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Abstract: A new empirical formula has been developed that describes the (v, n) nuclear reaction cross sections for
isotopes with Z > 60. The results were supported by calculations using TALYS — 1.6 and EMPIRE — 3.2.2 nuclear
modular codes. The energy region for incident photon energy has been selected near the giant dipole resonance
(GDR) peak energy. The evaluated empirical data were compared with available data in the experimental data library
EXFOR. The data produced using TALYS — 1.6 and EMPIRE — 3.2.2 are in good agreement with experimental data.
We have tested and presented the reproducibility of the present new empirical formula. We observe the reproducibility
of the new empirical formula near the GDR peak energy is in good agreement with the experimental data and shows a
remarkable dependency on key nuclei properties: the neutron, proton and atomic number of the nuclei. The behavior
of nuclei near the GDR peak energy and the dependency of the GDR peak on the isotopic nature are predicted. An
effort has been made to explain the deformation of the GDR peak in (v, n) nuclear reaction cross sections for some
isotopes, which could not be reproduced with TALYS — 1.6 and EMPIRE — 3.2.2. The evaluated data have been
presented for the isotopes 8°W, 183\, 202pp, 203py, 204py, 205pp, 231p, 232() 237(J and 239Py, for which there are

no previous measurements.
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1 Introduction

Nuclear reactions are of prime importance in the ap-
plication of nuclear reactor technology. Nuclear reac-
tors (fusion-fission) require a complete dataset of neu-
tron and photon induced reactions. Photonuclear reac-
tions are becoming more important for fusion reactors
and accelerator driven sub-critical system (ADS), where
high-energy photons will be generated and subsequently
interact with the materials. The study of (v, n) reac-
tions are important for a variety of current and emerging
fields, such as radiation shielding design, radiation trans-
port, absorbed dose calculations for medical, physics,
technology of fusion-fission reactors, nuclear transmu-
tation, and waste management applications [1,2]. In a
fusion reactor, during the plasma shot, de-confined run-
away electrons can interact with the first wall of the re-
actor and produce high energy photons [3]. These high
energy photons can open reaction channels like (v, n),
(v, p), (v, 2n), (v, 3n), etc. The most prominent re-
action is (v, n), as it has a lower threshold than multi-
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neutron emission, whereas for charged particle emission
the Coulomb barrier needs to be considered. Exact in-
formation on the cross section for such nuclear reactions
is needed to perform accurate nuclear transport calcula-
tions. Tungsten (W) and beryllium (Be) are selected as
first wall materials for the International Thermonuclear
Experimental Reactor (ITER) fusion reactor [4]. Among
tungsten isotopes, only '82W (26.5 %), **W (30.64%)
and '®5W (28.43%) have experimental cross section data
for the (v, n) reaction. The cross sections of the (v,
n) reaction for W (0.12%) and '**W (14.31%) are
needed, along with all the remaining long-lived unsta-
ble isotopes, as they will interact with high-energy pho-
tons during the confined runaways and disruption phase
[5]. Gamma induced nuclear reactions are also important
for nuclear transmutation (e.g. 23*U(~, n)?*3U), which
is useful for nuclear safety and incineration. The im-
portance of the gamma incineration technique has been
studied in the case of many isotopes for nuclear waste
management [6-8].

In ADSs, the high energy proton beam will inter-
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act with high Z elements such as W, Pb-Bi, Th and U,
which will produce neutrons through spallation reactions
[9]. This spallation process will produce high energy pho-
tons, which will subsequently interact with the materi-
als. It is necessary to have a complete nuclear dataset of
photonuclear reactions for all isotopes of these elements.
This can be done by experimental measurements. The
experimental measurements of the nuclear reaction cross-
section are one of the important methods to complete the
nuclear dataset. However, there are always limitations in
the experimental measurements due to non-availability
of all the energies of incident particles, and preparation
of the target, which may itself be unstable. For complete
nuclear data for several isotopes, nuclear modular codes
such as TALYS — 1.6 and EMPIRE — 3.2.2 are available.
Using these codes, one can predict the cross sections for
different nuclear reaction channels. These codes basi-
cally use some nuclear models, and on the bases of the
nuclear reaction theory, evaluation of the nuclear reac-
tion data is done. The theory involved in photonuclear
reaction cross section evaluation is discussed in the next
section of the paper. Apart from this, nuclear systemat-
ics and empirical formulae provide alternative methods
for such isotopes, and can efficiently predict the nuclear
properties. Many authors have used this theoretical ap-
proach. Several systematics and empirical studies have
already been made for photonuclear reactions [10]. These
empirical formulae reduce experimental efforts, as they
are basically dependent on well-known nuclear proper-
ties. A new empirical formula has been developed and
tested with nuclear modular codes and experimental data
for Z > 60 in the present paper. With the help of the
present empirical formula, one can predict the cross sec-
tion datasets for those isotopes where there is a complete
lack of experimental data.

