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Abstract. In the present work, measurements of the cross-section functions for the 187Re(n, a)184Ta,
187Re(n, 2n)'¥Re and ' Re(n, 2n)'** Re reactions were performed in the energy range 13.08-19.5 MeV.
We applied the neutron activation technique using several wide-energy neutron beams (NAXSUN), re-
cently developed at the JRC-IRMM. This method involves measuring the activity of the radionuclides
produced in a target by the in energy overlapping neutron beams and a subsequent unfolding procedure.
The present results are the first experimental data on these cross-sections for incident neutron energies
between 15 and 19.5 MeV and may contribute to improving evaluations and nuclear models.

1 Introduction

Elemental rhenium consists of a pair of stable isotopes,
185Re (37.4%) and '8"Re (62.6%). The metal is a high-
temperature corrosion resistant material. Therefore, it
first found applications in jet-engines for the airplane in-
dustry and later for special uses, such as in nuclear power-
sources for space applications [1]. Also, rhenium and its
alloys with boron are known as effective neutron absorbers
for the regulation of nuclear reactors [2] but up to now,
rhenium has not generally been used in conventional fis-
sion reactors. However, rhenium with its high-temperature
resistance is an interesting material for the construction
of nuclear reactors, and this explains the interest for new
measurements of neutron interaction cross-sections with
this element.

Two Re radionuclides have found applications in the
medical field. ®*Re and '®®Re are used for cancer treat-
ment/diagnostics [3—6]. Rhenium can also be used as tar-
get for production of tantalum and tungsten radionu-
clides [7]. For all possible use of Re for nuclear technol-
ogy and in medical applications, it is of high interest to
have accurate cross-section data for the nuclear reactions
on rhenium and especially neutron activation reactions.
Moreover, the data is also needed for fundamental research
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in astrophysics and, in particular, to gain a better under-
standing of the stellar nuclear synthesis via the Re/Os
cosmos-chronometry [8].

However, an overview of the existing experimental re-
sults shows a severe lack of satisfactory data for the neu-
tron excitation cross-section values [9]. At low energies,
only neutron capture information is available [10]. Rhe-
nium elastic and inelastic scattering cross-sections at in-
cident energies of less than 1.5 MeV were reported in [11].
Since then, a number of additional measurements em-
ployed the time-of-flight technique [12].

Thus, in this work measurements of the neutron cross-
section values for the 8"Re(n, a)'84Ta, 18"Re(n, 2n)'*Re
and '8°Re(n, 2n)'®4Re reactions have been performed in
the energy range 13.08-19.5 MeV. We present here results
for the excitation functions for the reactions to the ground
state in '84Ta, ®"Re and '8°Re nuclei. Results on the
population of the long-lived isomeric state in '*¥™Re and
186mRe will be the subject of a forthcoming study. The
available experimental data show that only few measure-
ments were carried out in the past, all but one in the
neutron energy range between 13MeV and 15MeV [13—
15]. In this work, the technique of measuring the neu-
tron activation cross-section using wide-energy neutron
beams (NAXSUN, Neutron Activation X-Section deter-
mined using UNfolding), developed at JRC-IRMM, was
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employed [15-17]. This technique allows obtaining a cross-
section function in a wide energy range, which is different
from the usual point-wise data measured at well-defined
incident neutron energies.

2 The NAXSUN method

The technique for measuring the neutron activation cross-
section using wide-energy neutron beams involves the fol-
lowing steps:

i) Irradiation of several (6 in this study) pure metal disks
in different wide-energy neutron beams that overlap
with each other. Only one disk is irradiated in each
beam.

ii) To obtain an absolute value of the cross-section (and
thereby normalising the obtained excitation function)
one further disk, irradiated at a well-defined incident
neutron energy, was measured.

Gamma-ray spectrometry of each disk to determine
the activity of the produced radionuclides.

iii)

iv) Calculation of the neutron cross-section function using
an unfolding procedure, where the known spectra of
the neutron beams and the activity of the radionuclides
are input parameters.

