The
sensitivity of our experiment is not sufficient to measure
the characteristics of transitions with such a low probabil-
ity.
Notably, the discrepancy in the results of the TALYS
model calculations for E, =6917.1 keV (2" — 0; ). The
overestimated values of the model calculations were
pointed out by the authors [21]. The discrepancies in the
description of the (n,a) channels are not so significant
and are attributable to the model description difficulties
of this type of reaction in TALYS.

The yields of y-rays for phosphorus were normalized
to the sum of three lines: 2233.6, 2235.3, and 2240.0 keV,
which could not be separated in our experiment. The res-
ults are summarized in Table 4. The yields of individual
y-lines for nine y-transitions were determined experiment-
ally for the first time. The angular distributions, meas-
ured for the most intense p-transitions, are marked in
bold.

Overall, the agreement in yields between our results,

3853.8 SE
3853.8

2500 3000 3500 4000

6129.9 DE

5000 5500 5000

4300

6129.9

7116.9 SE

6917.1 SE

o0
(=3
(=3
H‘\ \‘\H‘\H‘\H‘HW\H

C 1 1
6000 6500 7000 7500

(color online) Energy spectrum of y-quanta from the P, O5 sample in the 50 - 7600 keV range, measured by the HPGe detector.

Position of y-peaks identified by TalysLib and attributed to reactions with oxygen or phosphorus are marked by red lines. Single es-
cape (SE) and double escape (DE) peaks of strong y-transitions are marked by green and blue lines, respectively. The peak at 511 keV

corresponds to electron-positron annihilation processes.
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Table 3.

Experimental y-ray yields from oxygen compared with TALYS 1.96 calculations and the published data of other authors.

Statistical uncertainties are indicated in brackets. Estimated systematic uncertainties do not exceed 5% of the yield values. For y-trans-
itions in bold type, the angular distributions of y-quanta were also determined. The numbers in the first column indicate the peaks in the
energy spectra obtained with the Romasha BGO detector system (see Fig. 4 (a)).

. Yy /%
No E,/keV Reaction -
This work TALYS [23] [24]
169.3 160(ma)3C 32.9(3.7) 16.0
298.2 lﬁo(n,p)lﬁN 43.4 (3.9 15.6
987.0 160(n,1/)160 - 42(0.8)
1755.1 160(n,n')100 52 4.6 (0.9)
1954.8 160(,1,,1')'60 1.6 4.1 (2.6)

6 2742.0 160(n,n')160 34.7 (4.3) 35.1 25.7 (3.2) 31.3(7.0)

7 3089.4 16O(n,a)'3C 20.7 14.9 (1.7)

8 3684.5 160(n,a)13C 35.9 (6.3) 50.5 38.9 (4.5) 29.6 (6.2)

9 3853.8 160(n,a)13C 33.0 (4.1) 27.6 22.8 (3.3) 23.5 (4.9)

10 4438.9 160(n.n'a)2C - 11.6(1.7)

11 6129.9 160(n,n")1%0 100 100 100

12 6917.1 160(n,n')100 31.9 (3.9) 82.9 31.8(3.7) 34.8(7.3)

13 7116.9 160 (n,n')160 34.5(5.1) 32.6 36.1 (4.4) 39.1 (8.4)
Table 4. Experimental y-ray yields from phosphorus. See strongest y-line, which is identified in [23] as the second
Table 3 for explanations. An asterisk (*) marks unresolved y- . 5% 1"

. excited state to ground state (= (2234 keV) — = (g.5.))
transitions. 2 2

Y /% transition in 3'P from the (n,n’) reaction, according to our

No  E,/keV Reaction Iculation TALYS, i ripl ith th minant -

) /ke Thiswork  TALYS 23] calculations by S, is a triplet with the dominant y

511 3.6
4.1(0.9) 5.0

752.2 31 P(n,p)“ Si
983.0  3lp(m,a)? Al

11362 3lppplp  69(1.2) 1.7

1 12633*  3lpepa)30si 56.9 (9.0) 3.9
1266.1*  31p(p, /)31 P 42.0 43.8 (10.6)
14386 3lp(u,pplsi  55(1.8) 32