2 Theory of photo neutron production

The interaction of high energy photons with target
material can cause ejection of the nucleon/s, depending
upon the energy of the incident photon. This reaction
is considered a photonuclear reaction. Photons should
have sufficient energy above the binding energy of the
nucleus for nucleon emission. As the nuclear binding en-
ergies are above 6 MeV for most isotopes, photons should
have such a threshold energy [11]. There are three basic
mechanisms for photonuclear reactions: (a) giant dipole
resonance (GDR), (b) quasi-deuteron (QD) and (c) intra-
nuclear cascade [12]. A photon with energy below 30
MeV follows the GDR mechanism. In this process, the
photon energy is transferred to the nucleus by the oscil-
lating electrical field of the photon, which induces oscil-
lations among nucleons inside the nucleus. Photo neu-
tron production is more probable since proton ejection

needs to overcome a large Coulomb barrier. For different
isotopes at a particular energy, there is a peak of photo
neutron production for the (v, n) reaction. This is called
the GDR peak energy. For isotopes above Z = 60, the
peak energies are between 10-18 MeV. Above 30 MeV,
the photo neutron production is mainly due to the QD ef-
fect [12]. In this mechanism, a photon interacts with the
dipole moment of a pair of proton-neutrons in place of
the nucleus as a whole [12]. Above 140 MeV, photo neu-
tron production results from photo-pion production [12].
Further study of thermal fluctuation on GDR parameters
is also of interest and studies are ongoing [13-16].

3 Present empirical formula and theo-
retical calculations

According to the semi-classical theory of the interac-
tion of photons with nuclei, the shape of the fundamental
resonance of the photo absorption cross section follows a
Lorentz curve [12, 17].

o

: 7T (1)
(E5—EL)
E2+2

o(E)=
1+

where, 0;, E, and v are the Lorentz parameters: peak
cross section, resonance energy and full width at half
maximum respectively [18].

In a more general way, by using nuclear modular
codes, such as TALYS — 1.6 and EMPIRE — 3.2.2, the
photo absorption cross section is calculated as the sum
of two components [19],

Oabs (E’Y) = 0GDR (E’Y) +oqp (E’y) . (2)

The component ogpr (E,) represents the GDR and is
given by a Lorentzian shape, which describes the giant
dipole resonance. It is given from Eq. (1) by the follow-
ing expression:

_ o (E,-TI})?
"= (B2—E2)*+(B,-I)*

i

3)

where o;, F; and I; are: peak cross section, resonance
energy and full width at half maximum respectively. The
summation is limited to ¢ =1 for spherical nuclei, while
for deformed nuclei the resonance is split and one uses
i=1, 2. The component oqp (E,), is given by Levinger
type theory given by Chadwick et al [19-21]. It is ba-
sically from the quasi-deuteron model. In the energy
range from the photonuclear threshold to 30 MeV, the
GDR mechanism is dominant, and from 30 — 140 MeV
the QD mechanism is dominant. Above 140 MeV the
threshold energy for pion production is achieved [20].
The above theory has been used in the TALYS — 1.6
and EMPIRE — 3.2.2 nuclear modular codes [22, 23].
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Further details of these codes are given in Refs. [18, 24].
Using these codes, (7, n) nuclear reaction cross sections
for different isotopes (Z > 60) were calculated and are
presented in the present work. Until now, the photonu-
clear reaction cross sections have been evaluated using
the Lorentz parameters. These parameters for several
isotopes are calculated by fitting the experimental data
or by systematics [25].

3.1 Fundamental term

In the present paper, in contrast to the Lorentzian
parameters, the basic properties of nuclei, A, N and Z,
are used to estimate the photonuclear cross section. Lev-
ovskii has given empirical formulas for (n, p) and (n, 2n)
reaction cross section at 14.0 MeV [26] as,

33.(N—2)

o(n,p)xo,-em A, (4)

o(n,2n) ocoa-e’w, (5)
where o, = mr (A2 +1)? and o, = 0.4-7r2(AY3 4+ 1)2,
7o =1.2x1071 cm.

