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New cross-section measurements for the (n, 2n), (n, p), and (n, a) reactions
on bromine in the 14 MeV region with detailed uncertainty quantification”
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Abstract: Measurement of the cross-sections of the 7gBr(n, 2n)78Br, 81Br(n, p)glmSe, ngr(n, oc)78As, and 79Br(n,

a)%As reactions was performed at specific neutron energies, precisely, 13.5+£0.2, 14.1+£0.2, 14.44+0.2, and 14.8+0.2
MeV, relative to the standard 93Nb(n, 2n)92mNb and 27A1(n, a)24Na reference reactions using offline y-ray spectro-
metry and neutron activation. Monoenergetic neutrons were generated at the China Academy of Engineering Phys-
ics via a SH(d, n)4He reaction using the K-400 Neutron Generator equipped with a solid *H-Ti based target. The
activity of the reaction produce was obtained using a high-purity germanium detector. The cross-sections of the (n,
2n), (n, p), and (n, a) reactions on the bromine isotopes were measured in the 13—15 MeV neutron energy range. The
covariance analysis approach was employed for a thorough inspection of any uncertainties within the measured
cross-section data. A discussion and comparison of the observed outcome were carried out with previously pub-
lished data, especially with the results of the JENDL-4.0, JEFF-3.3, TENDL-2019, and ENDF/B-VIIL.O data librar-
ies, along with the theoretical excitation function curve derived by employing the TALYS-1.95 program. Improved
cross-section restrictions for the investigated processes in the 13—15 MeV neutron energy range will be obtained us-
ing the current findings, which will help to raise the caliber of associated databases. Furthermore, the parameters of
relevant nuclear reaction models can be verified using this data.
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I. INTRODUCTION

Many investigators have measured the cross-sections
of the ((n, 2n)), (n, p), (n, a), (n, n'), (n, d), and (n, f) reac-
tions induced by neutrons of the 14 MeV region covering
all elements. A careful look at the reported values of
cross-section indicates that in several cases, the associ-
ated uncertainties are large and matching is very rarely
found. It is therefore imperative to update the data by re-
measuring the cross-section values with a possible min-
imum associated uncertainty [1]. The degree of correct-
ness of nuclear models employed to determine the nucle-
ar cross-sections must also be confirmed using experi-
mental results from fast neutron-induced reactions [2].
Significant efforts have been made to gather and assess
the vast amount of empirical data related to neutron-in-
duced cross-sections for various applications related to
nuclear reaction theory reported in literature [3, 4]. Brom-
ine is a member of the halogen group. It has two natur-

ally stable isotopes, "Br (50.65%) and *Br (49.35%).
They are medium mass number nuclei with approxim-
ately equal abundance. The experimental values of the
cross-sections of bromine isotopes induced by neutrons
are important in testing the nuclear model. Numerous
laboratories have determined the cross-sections of brom-
ine isotopes generated using 14 MeV neutrons [2, 5-27].
Previously reported results, however, revealed a consider-
able discrepancy and uncertainty (see Table 1). For ex-
ample, early data on the 79Br((n, 2n))78Br reaction ranged
from 710 to 1337 mb, with the maximum value being
over two times the minimum value. Data for the 79Br((n,
a))75As reaction also showed a difference of more than
two times, ranging from 9.1 to 20 mb. The 81Blr(n, p)SImSe
reaction has a minimum cross-section of 8.2 mb, along
with a maximum cross-section of 32 mb in the 14 MeV
region for neutron energy, presenting a difference of ap-
proximately 3.8 times. Furthermore, the maximum and
minimum values in literature data for the SlBr((n, a))78As
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Table 1. Summary of 79Br(n, 2n)78Br, 8]Br(n, p)  Se, x‘Br(n, oc)78As, and 79Br(n, (x)76As reaction details from previous measurements.

Reaction Sample Decay data Detector Monitor reaction Neutron energy /MeV Cross section /mb Reference
"Br(n,2n)"Br  NaBr T,,=6.4 min, Ey=614 keV, Iy= 13 % GeLi  Al(n, 0)*Na 144203 741274 [5]
LiBr, NaBr T,,=6.4 min, beta counting No information 14.5 1141+285 [6]
NaBr 7,,=6.33 min, AR Nal  “Cu(n, 2n)*Cu 14.4+0.3 835463 7]
CBry T/,=6.4 min, beta counting Nal  No information 14.8+0.1 1060+35 [8]
CBry T,/,=6.4 min, AR Nal No information 14.8+0.1 114127 [8]
CBry T/,=6.4 min, beta counting Nal  No information 14.7 864+45 [9]
n 13.540.3 710+45 2
NaBr  T,,=6.46 min, Ey=613.68 keV (/= 13.6%) HPGe  Nb(n, 21)”"Nb (2]
14.6+0.3 91291 2]
n 13.50. 14+4 11
No information HPGe  Nb(n,2n)”"Nb 3:3+0.3 7 5 [11]
14.840.3 919497 [11]
T,,=6.45 min, Ey=613.6 keV (y=13.6%)  GeLi  Fe(n,p) Mn 14.6 1020+90 [12]
13.46+0.08 821418
_ . 14.16+0.08 92030
Ey=620 keV Nal No information [10]
14.3540.08 933415
14.79+0.09 101314
CBry T,/,=6.4 min, AR Nal No information 14.13+0.1 793448 [13]
T1,=6.46 min, AR Nal ~ “Cu(n, 2n)”Cu 14.1 13374167 [14]
13.4 710437
14.28 920+49
KBr  T,,—6.46 min, Ey=613.85 keV (= 13.6%) HPGe  Al(n, a)"'Na [17]
14.58 950450
14.87 102454
T,,=6.37 min Nal  “Cu(n, 2n)"Cu 14.6 942464 [15]
T1,=6.46 min, AR Nal  “Al(n, 0)"'Na 14.7 1013.5450 [16]
“Br(n,p)""Se  NaBr T,,=57 min, Ey=103 keV, Iy= 12 % GeLi  ~Al(n, a)"'Na 14.4+0.3 1322 (5]
CBry T,,=57 min, beta counting Nal  No information 14.8+0.1 26+13 [8]
CBry T\,=57 min, Ey=0.1 MeV Nal No information 14.7 23+5 [9]
beta counting Nal  “Al(n, o)'Na 14.6 3248 [18]
n 13.540.3 8.2+12 2
NaBr  T,=57.28 min, Ey=103.01 keV (y= 13.0%) HPGe  Nb(n,2n)""Nb (2]
14.140.2 8.55+1.0 2]
KBr beta counting GEMUC 'P(n,p)’'Si 14.840.2 16+3 [19]
NaBr T,,=57 min, Ey=103 keV, y= 10.6 % GeLi  Al(n, )"'Na 14.7£0.3 15.342.0 [20]
13.4 8.6+0.9
13.65 11.1£2.0
T,,=57.28 min, Ey=102.98 keV, y= 10.7% HPGe _ Al(n,0)**Na [21]
14.58 11.6+1.4
14.87 11.6+1.4
T,,=58 min, beta counting GEMUC 6SCu(n, 2n)64Cu 14.8 14.542 [22]
"Br(n,2)"As  NaBr 7,,=90 min, Ey=614 keV, Iy= 42 % GeLi  “Al(n, )"'Na 14.4+0.3 1942 5]
LiBr, NaBr T1,,=90 min, beta counting No information 14.5 103+£20.6 [6]
CBry T1,=91 min, beta counting Nal No information 14.8+0.1 14+10 [8]
CBr, T,,=91min, Ey=2.65 MeV, Fy= 14 % Nal  ~Al(n, o) 'Na 14.840.1 743 8]
CBry T1,=91 min, Ey=0.62 MeV Nal No information 14.7 3.2+1 [9]
beta counting Nal  Al(n, o)'Na 14.6 10720 [18]
( o2 13.540.3 4224081 2
NaBr  T1,=90.7 min, Ey=694.9 keV (Iy= 16.7%)  HPGe  Nb(n, 2n)”"Nb 2]
14.140.2 4.02+1.04 2]
KBr beta counting GEMUC  'P(n,p)’'Si 14.8+0.2 3.8+1.0 [19]
T1/,=95 min, beta counting GEMUC *Cu(n, 2n)*Cu 14.8 6.5+1.2 [22]