This method was first tested on the well-known neutron
excitation function of the reactions 3In(n,n’)!3™In and
H5Tn(n, n/)1®™In. The next development was to introduce
a new procedure to determine the default function for the
unfolding technique [16]. That function is basically the
starting point for the iterative unfolding procedure. The
NAXSUN technique, like any other activation technique,
relies on a careful monitoring of the neutron fluence during
irradiation, but does not require a priori knowledge about
the investigated excitation function.

As is described in ref. [17], the NAXSUN technique
involves the measurement of the induced specific activity
per atom of a radionuclide of interest, Ay, in disk “k”,
which is proportional to the product of the cross-section
for a certain reaction and the corresponding neutron flu-
ence rate:

Akzzq)ki-ai; 1=1,2,....¢; k=1,2,...,m,

(1)
where @;; are the values of neutron fluxes for a certain
energy bin, E;, in the case of the irradiation of disk k.
In eq. (1) o; denotes the values of the neutron excitation
function, which correspond to the energy FE;. The index
k runs over the number of irradiated disks, and m is the
number of disks. The maximum value for the index I, ¢,
denotes the number of bins in the neutron spectra and the
excitation function curve. All disks were of identical size
and weight. This is not a pre-requisite of the method, but
simplifies the data analysis (e.g., determination of neu-
tron flux at disk position, gamma detector efficiency) and
also provides the cross-section data as measured under the
same conditions.
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Table 1. Mass values of the metallic rhenium disks used for
the activation.

Disk No. Mass (g)

1 28.93180(5)

30.13020(5)

29.83400(5)

29.77400(5)

(5)

(5)

(5)

30.25310(5
29.01820(5
30.23730(5

N || O W N

The above system of equations (1) is underdetermined
and possesses an infinite number of solutions. Hence, for
the determination of the cross-section values it is necessary
to use an unfolding procedure. In this work we used again
the MAXED and GRAVEL algorithms [15,16,18,19]. The
unfolding procedures require an initial guess function that
can be chosen based on some a priori information, i.e.
the corresponding evaluated activation cross-section data
file or from other existing experimental data [13,14]. It is
important that the chosen default excitation function is
similar to the experimental data. This is solved by per-
forming linear interpolation of the average value of the
cross-section for each irradiation and different neutron
fields [16,17]. In this work, also one point-wise measure-
ment was performed at a well-defined energy and the data
was used for normalizing the obtained neutron excitation
cross-section functions.

It must be mentioned here that the NAXSUN tech-
nique cannot provide cross-section data as precise as from
a point-wise activation measurements with well-defined
mono-energetic neutron beams. However, this technique
allows obtaining in a relatively simple and straightforward
manner general information about the neutron excitation
function, such as the shape, the threshold energy and the
plateau cross-section value. This approach is very help-
ful to provide such data, where no or scarce experimental
data exists.

3 Measurements
3.1 Material

For the irradiation 7 metal rhenium disks were used. The
mass of each disk is listed in table 1. The material has
a high level of purity with 99.9% of natural rhenium. All
disks had an identical shape with a diameter of 20 mm and
were 5mm thick.

3.2 Neutron field and irradiation

The irradiation of the rhenium disks was done at the
JRC-IRMM Van de Graff accelerator laboratory. For the
production of the neutrons the *H(d, n)*He reaction was
used. The neutron-production target was a Ti->H target
of 2.293mg cm~2. The *H/Ti ratio was calculated to 1.4
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Fig. 1. (a) Schematic drawing of the sample setup for activation (not to scale). (b) Schematic drawing of the neutron fluence

rate monitoring setup during an activation run (not to scale).

Table 2. Neutron irradiation data. F;: ion energy (with un-
certainty), Fy,: neutron energy at 0° relative to the incident
ion beam (with uncertainty) and ¢: irradiation time (with un-
certainty).