These empirical formulae are based on A, N and Z
of a nucleus, and at an energy 14.0 MeV. Similarly it is
possible to derive an empirical formula for photo induced
(7, n) nuclear reactions, which may be applied near GDR
peak energy. For the (v, n) reaction, the formula is mod-
ified in the following way,

a(y,n)ocam-e_w7 (6)

Om=mr2- (A3 1) (N=Z)- A, (7)
where rg is the average nuclear radius.
3.2 Isotopic dependent resonance term

The term (N — Z)/A is the asymmetry parameter
which considers the deformation of a nucleus. In this ex-
pression, there is no term containing energy dependency.
Hence, an energy dependent term must be added, and
the modified formula is as given below,

o(%n)dam-ewe(<(Ei52j.Rp)>2) (8)

where E; is the incident photon energy, and R, is the
resonance parameter.
The parameter S; is given by,

A2
S.

]:m- 9)

The parameter R, is estimated for an isotope by fitting
the (v, n) nuclear reaction cross section using the above
formula for different isotopes of the same element. We

observed that this parameter R, follows a linear relation-
ship against the atomic mass of different isotopes of the
same element, which can be written in the form of the
following equation,

R,=m-A+C, (10)

where A is the atomic mass of the isotope, and m and C
are slope and intercept respectively, More details of this
parameter (R,,) for different elements is given in Section
3.3.1.
{ (Ei—Sj-RP) }2

This term e 2 depends on the energy of
the incident photon and the isotopic nature of the tar-
get nucleus. When a photon is incident on the nucleus
the response of the nucleus depends on the photon en-
ergy. While the incident photon is below the threshold
energy for photo fission the photon cannot eject a nu-
cleon from the nucleus. If energy of the photon is above
the threshold energy of the (v, n) reaction, the reaction
cross section increases until the resonance peak energy.
After this energy the cross section decreases again. This
is incorporated using this exponential term. The sub-
traction of S;- R, from the incident photon energy shows
the isotopic dependence of the resonance peak energy of
the reaction. As the isotopic number increases it is ob-
served in the experimental data that the GDR peak shifts
towards the lower energy side. This back shift effect can
be calculated with the exponential term considered here.
The value of S;- R, increases with addition of neutrons
to the isotope nucleus. This means that when a photon
is incident on the target isotope, it interacts with the
last shell neutron in the nucleus. The binding energy of
the last added neutron will be least. Hence the photon
may require smaller energy to cause the resonance as the
isotope number increases

___1Nq isotopic effect on GDR peak of Nd
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Fig. 1. (color online) Back shift of resonance

peak energy in Nd isotopes, from the term

e,{iwhzj-%)}z.
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This can be observed from Figs. 1 and 2, showing
the isotopic effect for the resonance peak energy back
shift in Nd and Pt isotopes from the above exponential
term.

194p¢ isotopic effect on GDR peak of Pt
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Fig. 2. (color online) Backshift of Resonance
Peak Energy in Pt isotopes, from the term

7{ (E“Szj'Rp) }2

3.3 Energy dependency term

e

It was found that another energy related term is re-
quired to make the formula more efficient to predict the
cross section. If the photon energy increases, then the
photon can transfer more energy to the nucleus. In the
GDR mechanism, the oscillating electrical field trans-
fers its energy to the nucleus by inducing an oscilla-
tion in the nucleus, which leads to relative displace-
ment of tightly bound neutrons and protons inside the
nucleus. [12]

When the energy of the photon is low (near thresh-
old), the oscillating electric field of the photon interacts
with the collective nucleus field produced by the sum ef-
fect of the nucleons. But as the energy of the photon
increases, the oscillating electrical field interacts with a
pair of neutron and proton rather than with the nucleus.

2

This is followed by the term eV '*#?  where E is the en-
ergy of the incident photon. This term shows that the
photon can have more energy to transfer to the nucleon
as the incident photon energy increases. This indicates
that as the energy of the photon increases, it can have
less interaction time with nucleons, and hence the pre-
equilibrium or direct reaction mechanism can be followed
by the emission of the neutron.

Hence, by the addition of an energy dependent term,
the modified formula is,

(EifsJ-Rp) 2
.0*733'5'(1_2) e - 2 e 1+E%'
(11)

o(y,n) X o

An additional factor S¢, which is an isospin dependent
factor, has been introduced to complete the formula.
This factor was plotted for different isotopes of the same
element, and fitted. We observed this factor follows some
exponential relation, which is described in Section 3.3.2.
This empirical formula gives the cross section to the or-
der of milli-barns.
The final modified formula is now,

, 2
Ei-S; Rp)

(=)
U(%n)=0m-ew-e< ( ’ VIHES g
(12)

3.3.1 R, parameter

This parameter shows the dependency of the photo
absorption cross section with respect to the atomic
number (Z). In the empirical formula, the term