Continued on next page
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Table 1-continued from previous page

Reaction Sample Decay data Detector Monitor reaction  Neutron energy /MeV  Cross section /mb  Reference
T/,=90 min, beta counting PROPC  No information 14.7+0.2 6.6+1.4 [23]
13.6+0.2 3.1+£0.4
KBr beta counting PROPC  “Al(n, a)'Na 14.140.5 3.3+0.4 [24]
) 14.8+0.2 3.7+0.3
No information Nal *Fe(n, p)*'Mn 14.6 1245 [25]
PBr(n,a)°As  NaBr = T,,=26.5 h, Ey=559 keV, =39.2%  GeLi  _ Al(n, o) 'Na 14.4+0.3 2042 [5]
CBry, T1,=26.5 h, beta counting Nal No information 14.8+0.1 20+10 [8]
CBry T1,=26.5 h, beta counting Nal No information 14.7 15.3£1.5 [9]
NaBr T,,=26 h, Ey=555 keV LONGC  “Al(, )"'Na 13.2 11.642.9 [26]
14.1 1343.3 [26]
14.4 13.6£3.3 [26]
KBr beta counting GEMUC  'P(n,p)’'Si 14.840.2 1242 [19]
T1,=26.5 h, beta counting GEMUC ésCu(n, 2n)64Cu 14.8 1742 [22]
T,,=27 h, beta counting PROPC  No information 14.7£0.2 9.2+2.0 [23]
13.6+0.2 10.0+0.8
KBr beta counting PROPC  “Al(n, @)*Na 14.1£0.5 9.140.5 [24]
) 14.8+0.2 10.8+0.7
No information Nal  “Fe(n,p)Mn 14.6 1645 [25]
T,=26.8 h, No information 14.05£0.55 10.0+1.8 [27]

reaction differ by 35 times. Several reaction cross-sec-
tions have an uncertainty of 20% to 50%. The main reas-
on for this inconsistency arises from using poor-resolu-
tion Nal(TI) crystal and different types of detectors, such
as Geiger—Mueller tubes (GEMUC) and plastic scintillat-
ors (SCIN) in y-sgectrometer%,g or using inconsistent de-
cay data. For the "Br((n, 2n)) "Br reaction, the cross-sec-
tions were estimated by Paul and Clarke (1953) [6],
Grimeland et al. (1965) [8], and Minetti and Pasquarelli
(1967) [9] using the beta particle counting method, Ray-
burn (1961) [7], Grimeland et al. (1965) [8], Cevolani
and Petralia (1962) [13], Carles (1963) [14], and Pansare
and Bhoraskar (1993) [16] using annihilation radiation
(AR), and Zhao et al. (2009) [2], Rao et al. (1971) [5],
Okumura (1967) [10], Williams (1981) [12], and Sakane
et al. (2001) [17] using a 613 keV characteristic y-ray of
the "*Br product radionuclide. In fact, 613 keV y-rays are
produced not only by the "Br nucleus but also the "As
nucleus via the lBr((n, oc))78As reaction. At the same
time, the 613.7 keV characteristic y-ray is also affected
by the close energy y-ray (616.3 keV) from 8]Br((n,
2n))""™Br reactions. For the "Br(n, p)’ "Se reaction,
Zhao et al. 2], Rao et al. [5], Minetti and Pasquarelli [9],
Molla and Qaim [20], and Sakane et al. [21] measured
the cross-section of this reaction with 103 keV character-
istic y-rays using HPGe, GeLi, Nal, GeLi, and HPGe de-
tectors, respectively. The remaining experiments in liter-
ature acquired the cross-section value of identical reac-
tions using the beta counting method. For the 81Br((n,