2 16949  31p(, pylsi  11.2(22) 6.7
19283 3lp pp3lp  5.5(1.8) 3.0

320289  3lpgu)3lp  14.8(25) 12.7

4 21485  lpgpplp  14.0(3.0) 12.7 14.6 (3.3)
2197.6  3lppaplp  54(L1) 23

5 2233.6°  3lpu,n)lp 100 18.9 100
22353 3lp(p,d)0si 78.1
2240.0°  31P(n,n)P 2.9
36583 3lp(pup)p  126(2.9) 1.3

the literature, and the calculated data can be considered
satisfactory. However, the spectroscopy of odd-even nuc-
lei has a somewhat more complicated structure. For *!'P,
some peaks are overlapped with yp-lines from other reac-
tions, such as (n,p), (n,d), and (n,@). In particular, the

line at 2235.3 keV, which is the first excited state to
ground state (2* — 0,) transition, emitted from *°Si after
the 3!'P(n,d)*°Si reaction. Meanwhile, the second

strongest peak at 1266.1 keV, which is the first excited

+ +
state to ground state (5 — = ) transition in 3'P has an

admixture of the (2*(3499 keV) — 2*(2235 keV)) trans-
ition in 3°Si. This circumstance significantly complicates
the choice of transition for normalization when determin-
ing reaction yields.

The angular distributions W(6) determined for the
strongest y-transitions corresponding to reactions of fast
neutrons with oxygen are shown in Fig. 8 and with phos-
phorus in Fig. 9. The parameters of the Legendre polyno-
mials used to approximate W(6) are given in Table 5 for
oxygen and in Table 6 for phosphorus, compared with the
results of other published works and with ENDF/B-VIIIL.0
data [25]. If not given by the authors, the anisotropy para-
meters were calculated for the literature data from the
published angular distributions using Eq. (5).

Notably, experimental literature data for the y-ray an-
gular anisotropy in oxygen exist only for the strongest
61299 keV line. The angular correlation coefficients
were obtained for the first time for the remaining three
transitions. Overall, we can note the acceptable agree-
ment of our data with the literature and library data.
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2742.0 (keV)

3684.5 (keV)

1.5
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6129.9 (keV)
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PR " PR "
05 0 05 oxo)

Fig. 8. Angular distributions of y—quanta from transitions in oxygen. The black dots correspond to data from this study, blue — from

[26], purple — [27], and green — [28]. The black solid line is the Legendre polynomial fit of data from this work using Eq. (5); the green
dashed line is the angular distribution from ENDF/B-VIII [25]. The gray area indicates a 95% confidence interval for the approxima-

tion of our data, considering the statistical and systematic errors of the angular anisotropy parameters.

S
= [ 12661 (keV) L 22353 (keV)
15\ -
1 t ot H +
[
050 | - |

L Ll
0.5 0 0.5

PR ! PR B!
—0.5 0 0.5 cos(6)

Fig. 9. Angular distributions of y-quanta from radiative transitions in phosphorus. The energies correspond to the strongest transition
in the unresolved peaks. The black dots correspond to the data from this study. The black solid line is an approximation of these data
based on the Legendre polynomials in Eq. (§). The gray areas show the 95% confidence interval of the approximation made, consider-
ing the statistical and systematic errors of the angular anisotropy parameters.

The anisotropy parameters obtained in this experi-
ment for the 6129.9 keV transition in oxygen are compar-
able with the results of our previous work, where meas-
urements were performed with a SiO, target [5].

For the 2742.0 keV and 3684.5 keV transitions in
oxygen, the isotropic distribution of y-quanta is indicated
in the ENDF/B-VIII library, which agrees well with our
data (falling within the 95% confidence interval of our

approximation).

In the case of phosphorus, the strongest y-lines,
1266.1 keV and 2235.3 keV, could not be separated from
the neighboring transitions. Therefore, the angular aniso-
tropy parameters in Table 6 are given for the sum of unre-
solved transitions. We have not found published experi-
mental data on the angular anisotropy of y-ray emission in
neutron-induced reactions for phosphorus. The ENDF/B-
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Table 5.

Expansion coefficients of Legendre polynomials for angular distributions of y-quanta from radiative transitions in oxygen.

Statistical and systematical uncertainties are indicated in the top and bottom brackets, respectively. The energies of y-quanta E, and the

spin, parity, and energy J¥(E) of the initial (i) and final (f) states are taken from [29].