{ (Ei—S]pr) }2

e has a subtraction factor containing S;
and R,. R, is responsible for the change in the cross
section due to atomic number, and the multiplication of
S; and R, is responsible for the isotopic back shift effect,
as shown in Figs. 1 and 2. The parameter R, for dif-
ferent isotopes can be calculated using a linear relation,
viz Eq. (10), with the atomic mass number of isotopes
for an element. Therefore, the plot of R, vs A for dif-
ferent elements should show parallel lines with different
intercepts on the R, axis, as shown in Fig. 3. Parallel
lines have the same slope but different intercepts. Hence,
the mean slope of different elements has been taken as
the standard slope for all elements (Z > 60). This value
of the slope (m) mentioned in Eq. (10) is ~ 0.03164
+ 0.00409. The intercept C for different elements are
plotted against the atomic number of the element, and
fitted with the mathematical software MATLAB using
a 3" degree polynomial as shown in Fig. 4. The inter-
cept C for different elements can be determined from the
following equation:

C(Z)=p1 - Z°+ps-Z>+ps-Z+pa (13)

with p; = —4.155 x 107, p, = 0.008971, p; = —0.7156,
and py = 15.78, where Z is atomic number (SSE: 0.00147;
R-square: 0.9998: Adjusted R-square: 0.9996; RMSE:
0.01917).

Hence, the intercept for any element can be evaluated
using the above Eq. (13). Using this intercept and the
slope 0.03164 4+ 0.00409, one can calculate the parameter
R, from Eq. (10). The model values of the parameter
R, for different elements are compared with the previous
manually selected values in Fig. 3.
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Fig. 3. (color online) R, parameter fitting for different elements with Eq. (10).
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3.3.2 S; Parameter

This parameter includes the isospin effect. This effect
has been discussed by J. S. Wang et al. [27]. In order to
include this effect in the empirical formula, an additional
factor called S; has been added. This factor was initially
manually added and then, in order to generalize, it was
fitted with different combinations of N, Z and A. It
was found that it follows a complex exponential relation
with exp((N—Z2)/N) of an isotope. This parameter S; is
also considered a result of the asymmetry of the nucleus.

- 80
8atomic number (Z)

Intercept C for Eq. (10) for different elements fitted with Eq. (11).

As there is a difference in neutron and proton number,
the fraction (N —Z)/N is the available neutron fraction
for a photon to eject. As this fraction value increases,
the value of S; increases correspondingly, which directly
shows an increase in the photo absorption cross section
of that isotope.

This isotopic factor S; for different isotopes is plotted
with respect to e~ and fitted with MATLAB software
as shown in Fig. 4. The generalized expression to deter-
mine the Sy parameter for an isotope is as given below:
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Si = ae’ + ce™, (14)
where, x = (N —Z)/N,a =121 x107%, b = 34.21,c =
7.71x 107 d=14.52
(SSE: 0.006977; R-square:
square: 0.9759; RMSE: 0.01551).
Looking at Fig. 5 carefully, for some points When|

0.9781; Adjusted R-

e+ is near 1.40 to 1.42, they have almost the same
St factor values. These S; factor values are for Z = 82
and N = 124, 125, 126, which are either a magic num-
ber or near the magic number. S; is purely dependent
on (N —Z)/N, which is a shell dependent term. The
anomalous behavior of the same S¢ factor values for these
isotopes is because of the magic shell effect.

0.50F T T T T
* manual S;

MATLARB fitted curve

0.451

0 1 1 ! L 1 1 ! ! ! 7
1.28 1.30 1.32 1.34 1.36 1.38 1.40 1.42 1.44
exp((N-2)/N)
Fig. 5. Sf parameter for different (N — Z)/N fitted with Eq. (14).

4 Results and discussion

The (7, n) reaction cross sections are calculated using
TALYS - 1.6, EMPIRE — 3.2.2 and the newly developed
empirical formula for isotopes with Z > 60 and presented
in Figs. 6-10. The cross sections are calculated for the
energy range in which the GDR peak is observed. The
theoretically calculated cross sections are compared with
the experimentally available data in the EXFOR data
library [28]. The data calculated using modular codes
and empirical formula are in agreement with the experi-
mental data, as shown in Figs.6-10. However, the cross
section values and the nuclear behavior near the GDR
peak predicted by the empirical formula are more appro-
priate. This empirical formula is good for those isotopes
which have a single GDR peak. In most of the cases
studied here that have a single GDR peak, the empir-
ical formula gives good agreement near the GDR peak
energy compared to the model based on Lorentz curve
fitting.