a))78As reaction, the cross-sections were estimated by
Zhao et al. (2009) [2], Rao et al. (1971) [5], Grimeland
et al. (1965) [8], and Minetti and Pasquarelli (1967) [9]
by employing 694.9 keV, 614 keV, 2.65 MeV, and 0.62
MeV characteristic y-rays, respectively. According to the
above discussion, the choice of a 614 keV ray is inappro-
priate, and y-rays with an energy of 0.62 MeV and 2.65
MeV could not determine the activity of the daughter
nucleus "*As. The remaining studies used the beta count-
ing method to determine the SlBr((n, a))78As reaction
cross-section [6, 18, 19, 22— 24]. In the case of the
79Br((n, a))76As reaction, in addition to the gamma count-
ing method used by Rao et al. [5] and Bormann et al.
[26], some researchers also acquired cross-sectional
measurement data by measuring beta [8, 9, 22-24].
In this research, cross-sectional measurements of the
"Br((n, 2n)7)78Br, *Br(n, p)"'"Se, "Br((n, a))°As, and
Br((n, a)) ®As reactions were conducted using neutron
energies equivalent to 13.5, 14.1, 14.4, and 14.8 MeV. A
detailed analysis of the uncertainties in the measured
cross-sections was performed using the covariance ana-
lysis method. In an attempt to mitigate the impact of en-
ergy near the recorded y-rays, a high-resolution HPGe de-
tector was employed. The observed outcomes were com-
pared with previously published data and the findings of
the JEFF-3.3 [28], JENDL-4.0 [29], TENDL-2019 [30],
and ENDF/B-VIIL.O [31] databases. Using TALYS-1.95
[32], the theoretical excitation function curve was also
derived.
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II. EXPERIMENTAL DETAILS AND
METHODOLOGY

Other sources [33—35] provide detailed instructions
on how to identify radioactive products and measure their
cross-sections. In this paper, only the most salient fea-
tures of the measurements made in this study are presen-
ted.

A. Samples

First, 0.6-0.9 g of NaBr powder (99.99% pure, natur-
al isotopic composition, Aladdin Industrial Corporation)
was placed inside a polymethyl methacrylate sample box.
Four specimens (20 mm in diameter) and eight monitors
(aluminium foils with ®=20 mm, 0.3 mm thicknesses,
and a purity of 99.999%, and niobium foils with ®= 20
mm, 0.12 mm thicknesses, and a purity of 99.99%) were
then combined for the irradiation studies. By weighing
the sample and considering its geometry, the thicknesses
of the four NaBr samples were calculated to be 0.2139,
0.2711, 0.3006, and 0.2950 g/cm From these four
samples a stack of NbAI-NaBr-AINb was also created

The neutron fluxes for the low threshold Br(n

) Se (Eq=0. 920 MeV), Br((n a)) *As (E4=0 MeV),
and Br((n a)) ‘As (Ex=0 MeV) reactlons were mon-
itored by implementing the Al(n a) *Na reaction (Eq =
3 249 MeV). The neutron fluxes for high-threshold

Br((n 2n)) *Br (Ex=10.824 MeV) reactions were mon-
itored by implementing the Nb(n 2n)92mNb reaction
(Et}1 8.792 MeV) Previously reported Al(n o) *Na
and Nb(n Zn) "Nb reaction cross-sections are listed in
Table 2 [36].

B. Neutron irradiation

At the China Academy of Engineering Physics
(CAEP), the specimens were exposed to radiation using

90°

N

\

135° accompanying o particle tube
Fig. 1.
get.

the K-400 Neutron Generator for approx1mately two
hours at a neutron yield of (4~5)% 10" n/s in the 4x solid
angles. The thickness of the tritium-titanium (T-Ti) tar-
get was 2.65 mg/cmz. The neutrons were generated via
the d+T— “He+n+17.6 MeV reaction while employing a
beam current of 240 pA and an effective deuteron beam
energy of 134 keV. The sample groups were positioned at
0° (No. 1), 45° (No. 4), 90° (No. 2), and 135° (No. 3) with
respect to the direction of the deuteron beam, and the dis-
tance to the T-Ti target was approximately 50 mm (see
Fig. 1).

C. The incident neutron energies

Two methods were employed to ascertain the aver-
age neutron energy over the course of the irradiation tests
at incidence angles of 0°, 45°, 90°, and 135°. The initial
strategy made use of the Cross- sectlon ratios of the reac-
tions of Nb((n 2n)) "Nb and Zr((n 2n)) ez r [37].
Another strategy made use of the expression from our
previous work [38]. The energy of these neutrons was, in
order, 14.8, 14.4, 14.1, and 13.5 MeV. An uncertainty of
0.2 MeV for the neutron energy at 5 cm was assessed
based on a sample evaluation and the d* beam diameter (4
mm) [38]. This uncertainty value is consistent with the

92m.

Table 2 “Nb(n, 2n)""Nb,
27Al(n, a)24Na, and reference reactions at various neutron en-
ergies.

Cross-sections (mb) of the

92m.

Neutron energy E, /MeV TAl(n, 0)’*Na  *Nb(n, 27)""Nb  Reference

13.5£0.2 125.46£1.00  453.00+2.87 [36]
14.140.2 121.00£0.56  459.66+2.51 [36]
14.4%0.2 116.9240.48  460.122.50 [36]
14.84+0.2 111.0940.43  460.20+2.60 [36]

T (D) target

45°
Enlarge

Sample 0°

NaBr

Cd cage

B Metal foil Zr
Monitor foil Nb
[[] Monitor foil Al

(color online) Schematic of experimental geometry consisting of a sample with monitor foils and the neutron production tar-
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result of less than 1.5% given in Ref. [37]. Within their
uncertainties, the outcomes of the two methods are com-
parable.

D. Measurements of radioactivity

A low-background high-purity germanium (HPGe)
detector equipped with an energy resolution of 1.69 keV
(FWHM) at 1.332 MeV for “Co and a relative efficiency
of ~68% (ORTEC, model GEM 60P, crystal length of
72.3 mm, crystal diameter of 70.1 mm) was used to meas-
ure the radioactivity. The y-rays of interest have been
highlighted in the NaBr sample's typical spectra obtained
in the measurement of the ground and isomeric states,
which are shown in Figs. 2 and 3. There were no interfer-
ing gamma rays from Na in the NaBr sample. Table 3
presents a summary of the y —ray, half-lives, and intensit-
ies employed in the analysis [39]. The detection effi-
ciency of the HPGe detector was obtained using the 25
gamma lines of the standard sources 133Ba, I37Cs, ISZEu,
and “’Ra. Our previously published study [40] contains
additional information.