Disk No. E; (MeV) E, (MeV) t (s)
1 3.300(11) 19.78(20) 86921(10)
2 2.500(11) 18.71(20) | 248402(10)
3 2.000(11) | 18.10(28) | 157632(10)
4 2.000(11) 18.10(28) | 166564(10)
5 1.500(11) | 17.16(30) | 231958(10)
6 1.000(11) | 15.97(82) | 243608(10)
7 0.800(11) | 15.26(131) | 144831(10)

at the start of the irradiation, based on activity and pro-
duction data from the manufacturer. The target had not
been used before and was water-cooled during irradiation.

The critical and most important part of the NAXSUN
method is the design, generation and characterization of
the broad-energy overlapping neutron fields for the irradi-
ation. 6 disks were activated by the established scanning
irradiation method [15]. This means that the samples were
irradiated by neutrons in front of a neutron-producing tar-
get over a certain angular interval. By scanning of the
disks over different angles relative to the ion beam during
irradiation, the samples were exposed to a total neutron
spectrum over a broad-energy region. Each disk has been
irradiated at one neutron energy and in an interval from
0° to 80° relative to the direction of the beam at 41 dif-
ferent positions, in steps of 2°. The irradiation time for
each position was increased by one second to compensate
for the decreasing flux at increasing angles. In table 2 the
neutron beam energies, used for irradiation, are shown for
0° relative to the direction of the particle beam. By using

6 different beams a neutron energy range between 13 MeV
and 20 MeV was covered. In addition, a seventh disk (ta-
ble 2, disk No. 4) was irradiated at a fixed position at 0°
at an incident neutron energy of 18.1 MeV. The obtained
cross-section was used for the normalization of the exci-
tation function, which we obtained by the unfolding tech-
nique. All disks were irradiated at a distance of 20 cm from
the neutron target. For the irradiation the same setup as
presented in ref. [15] was used (fig. 1(a)).

During irradiation, the neutron fluence rate was mon-
itored by a BF3 long counter and an ionization chamber
loaded with a 233U target (fig. 1(b)). Also, data about
variations in the accelerator beam current was collected.
These measurements were used for the normalization of
the simulated neutron spectra, which are input parame-
ters in the unfolding procedure.

The neutron spectra were simulated by means of the
Monte Carlo code TARGET [20]. This code provided the
neutron energy with uncertainty taking into account also
the uncertainty in the ion-beam energy (cf. table 2; neu-
tron energies are given at 0° relative to the incident ion
beam together with the corresponding uncertainty). The
obtained simulated values @r; are multiplied by the pa-
rameter b; for experimental variations in the ion-beam
current, the irradiation and cooling time [16]:

Pj = Orj - b,
- q; S “Atois
b, — 1 —e aji) e cji , 2
=3 (¢ o) )

where the index ¢ indicates the summation over repeated
irradiations at a certain angle, j, and n is the number of
repetitions; ¢; is the accumulated charge for every step;
A is the decay constant of the isotope of interest. t.j; is
the decay time between successive irradiations for a cer-
tain angle position and t4;; is the time of irradiation at
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Fig. 2. Neutron fluence spectra simulated by the TARGET code, corrected by the factor by, in case of '®*Ta isotopes (see text
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Fig. 3. Parts of detected gamma-ray spectra with the main gamma lines following the '*"Re(n, 2n)'®Re, ®"Re(n, a)'®*Ta and
185Re(n, 2n)'®*Re reactions. For details about the complete gamma-ray spectrum see ref. [22].

a certain angle, j. In total irradiations at 41 different po-
sitions were performed within an interval from 0° to 80°.
The obtained neutron fields used for the disk irradiations
are depicted in fig. 2 in the case of the detection of '®4Ta
from the 8"Re(n, ) ¥4 Ta reaction.