In the case of isotopes with Z from 63 to 75, it
is found that according to the collective model these
isotopes have large nuclear quadrupole moments. The
quadrupole exists because of the asymmetry of the nu-
cleus. The nuclei are found in the middle of the 1d, 2
s shells in the range 145 < A < 185. The energy dif-

| ference between the ground state and the first excited
state is of the order of hundreds of keV. In the deformed
nucleus the incident photon can interact either with the
ground state or with the excited state nucleon, and hence
can produce a resonance at two different nearby energies.
This is observed in the above isotopes. For such cases,
the Lorentz curve based model, viz. TALYS — 1.6 and
EMPIRE — 3.2.2, works reliably for these isotopes, as
shown in Fig. 11. For some cases, however, the TALYS
— 1.6 and EMPIRE - 3.2.2 model does not work well,
e.g. Figs. 11(e — f). To apply the empirical formula for
such isotopes, it is assumed that there may be two peaks
due to unresolved resonances occurring near the ener-
gies of ground and excited nuclei, which are due to the
quadrupole moment. This suggests parameters R, and
St can have two different values for these isotopes. It in-
dicates that the energy dependence cross section curve is
made of two curves with two different R, (R, and R,»)
and S¢ values (Sy; and Sp,) of parameters R, and S; re-
spectively. These values can be estimated by multiplying
the following factors to the R, and S values calculated
from Sections 3.3.1 and 3.3.2.

Ry =0.95xR,, (15)

Ry =120% Ry, (16)
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Fig. 6. (color online) Comparison of evaluated data using TALYS-1.6, EMPIRE-3.2.2, and empirical formula with

experimental data from EXFOR, for 4*Nd, 4°Nd, 4°Nd, *8Nd, *°Nd, and '**Sm.
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Fig. 8. (color online) Comparison of evaluated data using TALYS-1.6, EMPIRE-3.2.2, and empirical formula with
experimental data from EXFOR, for'®Qs, 1%00s, 1920s, 9'Ir, 1931r, and *Pt.
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Fig. 9. (color online) Comparison of evaluated data using TALYS-1.6, EMPIRE-3.2.2, and empirical formula with
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Fig. 10. (color online) Comparison of evaluated data using TALYS-1.6, EMPIRE-3.2.2, and empirical formula with

experimental data from EXFOR, for 2°6Pb, 233U, 234U, 2357, 236y,

Sfl :1.39><Sf, (17)

Sf220.28>< Sfl. (18)

The two curves intersect at a deep point, where both
curves should have the same value of cross section. This
intersection point energy can be calculated by comparing
the right-hand side of Eq. (12) for the above values.

2
_ 33.5(N—2) 2 Z
O € a e eV 1t+Es

-Sh
- ( (Bi-s;Rp2) ) 2
:Um'eiw'e ’ -e 1+E%'Sf2.
(19)
Solving this equation, we get

and 2%8U.

St2
21n (52)
Sj (Rpl - p2) .
This energy Fgeep, is near the threshold energy of the

(7, 2n) reaction. With this consideration the results are
plotted in Fig. 11(a—f).

1
Edeep = 55] : (Rpl +Rp2) + (20)

5 Applications

The (v, n) cross section for several isotopes of W,
Pb, Pa, U and Pu, which have no available experimen-
tal data, are calculated and presented using TALYS —
1.6, EMPIRE — 3.2.2 and the present empirical formula.
Further, the predicted data of the isotopes were com-
pared with different standard evaluated data libraries,
wherever available.
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Fig. 11.
EMPIRE — 3.2.2 and present empirical formula.

Tungsten is a prime candidate for the plasma facing
component in a fusion reactor. It is selected for the di-
verter material in the ITER fusion reactor [4]. Tungsten
isotopes ¥2W, 184W and 8¢W have available experimen-
tal data for the (7, n) reaction cross section [28]. The (v,
n) cross section for the remaining isotopes °W(0.12%)
and '®¥W(14.31%) are calculated and compared with the
evaluated data available in ENDF/B-VIL.1. No other
standard data library has photonuclear data for these
tungsten isotopes [18]. There is an agreement between
the present evaluated data and ENDF/B-VIL1, as can
be seen in Fig. 12 (a — b) data. Lead is a prime element
of the Pb-Li blanket module of fusion reactors, as well
as a candidate for the ADS target material [29]. Lead
isotopes 206Pb, 2°7Pb and 2°®Pb have available experi-
mental data. The (v, n) cross section for the remaining