III. PROCESSING OF DATA AND THE ASSOCI-
ATED EXPERIMENTAL UNCERTAINTIES

A. Experimental determination of cross-sections

Calculation of the reaction cross-sections was per-
formed using [41]

_ [Sel,nKMD], [AFC],
" [Sel,nKMD]_[AAFC]

0 (1

Ox
X

where the subscripts x and 0 denote the measured and
standard response values, respectively, ¢ is the full-en-
ergy peak efficiency of the measured characteristic
gamma-ray, [y represents the gamma-ray intensity, # de-
notes the abundance of the target nuclide, M is the mass
of the sample, D =e~ —e 4"+~ represents the counting

1200
33
X X
N~
1000 ©o
© ©
g |
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Fig. 2. (color online) NaBr y-ray spectrum acquired using a

68% relative efficiency HPGe detector for an acquisition time

of 118.6 s, 12 min after neutron activation. The peaks of in-

terest are 613.7, 616.3, and 694.9 keV.

613.7keV  616.3keV  665.8 keV
500+ I v
> > > >
400 g2 E ‘ g
< = ; )
< O <
3001 8B 8 2
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% 3000 i
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3 20004 :
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800 1000 1200

y-ray energy (keV)

Fig. 3.

tion time of 18.2 min, 52 min after neutron activation. The lines of interest are 103.01 keV (

80m.

(

(color online) NaBr y-ray spectrum acquired using a 68% relative efficiency HPGe detector at £,=14.4 MeV for an acquisi-

81m,

Se), 559.1 keV ("°As), 616.3 keV

Br), and 694.9 keV (78As). The 80-150 keV and 500-700 keV energy ranges are shown in the enlarged portion of the spectrum.
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Table 3. Reactions and decay data of the corresponding activation products (from Ref. [39]). Calculations were performed using the
data in boldface font.

Abundance of target isotope (%) Reaction E-threshold /MeV Mode of decay (%) Ty Ey /keV Iy (%)

50.65(9) PBr(n, 2n)"*Br 10.824 EC(100) 6.45(4) min 613.68 13.6(4)

49.35(9) *'Br(n, p)"'"Se 0.920 IT(99.95) 57.28(2) min 103.01 12.8(3)

49.35(9) *'Br(n, a) *As 0.000 B(100) 90.7(2) min 3543 1.93)

5453 3.04)

613.8 54(6)

694.9 16.7(22)

828.1 8.1(10)

888.7 2.13))

1240.3 5.9(9)

1308.7 13.0(18)

50.65(9) PBr(n, a) *As 0.000 B(100) 26.24(9) h 559.1 45.020)

563.2 1.20(8)

657.05 6.2(4)

1212.9 1.44(11)

1216.08 3.42(24)

100 7 Al(n, 0)’*Na 3.249 B(100) 14.997(12) h 1368.6 100

100 “Nb(n, 2n)""Nb 8.972 EC (100) 10.15(2) d 934.44 99.15(4)

The numbers in brackets represent the uncertainties, for example, 50.65(9) % means (50.65+0.09) %, and 6.45(4) min means (6.45+0.04)

min.

collection factor, S = 1—e™* is the growth factor of the

product nuclide, 7" denotes the total irradiation time, ¢, is
the total cooling time, ¢, is the total measurement time, A
is the atomic weight, C represents the measured full en-
ergy peak area, A iLs the decay constant of the residual

nucleus, and K =3 [@;(1 —e™*4")e "]/(®S)is the neut-

ron fluence fluctuation factor, where L is the number of
time intervals into which the irradiation time is divided,
At; is the duration of the ith time interval, 7; represents
the time interval from the end of the ith interval to the
end of irradiation, @; is the neutron flux averaged over
the sample during Az;, and @ is the neutron flux averaged
over the sample during the total irradiation time 7.
Moreover, F isthe total activity correction factor, ex-
pressed as

F=feX fsX fpx fo 2

where £, f, f,, and f, are the correcting factors represent-
ing the coincidence-summation effect of cascade y-rays
produced by the nuclide, the self-absorption of the y-rays,
the attenuation of y-rays in polymethyl methacrylate (for
niobium and aluminum foil, f,=1), and the specimen
counting geometries, respectively. The methodology de-
scribed elsewhere [42] served as the foundation for the
computations of the correction factors for coincidence

summing.

The mass attenuation coefficient (1/p) values for sodi-
um and bromine were calculated following the extrapola-
tion of the values listed in reference [43]. An easy
weighted summation of the different components yielded
the ratio (u/p) for the compound (NaBr) as follows:

ulp= ) wilklp)(i=1,2), 3)

where the i" atomic constituent's weighting is represen-
ted by w;. The linear attenuation coefficients in NaBr
were subsequently computed from the following expres-
sion: u =3.203(u/p), where 3.203 (in g/cmS) is the dens-
ity of NaBr. At y-ray energies of 103.01, 559.1, 613.68,
and 694.9 keV, the correction factors are given in
Table 4.

The full-energy peak area measured should be sub-
tracted from the contribution from "‘As via the SlBr((n,
a))78As reaction to arrive at C, in Eq. (1), which was em-

loyed for the calculation of the cross-sections of the
9Br((n, 2n))78Br reaction (Cg3). Cgr3 can be written as
follows in accordance with the laws governing the pro-
duction and decay of artificially radioactive nuclides:

Is13

Ce13 =
I694.9

Ce94.9, )
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Table 4. Correction factors for the specimen's self-absorption at a certain y-ray energy. The four samples are at 0° (No. 1), 45° (No.
4), 90° (No. 2), and 135° (No. 3) relative to the beam.
wlp (em’/g) .
y-ray energy/keV Na Br NaBr u#(NaBr)/em Sample No. Correction factors f;
103.01 0.1570 0.6622 0.5493 1.759 1 1.0599
2 1.0763
3 1.0848
4 1.0832
559.1 0.0800 0.0785 0.0788 0.253 1 1.0085
2 1.0107
3 1.0119
4 1.0117
613.68 0.0767 0.0744 0.0749 0.240 1 1.0080
2 1.0102
3 1.0113
4 1.0111
694.9 0.0729 0.0701 0.0707 0.227 1 1.0076
2 1.0096
3 1.0107
4 1.0105

where Ig 3 and I, ¢ are the intensities of the characterist-
ic y-rays with energies of 613.8 keV and 694.9 keV from
the product nucleus " As, respectively. Cg 3 and Cgoy g are
the full peak counts of these two y-rays.