Figure 2 shows that the neutron fields, generated by
the step-wise irradiation, overlap with several other neu-
tron spectra. This is an essential feature to insure the suc-
cessful determination of neutron excitation functions by
the unfolding technique. The useful neutron energy range
lies between 13.08 MeV and 19.5MeV. The neutron in-
tensity below 13.08 MeV may be considered as negligible,
because it does not contribute significantly (less than 1%)
to the detected activity.

3.3 Gamma spectroscopic measurements

High-resolution gamma-ray spectroscopy was applied to
the activated disks. The measurements were carried out

using low-background HPGe-detectors. The first measure-
ment of each sample started around 20 min after irradia-
tion and was performed at JRC-IRMM using a coaxial
HPGe-detector with a 40% relative efficiency. Subsequent
measurements were done after 2 days in the ultra-low
background underground laboratory HADES [21] using
a planar point contact HPGe-detector (so-called BEGe)
with 50% relative efficiency. The disks were placed in a
holder with a well-defined geometry and centred on the
end-cap of the HPGe-detector. In fig. 3 spectra for all
activated disks, directly measured after irradiation, are
presented.

The analysis of the identified gamma-rays has shown
possible interferences between gamma-rays emitted from
different radionuclides. The vast number of gamma-rays
and interferences makes it difficult to identify and quantify
all peaks in the spectrum although a comprehensive list is
presented in a JRC report [22]. The most suitable gamma-
ray peaks were selected being those with high yield and no
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Table 3. General information about the activation reactions and corresponding values of the specific activity with reference
time, i.e. the end of the disk irradiation.

. E, [keV] (Iy) Ay (1072 Bg/atom)
Reaction
Disk No.1 | Disk No.2 | Disk No.3 | Disk No.4 | Disk No.5 | Disk No.6 | Disk No.7
87Re(n, 2n)"%Re | 137.2 (9.4%) | 3430(50) | 9850(14) | 4490(60) | 4790(70) | 14680(210) | 26800(400) | 24700(300)
18TRe(n, )™ Ta | 414.0 (73.9%) | 29.10(40) | 23.10(30) | 16.72(23) | 37.30(50) | 32.00(40) | 32.40(50) | 31.20(40)
185Re(n, 2n)"®Re | 903 (37.9%) | 334.0(50) | 1315(19) 676(9) 733(10) 2250(30) | 3600(50) | 3260(50)
interfering peaks. Three such peaks (one per radionuclide) Neutron beam
. fat s 186
were chosen for the determination of the activity of “°°Re, 111
184Ta and '84Re (listed in table 3).
The specific activity per atom of the activated target Anode
isotope, Ay, at the end of the activation, was calculated
using the formula:
) CM A N ) Cathode
= e ‘:7
F NymePyIa \1— e ?m
. . . 238 sample
where C'is the number of counts in a certain gamma peak, a)

A is the decay constant, m and M are the mass of the
disk and molar mass, P, is the gamma-ray emission prob-
ability, I is the isotopic abundance, N, is the Avogadro
constant, € is the full energy peak efficiency, t,, is the
live-time of the gamma spectrometry measurement and
t. is the cooling time, which in this case was between
the end of the irradiation and the start of the gamma
measurement. The detection efficiency was calculated us-
ing the EGS4 Monte Carlo code [23], which also incorpo-
rated calculations of corrections for the true coincidence
summing.

4 Experimental results

4.1 Cross-section values for the 187Re(n, )18 Ta,
187Re(n, 2n)%Re and 1®°Re(n, 2n)!%*Re reactions at
18.1 MeV neutron energy

The cross-section values for the ¥"Re(n, a)'®4Ta, 18"Re
(1, 2n)*®Re and ¥ Re(n, 2n)'8*Re reactions at 18.1 MeV
neutron energy are determined by measuring the induced
activity and the neutron fluence rate:

_ A

=5 (4)

o
The neutron fluence rate, ®; (cm~2s71), is obtained as
the average fluence rate corrected for variation in the ion-
beam current in intervals of 10s:

n

b =0

(5)