E,/keV Reaction JP (Ei/keV) JF (Ef/keV) Ref. a as as
2742.0 160 (n.1)60 2~ (8871.9) 37 (6129.9) This work 0.10(g01) *
3684.5 150(n,a)'3C %7 (3684.5) %7 (0) This work -0.01 (8:8‘:)
s . ) . . [25] 0.12
. oma)3c 3 (8538) 3 This work 0.14(2%2)
[25] 0.40 0.09 ~0.55
26] 0.35 (0.07) 0.02 (0.08) ~0.03 (0.08)
[27] 0.18 (0.06) ~0.27 (0.08) ~0.68 (0.08)
6129.9 0.0 37 (6129.9) 0" () [28] 0.26 (0.04) 0.06 (0.05) ~0.21 (0.05)
5] 0.34 (0.02) 0.10 (0.02) ~0.26 (0.08)
This work 036 (o1 ) 0.08 (553 ) ~0.57 (503

Table 6. Expansion coefficients of Legendre polynomials for angular distributions of y-quanta from radiative transitions in phosphor-
us. Statistical and systematical uncertainties are indicated in the top and bottom brackets, respectively. The energies of y-quanta E,and
the spin, parity, and energy J”(E) of the initial (i) and final (f) states are taken from [29].

E,/keV Reaction JP (Ei/keV) J7 (Ef/keV) Ref. a as
1263.3 31p(n, dy0Si 2+ (3498.5) 2+ (2235.3)
3+ 1+ {This work -0.31 (38%)

1266.1 PP 5 (1266.1) 5 ()
2233.6 3p(n, )3 p §+ ,+

n,n 5 (22336) 5 ()
22353 3P, d)0si 2% (2235.3) 0% (0) This work 0.14 (507) 0.07 (501)
2240.0 I p () 37 3

P(n,n')*' P 5 (3506.1) 5 (1266.1)

VIII library also lacks data on the evaluated y-ray angu-
lar anisotropy. Therefore, we cannot compare our results
presented in Table 6 with any other data.

B. Sulfur

The high resolution energy spectrum of y-quanta from
sulfur obtained with the HPGe detector is shown in Fig.
10. The vertical lines point to the observed y-transitions,
attributed to the reactions of 14.1 MeV neutrons with sul-
fur and identified by TalysLib.

The y-ray yields of sulfur were determined using Eq.
(3) and normalized to the sum of three lines: 2228.5,
2230.6, and 2233.6 keV. Although the transition to the
ground state 2%(2230.6 keV) — O is dominant, the resol-
ution of our detector was not sufficient to separate it from
the neighboring y-lines. Table 7 includes ten single y-
transitions, two unresolved doublets, and one unresolved
triplet identified in our experiment. The experimental
yields obtained are compared with the TALYS calcula-
tions and literature data [23].

In this study, we determined the y-ray yields of eight
individual y-transitions and one doublet for the first time.
For the y-transitions in bold, the angular distributions
were also determined. Generally, there is a reasonable
agreement between our results and the literature data for
strong y-transitions, except for the y-line at E, = 2028.2
keV. We believe that the reason for this discrepancy is
the admixture of lines 2127.6 keV and 2217.8 keV in the
data from [23] obtained by a low resolution Nal(Tl) y-de-
tector. Our results do not agree perfectly with the TA-
LYS calculations. However, the accuracy of the TALYS
data can be quite poor, especially for the reactions (n, p),
(n,d), and (n,a).

The angular distributions W(6) determined for the
strongest gamma transitions from reactions induced by
neutrons with an energy of 14.1 MeV on a sulfur sample
are shown in Fig. 11. The obtained parameters of the an-
gular distributions are given in Table 8 in comparison
with the results of other works.

From Fig. 11, the errors in our data are smaller than
those in the data of other authors. This also resulted in
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Fig. 10. Energy spectrum of y-quanta in the 800-4500 keV
range, measured with the HPGe detector during the irradi-
ation of a sulfur sample. Green line — single escape peak.
Identification of the y-peaks was performed via TalysLib. See
details in the text.

smaller errors in the angular distribution coefficients
shown in Table 8. Data from the evaluated data library
are not presented in the table because angular distribu-
tions for these transitions in ENDF/B-VIII are treated as
isotropic.

V. CONCLUSION

The main goal of this study was to investigate the
characteristics of y radiation emitted by atomic nuclei
from the reactions induced by 14.1 MeV neutrons. Dur-
ing its implementation, measurements of the yields and
angular distributions of y-quanta were performed with
two different experimental setups for samples containing
natural oxygen, phosphorus, and sulfur. The joint use of
two different detector systems and the improvement of

Table 7. Experimental yields of y-rays from sulfur obtained
by the HPGe detector compared with TALYS 1.96 calcula-
tions and the published data of other authors. Statistical uncer-
tainties are indicated in brackets. Estimated systematic uncer-
tainties do not exceed 5% of the yield values. For y-trans-
itions in bold type, the angular distributions of y-quanta were
also determined. An asterisk (*) marks unresolved y-trans-
itions. The numbers in the first column indicate these peaks in
the energy spectra obtained with the Romasha BGO detector
system (see Fig. 4 (b)).