B. Covariance analysis

The main sources of uncertainties during the determ-
ination of cross-sections included the following items
(where the subscripts Nb/Al and x show the monitored
and measured reaction-related terms, respectively):
C. np/ar 18 the y-ray counting statistics, M, vz, is the tar-
get mass, 7, is the target isotopic abundance, I, ;4 refers
to the y-ray intensity, oy, 1S the standard cross-section,
exnpar 18 the efficiency (the calculated covariance and
correlation matrix for the HPGe detector efficiency is
given in Table 5), and S, ypup Dynpa are the timing

factors. The uncertainty within the estimated reaction
cross-section was calculated by employing the fractional
uncertainty (%) from all the variables listed above
[44—47]. Tables 6—9 were utilized for the propagation of
the covariance matrix among the various neutron ener-
gies and to illustrate the fractional uncertainties in the dif-
ferent factors responsible for the measured reaction cross-
section. The same detection equipment was used to meas-
ure all of the radioactive samples, and the nuclear decay
parameters were measured regardless of the type of
sample. As a result, all neutron energies had the same de-
tector efficiency, target isotope abundance, y-ray intens-
ity, and timing factors S|y, proving that the neutron
energies were associated. Therefore, the next stage in the
covariance analysis involved the computation of correla-
tion coefficients between individual qualities linked to the

Table 5. Calculated covariance and correlation matrix of the HPGe detector efficiencies for specific y-ray energies.

Covariance matrix (x10")

Correlation matrix

Eyfkev 103.01 559.1 613.68 694.9 934.44 1368.6 103.01 559.1 613.68 694.9 934.44 1368.6
103.01 5373 1.000

559.1 1.894 1.083 0.785 1.000

613.68 1.808 1.015 0.960 0.796 0.995 1.000

694.9 1.713 0.924 0.885 0.830 0.811 0.974 0.992 1.000

934.44 1.512 0.709 0.692 0.669 0.591 0.848 0.886 0.919 0.955 1.000

1368.6 1.163 0.465 0.438 0.415 0.406 0.410 0.784 0.699 0.699 0.712 0.824 1.000
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Table 6. Fractional uncertainties (%) of the various attrib- Table 8. Fractional uncertainties (%) of the various charac-
utes associated with the 79Br(n, 2n)78Br reaction cross-sec- teristics associated with the measured cross-sections of the
tions assessed at different neutron energies. 8]Br(n, a)78As reaction at different neutron energies.

Adtributes 13.5 MeV Frla:.t iol\lilzls\lfmcersztkl\/lseg)) 14.8 MeV Attributes 13.5 MeV FrIa:.t lioll\l/[ael\llmcertj.l:ltml\/[seg)) 14.8 MeV

® (Ax) (Ax) (Axy) (Ax) ® (Ax) (Ax) (Ax) (Ax)

C, 2.33 1.95 0.98 2.20 C, 9.20 8.80 4.30 8.00

Cyp 0.91 0.92 0.88 1.01 Cy 1.10 1.00 1.00 1.00

1, 2.94 2.94 2.94 2.94 I 13.17 13.17 13.17 13.17

Iy, 0.04 0.04 0.04 0.04 1y 0.01 0.01 0.01 0.01

M, 0.02 0.03 0.03 0.04 M, 0.02 0.03 0.03 0.04

My 0.01 0.01 0.01 0.01 My, 0.01 0.01 0.01 0.01

7y 0.18 0.18 0.18 0.18 7y 0.18 0.18 0.18 0.18

oNp 0.63 0.55 0.54 0.56 (] 0.80 0.46 0.41 0.39

& 1.36 1.36 1.36 1.36 &y 1.37 2.50 2.50 2.50

ENp 1.38 1.38 1.38 1.38 &y 1.43 1.37 1.37 1.37

Sy 0.00 0.00 0.00 0.00 Sy 0.13 1.43 1.43 1.43

NV 0.20 0.20 0.20 0.20 S 0.08 0.08 0.08 0.08

D, 2.79 2.34 0.24 2.01 D, 0.14 0.15 0.12 0.15

Dy, 0.19 0.19 0.19 0.19 Dy 0.07 0.07 0.07 0.07

Total error (%) 5.19 4.79 3.82 4.77 Total error (%) 16.25 16.00 14.04 15.58
Table 7. Fractional uncertainties (%) of the various charac- Table 9. Fractional uncertainties (%) of the various attrib-
teristics associated with the measured cross-sections of the utes associated with the measured cross-sections of the 79Br(n,

XlBr(n, p)glmSe reaction at different neutron energies. a)76As reaction at different neutron energies.