(color online) Effect of deformed nuclei in (7, n) nuclear reaction, data comparisons for TALYS — 1.6,

isotopes of lead 2°?Pb (5.25 x 10* y, [30]), 2**Pb (51.92
h, [30]), 2°*PDb (1.4 x 10'7 y, [30]) and 2°Pb (1.73 x 107
¥, [30]) are calculated and presented. These isotopes of
lead have large half-lives and they face high energy pho-
tons during the runaway electron generation and the dis-
ruption phase in plasma [5]. Some isotopes of Pa and U,
B1Pa(3.27 x 10* y, [30]), 232U(68.9 y, [30]) and 23"U(6.75
d, [30]), with no evaluated cross section data available in
different standard data libraries such as ENDF/B-VII.1,
JENDL-4.0, JEFF-3.1, ROSFOND and CENDL-3.1 [31,
32], are also calculated and presented here. The evalu-
ated data for 2*?Pu(2.41 x 10* y, [30]) and available data
in ENDFB/VII.1 are presented in Fig. 13(d). Though
in present context, the cross sections are evaluated for
limited isotopes, it can be applied to calculate (y, n)
reaction cross sections for actinides using the nuclear
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modular codes and present empirical formula. Further,
the TALYS — 1.6 and EMPIRE — 3.2.2 codes can be
used to calculate the (v, n) reaction cross section for
isotopes which have available GDR parameters, whereas
the present empirical formula can be used to calculate
cross section for any isotope with Z > 60.

Another important application is that, by using the
nuclear modular codes and the present formula, it is pos-
sible to calculate the incident gamma energy for which

the cross section will have its maximum value, i.e. the
GDR peak energy. It can be used to calculate the in-
cident charged particle (e.g. electron) beam energy for
bremsstrahlung production, which is required to design a
photo neutron source. There are some theoretical trans-
port codes available to for electrons and photons, such as
MCNP [12, 33, 34], FLUKA [35, 36], GEANT [37] etc.
With these codes, one can estimate the bremsstrahlung
spectra from the electron beam.
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R . 180 pm— .
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Fig. 12. (color online) Comparison of evaluated data for OW, 183\ 202pp, 203pp, 204pp 295P ysing TALYS -1.6,

EMPIRE- 3.2.2, and empirical formula.
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Fig. 13. (color online) Comparison of evaluated data for 23! Pa, 232U, 37U, 3Py using TALYS -1.6, EMPIRE-3.2.2,
and empirical formula.

6 Conclusion

In the present work, a new empirical formula has been
developed to investigate the (v, n) reaction cross section
for different isotopes with Z > 60 in the GDR energy
region. The results for the (v, n) reaction cross section
obtained by using the above empirical formula have been
reproduced by using the nuclear modular codes TALY'S —
1.6 and EMPIRE - 3.2.2. It has been shown that TALYS
— 1.6, EMPIRE — 3.2.2 and our empirical formula are in
agreement with the experimental data. Further a conclu-
sion may be drawn that there may be no deformation in
the GDR peak of a pure (7, n) reaction cross section for
spherical nuclei. As a result of the quadrupole, which is
due to the asymmetric shape of the nucleus, the present
deformation has been observed.

In addition to this, the evaluated data for 8OW, 183\
202Pb, 203Pb, QOALPb7 QOSPb, 231Pa, 232U, 237U and 239Pu
using TALYS — 1.6, EMPIRE — 3.2.2 and our empirical
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HIGHLIGHTS

® The present work describes the measurement of (n, p) reaction cross sections in Cf(sf) neutron field.

® It contains the different corrections using simulation techniques using Monte Carlo based MCNP codes.
® The measurements are on W isotopes which is a very important material for the case of Fusion reactor.
® The (n,p) reaction cross sections are important for the validation of nuclear models.

ABSTRACT

Neutron induced nuclear reactions are of prime importance for both fusion and fission nuclear reactor tech-
nology. Present work describes the first time measurement of spectrum average cross section of nuclear reactions
183W(n,p)*#3Ta and '**W(n,p)*#*Ta using 2°?Cf spontaneous fission neutron source. Standard neutron activation
analysis (NAA) technique was used. The neutron spectra were calculated using Monte Carlo N Particle Code
(MCNP). The effects of self-shielding and back scattering were taken into account by optimizing the detector
modeling. These effects along with efficiency of detector were corrected for volume sample in the actual source-
detector geometry. The measured data were compared with the previously measured data available in Exchange

Format (EXFOR) data base and evaluated data using EMPIRE - 3.2.2.