.J ) (1 _ e*)‘tai) eiAtci,
i Javg

where jq.q is the average beam current throughout the
time of irradiation and j is the average current for 10s
intervals. The average neutron fluence rate during irradi-
ation is determined by the measurements with two ioniza-
tion chambers with 223U and 22°U targets. The number of

? 17.5 45.5
I [ [
b) 7 315 595

Fig. 4. (a) Drawing of the 2*®*U ionization chamber used for
neutron fluence measurements; (b) technical drawing of the
351 ionization chamber.

fission events, induced by neutrons in the 233U and 23U
samples, was counted. The fission cross-section of 233U is
very well known and allows, therefore, determining the
neutron fluence rate. The chamber with the 2**U target
was placed at the same position as the Re disk, and the
measurement was done before each disk irradiation (fig. 4).
The use of fission chambers at IRMM, the data acquisition
systems and details about data treatment are described in
refs. [24,25].

The chamber loaded with 23°U was calibrated against
the 238U chamber and used as neutron fluence monitor
during the disk activation. The chamber was, therefore,
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Table 4. Incident neutron energy, average neutron fluence rate and measured cross-section for the three neutron-induced
reactions on rhenium. Those values were used to normalize the neutron excitation functions.

Reaction Neutron energy (MeV) &, (em 2571 Cross section (b)
187Re(n, 2n)**Re 18.10(28) 6700(200) 0.713(23)
18TRe(n, a)'®*Ta 18.10(28) 24600(700) 0.00152(5)
185Re(n, 2n) ¥ Re 18.10(28) 811(24) 0.904(30)
24 .kt ¥ £ £ & £ ¥ & L & :E B E & § r % ¥ oA % & 1 -
’ — 187 186 This work
2] Re(n.2n) ""Re ®  187Re(n,2n)186Re-G; 1963,RA Karam [26]
1 A 187Re(n,2n)186Re-G; 1992, Fan Tieshuan [27]
2,0 - v 187Re(n,2n)186Re-G; 1999, A A. Filatenkov [28]
1,8 4 ®  187Re(n,2n)186Re; 1961, C.S. Khurana [29]
3 16 ® 187Re(n,2n)186Re; 1967, A.A. Druzhinin [30]
~ ] +  TENDL-2012
c
O 144 —— ENDF/B-VIL1
o 12 ——— JEFF-3.2:
3 ] ——— ROSFOND-2010
) 1,0—_ MENDL-2
8 0s-
S r
(&) 0,6 -
0,4+
0,2
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Neutron Energy (MeV)

Fig. 5. Comparison of existing ENDF and EXFOR '®"Re(n, 2n)'®*Re cross-section data [26-30] with our value obtained at

E, =18.1MeV.

kept at the same position, i.e. 111cm away from the
neutron-producing target and at 50° relative to the ion
beam (fig. 1). At any moment there was a traceable link
of the fission rate observed in the 235U chamber with the
neutron beam intensity during all disk activation runs:

Nuass_irr

N, M,
p— U238 U238

(6)

op23s  Na-mua3s Nu2ssmes

where myo3g is the mass of the 233U target (m =
0.861(16) mg), N, is the Avogadro constant, oyra3s is the
fission cross-section value of 233U at the neutron energy of
18.1 MeV (from the ENDF data base 1.315(13) b). Nyass,
Nu23s_irry NU235_mes are given by

Tyazs  N;
N, = C—
U238 LN,
Ty235. Ny
Nyass_irr = tim N (7)
c e
Ty23s. Ny
NU235,mes = tim : F 5
(& e

where Ipo3g and Iyass mes are the detected number of
fission events after fission on 2?*U and on 23°U during
the neutron fluence rate measurement and Iyo35_ 57 is the
number of fission events from fission on the 235U sample
during disk activation. N; is the number of total events,