Adtributes 13.5 MeV Frlaz.t i";‘;:\‘lmcerijztﬁg’) 14.8 MeV Altributes 13.5 MeV Frla:‘t ioijiémceltjji;fe(\?) 14.8 MeV

® (Ax) (Ax) (Axy (Ax) ® (Ax) (Ax) (Ax) (Ax)

C, 4.62 4.60 3.34 5.30 C, 2.85 2.90 2.20 2.58

Cy 1.10 1.00 1.00 1.00 Cy 1.10 1.00 1.00 1.00

1, 2.34 2.34 2.34 2.34 1, 4.44 4.44 4.44 4.44

Ly 0.01 0.01 0.01 0.01 1y 0.01 0.01 0.01 0.01

M, 0.02 0.03 0.03 0.04 M, 0.02 0.03 0.03 0.04

My, 0.01 0.01 0.01 0.01 My, 0.01 0.01 0.01 0.01

My 0.18 0.18 0.18 0.18 My 0.18 0.18 0.18 0.18

oy 0.80 0.46 0.41 0.39 (] 0.80 0.46 0.41 0.39

& 1.54 1.54 1.54 1.54 &y 1.36 1.36 1.36 1.36

&y 1.43 1.43 1.43 1.43 &y 1.43 1.43 1.43 1.43

Sy 0.02 0.02 0.02 0.02 Sy 0.33 0.33 0.33 0.33

Su 0.08 0.08 0.08 0.08 Sy 0.08 0.08 0.08 0.08

D, 0.01 0.02 0.01 0.02 D, 0.15 0.15 0.16 0.15

Dy 0.07 0.07 0.07 0.07 Dy 0.07 0.07 0.07 0.07

Total error (%) 5.76 5.68 4.72 6.26 Total error (%) 5.81 5.78 5.46 5.62
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Table 10. Correlation coefficient between attributes associated with various neutron energies determined for the 79Br(n, 2n)78Br,
79Br(n, a)76As , XIBr(n, p)mmSe, and mBr(n, a)78As reactions.

Correlation coefficient (Ax, Ax)

G Chwrai I Inpai M, My Nx ONb/Al &x ENb/Al Sy N D, Dipyar
Cor(Ax;, Ax;) 1 1 1 1 1 1 1 1 1 1 1 1 1 1
Cor(Ax;, Ax)) 0 0 1 1 0 0 1 0 0.9987 1 0 0 0 0
Cor(Ax;, Axy) 0 0 1 1 0 0 1 0 0.9987 1 0 0 0 0
Cor(Ax;, Ax)) 0 0 1 1 0 0 1 0 0.9987 1 0 0 0 0
Cor(Ax;, Ax;) 1 1 1 1 1 1 1 1 1 1 1 1 1 1
Cor(Ax;, Axy) 0 0 1 1 0 0 1 0 0.9987 1 0 0 0 0
Cor(Ax;, Ax)) 0 0 1 1 0 0 1 0 0.9987 1 0 0 0 0
Cor(Axy, Ay) 1 1 1 1 1 1 1 1 1 1 1 1 1 1
Cor(Axy, Ax)) 0 0 1 1 0 0 1 0 0.9987 1 0 0 0 0
Cor(Ax;, Ax;)) 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Table 11. Cross-sections (mb) of the 79Br(n, 2n)7SBr reaction measured experimentally with their total uncertainty values and correla-
tion matrix at different neutron energies.

Neutron energy £, /MeV Cross-section 6, /mb Ac (%) Correlation matrix
13.540.2 1048+54 5.19 1.00
14.1£0.2 1193457 4.79 0.50 1.00
14.44+0.2 1210+46 3.82 0.63 0.68 1.00
14.840.2 1250+60 4.77 0.50 0.54 0.68 1.00

Table 12. Cross-sections (mb) of the 8]Br(n, p)SImSe reaction measured experimentally with their total uncertainty values and correla-
tion matrix at different neutron energies.

Neutron energy £, /MeV Cross-section 6, /mb Ac (%) Correlation matrix
13.5+0.2 10.5+0.6 5.76 1.00
14.1+0.2 11.2+0.6 5.68 0.30 1.00
14.4+0.2 11.6+0.5 4.72 0.37 0.37 1.00
14.840.2 12.4+0.8 6.26 0.28 0.28 0.34 1.00

Table 13. Cross-sections (mb) of the ngr(n, on)78As reaction measured experimentally with their total uncertainty values and correla-
tion matrix at different neutron energies.

Neutron energy E, /MeV Cross-section 6, /mb Ao (%) Correlation matrix
13.5+0.2 3.9+0.6 16.25 1.00
14.1+0.2 4.3+0.7 16.00 0.68 1.00
14.4+0.2 5.3+0.7 14.04 0.78 0.79 1.00
14.8+0.2 5.7+0.9 15.58 0.70 0.71 0.81 1.00

Table 14. Cross-sections (mb) of the 7gBr(n, a)76As reaction measured experimentally with their total uncertainty values and correla-
tion matrix at different neutron energies.

Neutron energy E, /MeV Cross-section 6, /mb Ac (%) Correlation matrix
13.5+0.2 11.5+0.7 5.81 1.00
14.1£0.2 11.9+0.7 5.78 0.70 1.00
14.44+0.2 12.3£0.7 5.46 0.75 0.75 1.00
14.84+0.2 13.5+0.8 5.62 0.72 0.73 0.77 1.00
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various energies after computing the fractional uncer-
tainty. Table 10 summarizes the correlation coefficients
between the characteristics related to various energies,
where i, j, k, and / denote energies equivalent to 13.5,
14.1, 14.4, and 14.8 MeV, respectively. The values listed
in Tables 11-14 were utilized to derive the cross-section
covariance matrix among two energies (oy;, g,;) by adding
the matrices of 14 subsets (attributes), maklng use of the
given expression [47], and propagating the total uncer-
tainty.

COV(O’X,',O'XJ'

): ZZAX[XCOI’(AX,’,AXJ')XAXJH (5)

J

A [4%4] covariance matrix was generated using Eq. (5).
Then, the following formula [47] was utilized to determ-
ine the net uncertainty in the estimated cross-section:

Cov (040, 0720) = (Aczi)”. (6)
The following equation was also used to propagate the
[4x4] correlation matrix between the neutron energies de-

rived from the covariance matrix and total uncertainty
[47]:

Cov (O'xi,o—xj)

Cor (0, 074j) = m'

(7

IV. THEORETICAL CALCULATIONS USING
TALYS CODE

The theoretical code TALYS uses the Hauser—Fesh-
bach model extended with estimates for width-fluctu-
ations, direct interactions, and pre-equilibrium emission
L32] This code (Ver 1.95) Jvas used to deterrnrne the
Br(( 2n ) Br Br(n p) mSe Br((n a)) As and