1. Introduction

In the recent decades, there is an overwhelming demand of nuclear
reaction cross section data compilation for the development of reactor
science and technology. In reactors like International Thermonuclear
Experimental Reactor (ITER), fusion reaction process can be studied
using the DT reaction. It produces neutrons with energy of 14.1 MeV,
and these neutrons are transmitted through the first wall of the reactor
material (Qing et al., 2009; Reijonen et al., 2005; Wu et al., 2009;
Voitsenya, 2001; De Temmerman et al., 2007; Behringer, 1987). First
wall, divertor, blanket and shielding are the main parts of the fusion
reactor. First wall, divertor and blanket are directly exposed to the DT
plasma and bear the maximum amount of the neutron flux (~10"° n/
cm?/s). Divertor collects and exhausts heat and particles, and the

* Corresponding author.

reactor walls scatter these neutrons from 14 MeV to the thermal neu-
tron energy. Tungsten has been selected as divertor material for ITER
(Lehnen et al., 2013). It will face all the neutron energies from thermal
to 14 MeV. These neutrons can open reaction channels such as (n, y), (n,
p), (n, 2n), (n, d), (n, a) etc. It is necessary to have complete nuclear
reaction cross section data for the different isotopes of tungsten i.e.,
183,184,186y a5 they can produce different radio isotopes in the reactor
(Forrest, 2011). It is very important as a part of reactor maintenance
using remote handling.

The reactions '#*W(n, p)'®3Ta and '®*W(n, p)'®*Ta are considered
here for the cross section measurement using the 2>Cf spontaneous
neutron source. This is the first time measurement of spectrum average
cross section in 2>2Cf(sf) neutron field. There are plenty of experimental
data available at 14 MeV for these reactions; however, very few
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measured data are available for energy range from thermal to 14 MeV.
Cross sections at low energy are relatively very important as the ma-
terial tungsten is used in ITER (Forrest, 2011), where the neutron flux
will be very high (almost facing ~10'® neutrons/sec-cm? first wall), the
production of the daughter isotope will be expected high amount.
Further, there are very few measurements are available and the cross
sections are small for these (n, p) reactions, it is necessary to measure
cross sections for these reaction with accuracy in order to predict the
accurate production of the radioactive waste. Present work describes
measurement of cross section for such nuclear reactions. Therefore, the
objective of the present work is to have accurate measurements of the
cross section of the above mentioned reactions. Further the measured
data are important to validate evaluated data libraries for tungsten
isotopes from different national projects e.g., ENDF-B/VIIL.1 (Chadwick
et al., 2011), JENDL-4 (Shibata et al., 2011), FENDL (FENDL-3.1 data
library, <https://www-nds.iaea.org/fendl31/>.), ROSFOND (ROSFOND
data library, <http://www.ippe.ru/podr/abbn/english/libr/ros-
fond.php)>.), CENDL-3.1 (Ge et al., AugustA 2011), JEEF-3.2 (JEFF-3.2
data library, <https://www.oecd-nea.org/dbforms/data/eva/evatapes/
jeff 32/>.) etc.

2. Experimental measurement

The 2°2Cf(sf) neutron field is a reference neutron spectra which is
considered to be very well known. Mannhart evaluation (Mannhart,
1987; Mannhart, 1989) is currently accepted to be best representation
of this reference neutron spectra. Numerical data for this evaluated
spectra are available from the IAEA IRDFF web page of IAEA (IRDF-,
2002). The average neutron energy in the 2>Cf spectrum is 2.124 MeV.
The 232Cf isotope is an intense neutron emitter that decays by alpha
emission (~ 96.31%) and spontaneous fission (~ 3.09%) with half-life
of 2.645 y. Its neutron emission rate is 2.314 x 10° n/s/ug (Manojlovi¢
et al., 2015). This source is shielded with paraffin, borated wax and lead
as shown in Fig. 1.

Standard neutron activation analysis technique was used in the
present measurements. In this method a sample with proper weight is
required for the irradiation, which is necessary to produce the desired
isotope for the measurement of nuclear reaction cross section. The ir-
radiation of W sample was done by using the portable *>>Cf neutron
source available at the Defence Laboratory, Jodhpur, India, having
present neutron yield of 1.6064 x 10® n/s. The tungsten sample with
purity of 99.97% was kept at distance of 60 mm from the >2Cf neutron
source. The sample chosen for irradiation was having a dimension of
8mm X 8 mm X 5mm and weighing 6.033 gm. The sample was kept
for 603.25h for continuous long irradiation. The averaged neutron
spectrum inside the sample was calculated using the Monte Carlo N
Particle Code (MCNP), which is discussed in the next section. The
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Fig. 2. (a). Gamma spectrum measured using HPGe detector (b). Gamma spectrum
measured using HPGe detector.