which triggered the acquisition system and N, is the total
number of events processed by the acquisition system.
The obtained values for the average neutron fluence
rate and cross-sections for ¥7Re(n, )% Ta, 18"Re(n, 2n)
186Re and '®°Re(n,2n)!84Re reactions at 18.1 MeV neu-
tron energy, are summarized in table 4. These cross-sec-
tion values are compared with existing experimental and
evaluated data in figs. 5-7. In this way, the determined
cross-sections were used for the normalization of the un-
folded neutron excitation function, as described below.
The results in figs. 57 show that the experimental values
obtained in this work are similar to the evaluated values of
MENDL-2, for ¥"Re(n,2n)!8Re and '8°Re(n, 2n)'¥*Re,
and of EAF-2010, for ®"Re(n, a)'®4Ta. Other available
evaluations are off by up to 50% (cf. figs. 5 and 6).

4.2 Determination of default functions for the
unfolding procedures

For the unfolding procedure, it is necessary to have a rea-
sonable good first guess function. We determined the de-
fault cross-section function by the method described in
previous NAXSUN publications [16,17]. First, the average
cross-section was calculated for each irradiation in differ-
ent neutron fields:

(8)
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at B, = 18.1 MeV.

where (o) is the average cross-section, Ay is the measured
activity for disk k and @y, is the neutron fluence for energy
The corresponding average neutron energies are given

as
> i Pui B

~ =t v "

- Zz Dri

The k values of the average cross-section values, which
correspond to the k-th average energy, are used for the
next step in obtaining the default guess function. A lin-
ear interpolation of the energy dependence of the ob-
tained cross-section values (o) on energy (E); was used.
The obtained interpolated functions are normalized to the

(E)k (9)

cross-section values determined for the neutron energy of
18.1MeV. The average cross section values and deter-
mined default neutron excitation functions are listed in
table 5 and presented in figs. 8-10.

4.3 Unfolding results

In this work, we used as unfolding procedures the MAXED
and GRAVEL algorithms [18,19,40]. Both of them start
with a guess default function defined above. The MAXED
code, from all the functions, which fit the measured
gamma activity (1), chooses the function that maximizes
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Table 5. Average cross-section obtained from the NAXSUN

scanning irradiation method.

Fig. 8. Obtained default function for the '®"Re(n,2n)'**Re

Disk No. | (E)x (MeV) | @ (cm™2571) | (ox) (b)
185Re(n, 2n)***Re
1 18.3(12) 505(25) 0.90(5)
2 17.3(10) 1460(70) 1.24(6)
3 16.8(9) 740(40) 1.26(7)
5 16.1(7) 1850(90) 1.67(9)
6 15.3(6) 2300(110) 2.17(1)
7 14.7(4) 2400(120) 1.90(10)
187Re(n, 2n) ' Re
1 18.3(12) 4400(220) 0.71(4)
2 17.3(10) 11100(600) 0.82(4)
3 16.8(9) 6000(300) 0.69(4)
5 16.1(7) 14200(700) 0.95(5)
6 15.5(5) 17700(900) 1.39(7)
7 14.7(4) 19900(1000) 1.14(6)
187Re(n, a)*4Ta
1 18.3(12) 22200(1100) | 0.00152(8)
2 17.3(10) 27100(1400) | 0.00099(5)
3 16.8(9) 18000(900) | 0.00106(6)
5 16.1(7) 34400(1700) | 0.00107(6)
6 15.3(6) 41900(2100) | 0.00089(5)
7 14.8(5) 68000(3000) | 0.00053(3)
15 i
U 187Re(n,2n)1 86Re 1
14 \ -
13 .
£ 12 g
c
S 41 g
[S]
(]
0 10- i
7]
[7:]
© 09- .
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reaction: the average cross-section values are given with uncer-
tainties for the cross-section and the average neutron energy.

the relative entropy:

o ,/ {U(E) In (%) + 0ues (E) ”(E)} d(]i;)

where 04.r(E) is the default cross-section function. On the
other hand, GRAVEL, a slight modification of the SAND-
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Fig. 9. Obtained default function for the '®Re(n,2n)'**Re
reaction: the average cross-section values are given with uncer-
tainties for the cross-section and the average neutron energy.