Br((n a)) ®As reaction cross-sections up to the equlval-
ent of 20 MeV in neutron energy. Nuclear processes in-
cluding neutrons protons, tritons, photons, a-particles,
deuterons, and "He aimed at certain nuclei were simu-
lated using the nuclear model code TALYS-1.95. For re-
actions with an incident energy of up to 200 MeV, this is
appropriate [48—51]. Our calculation used the default set-
tings, with the exception of the nuclear level density
models (NLDs). For the level density, TALYS employs a
variety of models, from tabular level densities obtained
from microscopic models to phenomenological analytic-
al expressions. Ref. [52] contains all the information in its
entirety. The following are three phenomenological level
densities: The ldmodel 1 has constant temperature, and
the Fermi-gas model divides the excitation energy into
two regions, one in which the constant temperature law is

used with lower energy, and the other utilizing the Fermi-
gas model with higher energy. The back-shifted Fermi-
gas model (Idmodel 2) uses the Fermi gas expression over
all energy domains. In light of Bardeen-Cooper-Schrief-
fer theory, ldmodel 3 (the generalized superfluid model)
considers superconductive pairing correlations [53—55].
The following three microscopic level densities are listed:
The microscopic level densities (Skyrme force) in ldmod-
el 4 are taken from Goriely's tables [51]. Microscopic
level densities obtained from Hilaire's combinatorial
tables (Skyrme force) make up ldmodel 5. Microscopic
level densities obtained from Hilaire's combinatorial
tables (temperature dependent HFB, Gogny force) make
up ldmodel 6.

V. RESULTS AND DISCUSSIONS

The "Br((n, 2n)) *Br, *'Br(n, p)* "Se, Br((n, a)) *As,
and 81Br((n, a)) "As reaction cross-sections were ob-
tained using a neutron activation technique and offline y-
ray detection with a HPGe spectrometer. The results were
then compared to the theoretical results of the TALYS-
1.95 nuclear reaction model code [32] and the data
present in the JENDL-4.0 [29], JEFF-3.3 [28] TENDL-
2019 [30], and ENDF/B-VIIL.O [31] data libraries.

A. 79Br((n, 211))78Br reaction

In the 13- 15 MeV neutron energy range, the cross-
sections of the Br((n 2n)) *Br reaction were measured
using various counting methods that have been reported
in 14 publications [2, 5—17]. The measured cross-sec-
tlons ranged from 710 to 1337 mb. For the Br((n
2n)) *Br reaction, the cross-sections were estrmated us-
ing the 613 keV characteristic y-ray of the "Br product
radionuclide [2, 5, 10, 12 17]. In fact, 613 keV v- rays
originate not only from ’ Br but also the "*As nucleus via
the reaction Br((n a)) ®As. At the same time, this char-
acteristic y-ray (613.7 keV) is also affected by the close
energy y-ray (616 3 keV), which originates from the

Br((n 2n)) "Br reaction. Previous studies did not con-
sider this effect [2, 5, 10, 12, 17]. This research involved
determining the 7 Br((n, 2n))78Br reaction cross-section
using a y-ray with an intensity /,=13.6% and an energy of
613.68 keV released during the decay of "Br. The 613.7
keV and 616.3 keV energy peaks, which are typical, can
be distinguished with a high-resolution HPGe detector
(see Fig. 2). Equation (4) also 51mu1taneously eliminated
the counting impact from the Br((n a)) *As reaction.
Figure 4 shows all of the experimental results that have
been published in literature, as well as our measured res-
ults, theoretical calculations, and reaction assessment
curves. The continuous lines in Fig. 4 represent the val-
ues determined by TALYS-1.95 computations utilizing
ldmodels 1 and 2, along with information from the
ENDF/B-VIILO [31], JEFF-3.3 (TENDL-2019 [30]) [28],
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Fig. 4. (color online) Plot of the 79Br(n, 2n)78Br reaction cross-section values from the present study along with literature data, evalu-
ated data obtained from the ENDF/B-VIII.O, JEFF-3.3, JENDL-5, and TENDL-2019 libraries, and calculated values from TALYS-1.95

as a function of neutron energy.

and JENDL-4.0 [29] libraries. The evaluation values
[28-31] and results from TALYS-1.95 [32] with a neut-
ron energy of roughly 14 MeV exhibited notable differ-
ences. Our observations demonstrated an increase in the
cross-section with the increment in neutron energy in the
14 MeV range, which is compatible with theoretical and
assessment data. The current findings corroborate well
(with the accepted limit of experimental uncertainties)
with the data put forth by Paul and Clarke [6] and Carles
[14] as well as with the outcome of the TALYS-1.95 code
(Idmodel 1) for the neutron energy range 13-15 MeV.
Besides the assessed data from JENDL-4.0 [29], JEFF-
3.3 [28], TENDL-2019 [30], and ENDF/B-VIILO [31],
the theoretical computation obtained via TALYS-1.95
code (Idmodel 2) and the results reported in earlier literat-
ure [2, 5, 7-13, 15—17] all showed smaller cross-sections
than the present results, those obtained through the use of
the TALYS-1.95 code (Idmodel 1), and the values repor-
ted by Carles [14] and Paul and Clarke [6].

B. “'Br(n, p)*'"Se reaction

The y-rays of particular significance are labeled in
Fig. 3, which depicts a typical spectrum obtained from
the NaBr samples used to estimate the cross-sectional
measurement of the product nucleus (glmSe). In this study,
the 81Br(n, p)glmSe reaction cross-section value was calcu-
lated using 103.01 (12.8%) keV y-rays released during
f"Se decay (T,,=57.28 min). The results are reported in
Table 12 with an uncertainty range of 4.72%—6.26%. Fig.
5 displays the experimental data from this study, data

from other published studies, and the excitation function
curve calculated using TALYS-1.95. The evaluation nuc-
lear data libraries are devoid of any entries for the assess-
ment of 8]Br(n, p)glmSe reaction cross-sections. For
81Br(n, p)glmSe reaction cross-sections, the earlier ob-
tained data may be divided into a pair of bands with a
considerable difference of roughly 150% for a range of
neutron energies of 13—15 MeV. Within the accepted ex-
perimental uncertainty limit, the findings from the cur-
rent experimental procedure between neutron energies of
13.5 and 14.8 MeV are in good agreement with the result
documented by Rao ef al. [S] and Sakane ef al. [21]. In
addition, they are in good agreement with the TALYS-
1.95 theoretical calculation results using ldmodels 5 and
6. This is the case despite the fact that the experimental
uncertainty was considered relatively large. However, our
findings are smaller than the results reported in Refs. [8,
9, 18-20, 22].