No E,/keV Reaction - Yy/%
This work  TALYS [23]
12448 250, p)32p  53(1.0) 3.8
I e S N
1273.4°  2g(n,0)Psi 31,6 43.6(7.0)
1320.2*  3#gm,n')3*S 102(3.7) 1.5
1322.8* 28(n, p)2P 5.5
15953 Rgpua)®si  64(0.5) 11.0
2 1676.9 28(n, p)2P 24.7 (1.0) 18.7
3017790 Rgne)®si 93 (0.9) 16.8
4 20282 RgpePsi 181(13) 401 39.5(9.6)
21276 MHguu)Hs  47(04) 9.1
2178 R2gppi2p  T.1(0.6) 1.7
22285 32g(p,n')2S 10.4
5 22306 Rgmun)?s 100 79.0 100
2233.6°  2g(n,d)M'P 10.6
6 27756  Rguw)Rs  170(L) 185 148(24)
7 31820  Rgpw)Rs  41(1.0) 3.0
8 42818  Rgpp)Rs  54(1.0) 6.1

the data processing procedures allowed us to signific-
antly increase the reliability of the experimental data.

Comparing the experimentally obtained yields of y-
rays with the data from other published works and with
the data of the nuclear data library generally shows a
fairly good agreement between them. Meanwhile, signi-
ficant discrepancies are observed for several individual y-
transitions. The agreement between the experimental
yields of y-quanta and those theoretically obtained using
the TALYS 1.96 program for most of the observed trans-
itions is quite good, except for the (n,p) (n,d) and (n,)
reactions, which is obviously because nuclei with insuffi-
ciently known parameters of their optical potentials are
formed in these reactions.

Despite the comprehensive study of neutron-nuclear
reactions, there is still much work to be done in this field.
Data on the yields and emission cross-sections of y-
quanta at certain energies are needed for the currently de-
veloped methods to perform rapid elemental analysis of
various substances using D—D and D—T neutron gener-
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Fig. 11.

Table 8.
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L
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cos(0)

Angular distributions of y-quanta from radiative transitions in sulfur. The energies correspond to the strongest transition in
the unresolved peaks. The black dots show the data in this study, and blue dots indicate data from [30]. The black solid line is the poly-
nomial approximation of our data by the Legendre polynomials in Eq. (5). The gray areas show the 95% confidence interval of the ap-
proximation made, considering the statistical and systematic errors of the angular anisotropy parameters.

Legendre polynomial expansion coefficients for the angular distribution of y-quanta for sulfur. Statistical and systematical

uncertainties are indicated in the top and bottom brackets, respectively. The y-quanta energies E, and the spin, parity, and energy J* (E)

of the initial (7) and final (f) states are taken from [29].

E,/keV Reaction JP (Ei/keV) J7 (Ef/keV) Ref. a as
1266.1 2.y’ P % (1266.1) T [30] ~028049
1273.4 28(m,a)?Si %+ (1273.4) 2 © {This work -0.26 ( oo )
20282 28 (ma)®si 3" 20282) 1" 0 {[30.] P

2 2 This work 0.08 (901)
2228.5 28(n,n')*?S 4" (4459.1) 27(2230.6) (30] 0.13 (0.05) ~0.04 (0.08)
22306 2 (nn' 28 2" (2230.6) 0" (0) This work 0.17 (go1) ~0.11(§2)
2233.6 2§(n.dy' P g* (2233.6) 5* ©
2775.6 28,1’ )2S 37 (5006.2) 2 (2230.6) This work -0.09 (907) *

ators as neutron sources.

Using portable neutron generators for fast and high-
quality elemental analysis requires large samples and
long measurement times due to the relatively low intens-
ity of the neutron flux from these devices. Therefore, the
development and application of methods for correcting
the obtained data for the scattering and absorption of y-
quanta and neutrons in large samples is necessary, and

the results of this work show that this is quite feasible.
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APPENDIX A: OPTICAL MODEL FORMALISM

The default optical model (OM) parameter set used in
TALYS are the local and global parameterizations of
Koning and Delaroche.