T T T T T T T T
0.0016

187 Ren,a) 184 Ta

0.0014

0.0012

Cross section (b)
o o
3 8
5] =)
© o
1 1

0.0006

0.0004 —— T T T T T T T

Neutron energy (MeV)

Fig. 10. Obtained default function for the ®"Re(n, a)'®*Ta
reaction: the average cross-section values are given with uncer-
tainties for the cross-section and the average neutron energy.

IT algorithm [19], is an iterative unfolding program:

o/t =af f(Ak,en, Priv o)),

A
> Wiklog ool @:i‘gi{

[ =exp ,

Zk} Wzi

(11)

J 2
@]ﬂ* c 0y Ak

Wi = =t "k
! ZiL sti‘o'{{ 6% ’

where Ay, is the measured activity, € is the measurement
uncertainty, @; is the neutron fluence rate for irradiation
of k disk and energy bin E; and o; is the cross-section for
energy bin FEj;.
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Fig. 11. Obtained unfolding function with error bars and default curve for the '*"Re(n, 2n)'®*Re reaction with (a) the MAXED

and (b) GRAVEL unfolding algorithms.
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Fig. 12. Obtained unfolding function with error bars and default curve for the **°Re(n, 2n)'**Re reaction with (a) the MAXED

and (b) GRAVEL unfolding algorithms.

The unfolding was performed for 162 bins covering
the range from 13.08 MeV to 19.5MeV. The unfolding
cross-section functions for the '8"Re(n,)!84Ta, 18"Re
(n,2n)'%Re and ¥°Re(n, 2n)'%Re reactions are given in
figs. 11, 12 and 13, together with the default functions.

We calculated the uncertainty of the results by the un-
folding procedure. This method translates the uncertainty
of the default function to an uncertainty in the final cross-
section function. It has been done in a way that the upper
and lower error bands for the default function (see figs. 8-
10) were taken as input function for the unfolding pro-
cedure. As has been mentioned in ref. [16], all sources of
possible uncertainties (coming from the calculation of the
neutron fields, the measurement of the induced gamma-
ray activity, the measurements of the distance between
the neutron-producing target and the irradiated disks, the
weighting of the disks and the measurements of the beam
current) contribute to the uncertainty of the determined
default function and enter into the calculation of the un-
certainty of the final obtained cross-section function (de-
picted as dashed lines in figs. 11, 12 and 13). Our analysis
shows that the dominant source of uncertainty is carried

by the default excitation function. This is due to the use
of broad-energy neutron beams. However, obtaining the
default function from a set of average cross-sections at
average neutron energy assures convergence of the unfold-
ing procedure to a stable solution. The uncertainties in-
troduced by the width of the effective neutron fields may
be large, but are carried along during unfolding. For a val-
idation of the obtained results, an induced activity (A.)
is calculated for both, default and final cross-section func-
tion, and compared with the measured data (A4,,). In ta-
ble 6 we present the sum of the squared relative deviation
of both values over all disks, i.e. the variance S, for the
present three reactions:

k

=S <ACAmAm>2'

1

f; =

(12)

The results from table 6 show that the unfolding procedure
converges to a better description of the measured activity
data than the initial default curve.

We also compared the excitation functions obtained
with the MAXED and GRAVEL codes. The results prove
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Fig. 13. Obtained unfolding function with error bars and default curve for the **"Re(n, a)'**Ta reaction with (a) the MAXED

and (b) GRAVEL unfolding algorithms.

Table 6. The sum of squares values, S, represents the relation between the measured and calculated activity.