C. SIBr((n, a))78As reaction

The 81Br((n, a))78As reaction cross-sections are depic-
ted in Fig. 6 and are based on the findings gathered from
Refs. [2, 5, 6, 8, 9, 18, 19, 22—25]. The results of the
computations performed with TALYS-1.95 and the data
acquired from the JENDL-4.0 [20], JEFF-3.3 [28],
TENDL-2019 [30], and ENDF/B-VIILO [31] libraries are
depicted in Fig. 6 as continuous lines. For neutrons with
an energy close to 14 MeV, earlier measurements have
exhibited large discrepancies between values. For SlBr((n,
oc))78As reaction cross-sections, the collected data may be
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Fig. 5. (color online) Plot of 81Br(n, p)glmSe reaction cross-section values from the present study along with literature data and the cal-
culated values obtained from TALYS-1.95 as a function of neutron energy.
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as a function of neutron energy.

classified into a pair of bands that are approximately 35
times different from one another at an energy range
between 13 and 15 MeV. The experimental data presen-
ted in Refs. [6, 18] centered on a cross-section of 105 mb,
whereas data presented in Refs. [2, 8, 9, 19, 22— 25]
centered on 5 mb. The y-ray with an energy of 694.9 keV
released during the decay of ®As was used in the current
study to ascertain the reaction cross-section value for
SlBr((n, a))78As. Because the 79Br((n, 2n))78Br reaction in-
fluences this line, the choice of characteristic rays with a

614 keV energy level in Ref. [5] is unsuitable. Within the
experimental uncertainty limits, the current results in the
14 MeV region for neutron energy are in excellent agree-
ment with the previously published data of Zhao et al.
[2], Vinitskaya et al. [22], Bramlitt and Fink [23], and
Garuska et al. [25]. They are also consistent with the
evaluation values obtained on the basis of ENDF/B-
VIILO [31] and the findings of the TALYS-1.95 computa-
tions with ldmodels 1 and 2, as presented in Fig. 6. Des-
pite this, the results that were previously published by
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Paul and Clarke [6] and Strohal et al. [18] are 35 times
larger, and those of Rao et al. [5] are five times larger,
than our results. On the other hand, the findings of the
current investigation are superior to those obtained by
Minetti and Pasquarelli [9] and Sato et al. [24] as well as
the assessment values obtained using JENDL-4.0 [29].
Regarding this reaction, it is unfortunate that the uncer-
tainty in the characteristic ray intensity of the product
nucleus is greater than 10% (see Table 3), which indic-
ates that the results are relatively uncertain. However,
despite this setback, it is imperative to bear in mind that
the uncertainty of the results does not affect the overall
accuracy of the experiment (see Table 13 and Fig. 6).

D. 79Br((n, a))76As reaction

Likewise, Fig. 7 presents the cross-sections of the
79Br((n, oc))76As reaction. Ten previous reports on the
cross-section of this reaction have been documented, in-
cluding by Minetti and Pasquarelli (1967) [9], Rao et al.
(1971) [5], Grimeland et al. (1965) [8], Kjelberg et al.
(1966) [19], Bramlitt and Fink (1963) [23], Vinitskaya et
al. (1967) [22], Sato et al. (1971) [24], Garuska et al.
(1980) [25], Bormann et al. (1962) [26], and Blosser et
al. (1958) [27]. The cross-section values of the reaction
under consideration are scattered according to Fig. 7, and
the uncertainty is relatively large in the 13.3-15 MeV
neutron energy span. It is also evident in Fig. 7 that the
data generated in the current investigation is consistent

with the results of the ENDF/B-VIIL.O [31], JEFF-3.3
[28], JENDL-4.0 [29], and TENDL-2019 [30] libraries
and literature values [8, 9, 19, 25-27] within the limits of
allowable experimental uncertainties. In the 14 MeV re-
gion, the values obtained in our investigation were high
compared to the literature values [23, 24]; however, they
were lower compared to the findings of the TALYS-1.95
calculations using ldmodels 1 and 2 and the results of
Vinitskaya et al. (1967) [22] and Rao et al. [5].

VI. CONCLUSIONS

Using the activation method, the 79Br((n, 2n))78Br,
81Br((n, a))78As, 8'Br(n, p)glmSe, and 79Br((n, a))76As re-
actions were investigated in the 14 MeV neutron energy
region. The covariance analysis method was utilized to
perform a comprehensive investigation of the unpredict-
ability of the cross-sectional measurement data. It was es-
timated that the margin of error for the results lay some-
where between 3.82% and 6.26% for the 79Br((n,
2n))78Br, 8'Br(n, p)glmSe, and 79Br((n, a))76As reactions,
and between 14.04% and 16.25% for the * Br((n, a)) " As
reaction. Talys-1.95 was used to perform calculations to
determine the cross-sections of the above reactions up to
a neutron energy of 20 MeV. We compared the results of
our study to those obtained from earlier experiments,
evaluations of data, and theoretical projections derived
from the Talys-1.95 computer program. Overall, the res-
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(color online) Plot of 7gBr(n, a)76As reaction cross-section values from the present study along with literature data, evaluated

data obtained from the ENDF/B-VIIL.O, JEFF-3.3, JENDL-5, and TENDL-2019 libraries, and the calculated values from TALYS-1.95

as a function of neutron energy.
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ults of this measurement had a lower degree of uncer-
tainty. The neutron cross-section databases are anticip-
ated to increase as a result of our findings. We anticipate
that between the origin and 20 MeV, the energy range of
incident neutrons, these findings will yield novel cross-
section results for bromine isotopes. Furthermore, accur-
ate cross-sectional data can be an essential component in
the model verification of nuclear reactions and determin-

ing the parameters of nuclear reaction models, particu-
larly in the case of nuclear reactions with conflicting ex-
perimental data.
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