The phenomenological optical potential U for nucle-
on-nucleus scattering is usually defined as

UrE)=—Vy(r,E)—iWy(r,E)—iWp(r,E)
+(I-3)Vso(r, E) +iWso(r, E) + Ve(r),  (Al)

where Vyso and ‘Wypso are the real and imaginary com-
ponents of the volume-central V, surface-central D, and
spin-orbit SO potentials, respectively, and / and o are spin
and angular momentum operators. All components are
separated in E-dependent well depths, Vy, Wy, Wp, Vso,
and Ws,, and energy-independent radial parts f, given as

Vy(r,E) =Vy(E)f(r,Ry,ay),

Wy(r,E) =Wy(E)f(r,Ry,ay),

d
Wp(r,E) =~ 4aDWD(E)af(”,RD,dD),

1d
Vso(r,E) =VSO(E)71,2,;af(”,Rso,aso),

1d
Wso(r,E) =WSO(E)ﬂ,zr;af(”»Rso,as0), (A2)

where the geometry parameter, the radius R; = A%, and
the diffuseness parameter a; determine the form-factor
frRi,a;).

All components of the potential depend on (E - Ef),
where Ep, the Fermi energy for neutron or proton in
MeV, is defined as the energy halfway between the last
occupied and the first unoccupied shell of the nucleus

1
Ep=- SIS N)+8,(Z N +1)],

1
Ef =

=- E[S,,(Z,N)+S[,(Z+ I,N)].

(A3)

TALYS uses the OM potentials parametrization giv-
en below:

V(E) =vi[1 =vo(E — Er) + v3(E — Er)* = vy(E — EF)*],

 E-EY
W) = B+
E—-E;)?
WiE) =di — L= B0 o ol-dy(E-Ep],

(E—Ep)?+(d3)*

Vso(E) =Vso1 €Xpl—vyo2(E — EF],

(E-Ep)

Wso(E) =wy, .
s0(E) =SWsol (E T+ (waa)?

(A4)

Parameters ry, ay, rp, ap, rso, dso, and r¢ do not de-
pend on energy. This parametrization is valid for incid-
ent energy E from 1 keV up to 200 MeV.

For the nuclei discussed in this paper, predefined OM
parameters and deformations are available for *'P and
328, Notably, sulfur is a fairly attractive object for OM
testing [31, 32]. For '°0, they were calculated using Kon-
ing parametrization. In Table Al, the OM parameters are
listed according to Eq. (9).

APPENDIX B: ANGULAR DISTRIBUTION OF
y-quanta FROM ENDF

According to the ENDF-6 format manual describing
the Evaluated Nuclear Data Files ENDF/B-VI, ENDF/B-
VII, and ENDF/B-VIII (Eq. (14.1) in [33]), the angular
distribution of y-radiation in the ENDF format is de-
scribed in terms of pi(6,E), i.e., the probability of y-
quantum emission with number £ emitted owing to nucle-
ar reaction induced by particles with energy E.

2 do)(E)

0.E) = ,
6, E) cU(E) dQ

(B1)

Meanwhile, in the ENDF file, pi(6,E) is presented in
terms of Legendre series expansion:

Table Al. Optical model parameters.
Nuclide 160 31p 32g
Vi 58.916 57.8 59.5
v2 7.2x1073 7.2x1073 72x1073
v3 1.962x 107 1.9%x 107 1.9%x107°
V4 7.1x107° 0 0
wi 12.462 12.4 12.6
w2 74.822 76 75
d 16 15.4 15.6
dr 0.0218 0.0214 0.0215
d3 115 11.5 11
Vsol 5.97 6 6
Vso2 0.004 0.004 0.004
Wsol -3.1 -3.1 -3.1
Wso2 160 160 160
Approach DWBA DWBA VIB
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2 2141

PO.E)=) = bi(E)Pi(cosf), (B2)
1=0

where J represents the multipolarity of the y-quantum.
Eq. (5) can be represented as follows:

dr  do)(E)
cl(E) dQ

2J
=1+ Y df(E)P(cosb), (B3)

1=24..

and thus, Egs. (11) and (12) differ only in terms of the
normalization coefficient. We converted b values to af

using the following formula:

af = 21+ 1)b}. (B4)

The bY(E) coefficients were extracted from the
ENDF-B/VIILO database, file "n_0825 8-O-16", MF=14,
MT=4, rows 36449-36452 for the 6128.9 keV transition
in 0 and MF=14, MT=107, rows 38118-38121 for the
3684.5 keV transition in 3C. We have interpolated the
values of b} corresponding to two projectile energies to
obtain the value for 14.1 MeV neutrons.
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