Reaction S
Default MAXED GRAVEL
18TRe(n, 2n) ' Re 0.021 0.013 0.013
185Re(n, 2n) ¥ Re 0.0072 0.0054 0.0046
187Re(n, o) Ta 0.027 0.011 0.0079
24 T T T T T T T T T T T T T T T T
4 187Re(n,2n)186 e This work
2,2 4 ~ Error bars
20 _- B Qurvalue at 18.1 MeV
' _ ®  187Re(n,2n)186Re-G; 1963 R.A Karam [26]
— 1.8+ A 187Re(n,2n)186Re-G; 1992, Fan Tieshuan [27]
2 1 6_' 187Re(n,2n)186Re-G; 1999. A. A. Filatenkov [28]
g ' J 187Re(n,2n)186Re; 1961, C.S. Khurana [29]
= 1.4 ®  187Re(n,2n)186Re; 1967, A.A. Druzhinin [30]
3 1.2 A *  TENDL-2012
g ] ENDF/B-VII1
g 1,04 JEFF-3.2:
= T ROSFOND-2010
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Fig. 14. Comparison of the obtained results in this work with ENDF and EXFOR data for the "*"Re(n, 2n)'®°Re reaction [26-30)].

that unfolding performed with the MAXED or GRAVEL
code shows the same trends. The deviations between the
MAXED and GRAVEL results are already reported by
other authors [40]. And here again, the results can be con-
sidered as consistent within the error corridor. As the final
result, the cross-sections, as average of the results from
the two unfolding codes, are shown in figs. 14-16 together
with the properly weighted uncertainty corridor. The re-

sults are normalized to the cross-section values determined
for the neutron energy of 18.1 MeV.

In the case of 8"Re(n,2n)'®Re, a decrease of the
cross-section with increasing neutron energy is obtained.
In the region around 14 MeV, the cross-section has lower
values than the existing data (fig. 14). For the reaction
185Re(n, 2n)'¥4Re a very good agreement with the exist-
ing data (fig. 15) is obtained. The determined cross-sec-
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tion function follows the trend, which is characteristic for
(n,2n) reactions, showing a plateau around 14 MeV and a
decreasing trend with higher neutron energy.

In both cross-sections we observe a peak-like structure
around 15 MeV, which does not show in any evaluation. It
is tempting to suspect a shortcoming in the fluence deter-
mination during that disk irradiation, for which we do not
find evidence. However, this requires further investigation.

Figure 16 show that our neutron excitation function
for the ¥7Re(n, o)184Ta reaction agrees with the existing
experimental data in the region around 14.5MeV. The
function increases with neutron energy, following the eval-
uated data from EAF-2010.

5 Conclusions

In this work, we measured the cross-section values for
the reactions '8"Re(n,2n)'®6Re, ®°Re(n,2n)!84Re and
187Re(n, a)¥4Ta in the incident neutron energy range
from 13.08 to 19.5MeV by using the NAXSUN tech-
nique. For these reactions we present first experimental
results for neutron energies between 15 and 19.5 MeV.
The excitation functions were obtained by the spectrum
unfolding technique and normalized by means of a dedi-
cated cross-section measurement at incident neutron en-
ergy of 18.1 MeV. Our data show general agreement with
some existing data, but are definitely ruling out oth-
ers. Although the results from the ¥*"Re(n, 2n)'%Re and
185Re(n, 2n)¥4Re reactions do not yet allow favouring one
of the present evaluations, for the *¥*"Re(n, )8 Ta reac-
tion our data are best in line with the EAF-2010 evalu-
ation. In summary, our new data on neutron excitation
functions for several rhenium isotopes may be useful to
improve evaluations and nuclear models.

The activated disks will be the subject of a forthcom-
ing study of the excitation cross-section function for the
long-lived radionuclides 84™Re and 18™Re [41-43]. For
that purpose, we will take up the gamma spectroscopic
measurements of the activated disks after a time period
significantly longer than the half-life of 1%*Re and '®6Re.

Open Access This is an open access article distributed
under the terms of the Creative Commons Attribution
License (http://creativecommons.org/licenses/by/4.0), which
permits unrestricted use, distribution, and reproduction in any
medium, provided the original work is properly cited.
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