sample was brought to the Neutronics Laboratory, Institute for Plasma
Research (IPR), Gandhinagar, India, for counting purpose. The acti-
vated sample was kept near the window of the HPGe detector. Counting
was done in two different phases; one was just after irradiation and next

Fig. 1. MCNP modeling of the irradiation experimental setup.
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after 2 days cooling. The time of counting was sufficiently long, as the
daughter isotopes have half-life from few hours to few days. The
gamma spectra measured from the irradiated sample are shown in
Fig. 2(a-b). Analysis of the data was done by Neutron Activation
Analysis (NAA) technique and cross sections for 183W(n, p)lsSTa and
184W(n, p)'®*Ta reactions were estimated.

3. Theoretical calculations using MCNP

This section is divided into two parts, one is regarding the averaged
neutron spectra calculation in the irradiated sample, and other is re-
lated to detector efficiency. The MCNP-6.1 code was used to perform
these calculations. This code has been widely used for transport of
neutron, photon, electron and many other particles. All calculations
were performed with ENDF/B-VI cross section data library which comes
along with MCNP package. Further calculations were checked with
ENDEF/B-VI], in order to find the difference in results, but no significant
change was observed in results.

3.1. Neutron spectra calculation

The 252Cf source is having continuous neutron spectrum, therefore it
was necessary to calculate the averaged neutron spectrum inside the
sample. The 2>>Cf was modeled using the MCNP code, as explained by
Snoj et al. (Narayan et al., 2010). The most rigorous approach as ex-
plained by Snoj et al. is to use evaluated neutron spectrum of Mannhart
((IRDF-, 2002) (Mannhart, 1987, 1989; IRDF-, 2002; [20]NT: IAEA,
International reactor dosimetry file 2002 (IRDF-2002) Technical Report
Series, International Atomic Energy Agency, Vienna (2006) 162.IAEA,
International reactor dosimetry file 2002 (IRDF-2002) Technical Report
Series, International Atomic Energy Agency, Vienna (2006) 162.)). In
the present work, the average neutron spectra over sample volume have
been calculated by using the IRDF — 2002 *2Cf spontaneous fission
neutron spectra. Monte Carlo based MCNP code (MCNP - 6.1) with
ENDF/B-VII data library was used to model the irradiation assembly as
shown in Fig. 1. The tally F4, which gives volume averaged flux tally
was used for the calculation. The definition of the F4 tally is re-
presented by following relation.

F4=%‘/\; av f & [ d0g(r, E, Q)

where, V = volume of the sample, E = energy of the neutron, Q =
solid angle, r = radial distance from source, ¢ = flux at distance.

The calculated spectra is shown in Fig. 3(a). There has been a sig-
nificant increment in lower energy neutrons due to scattering from the
source shielding. However, the higher energy tail shape remained same
as in the pure source spectra.

As the chosen reactions have different threshold energies, not whole
neutron spectrum was used to produce the daughter isotopes. Only
those neutrons above the threshold energy for both reactions are able to
produce the daughter isotopes. Hence the low energy neutrons below
the threshold can be removed from the neutron spectra for both the
reactions. This gives the effective neutron spectrum for the respective
reaction. This is shown in Fig. 3(a-c). It can be seen from Fig. 3(a)., that
the whole neutron spectrum contains very large contribution of low
energy (thermalized) neutrons, which are back scattered neutrons from
the surrounding shielding materials. As our chosen reactions have
threshold above this neutron energies, they do not interfere. The ef-
fective neutrons spectra are shown for both reactions in Fig. 3(b,c).
Again there is very small number of neutrons is available above
4.5MeV neutrons. The ratio of these neutrons to total neutrons
is < 6%. So the major contribution in the reaction product is due to the
neutrons from threshold to 4.5 MeV neutrons. Therefor the measure
cross section can be reported at the spectrum averaged energy for these
neutrons. Following formula has been used to calculate the spectrum
averaged energy from the calculated neutron spectra in the irradiated
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Fig. 3. (a,b,c). Average neutron spectra in W sample, and the effective neutrons above the
threshold energy of the selected reactions, calculated using evaluated 22Cf spectra
(Koning and Declaroche, 2003; Hauser and Feshbach, 1952) as input source spectra in
MCNP.

sample, which is known as the effective mean energy/spectrum
averaged energy as given below (Smith).

Emax
jl::th E@;dE

Emax
Eth i dE

Emean -

In the above expression, Ey, = threshold energy of the reaction,
Emax = maximum neutron energy, E; = energy bin, ¢; = neutron flux
of energy bin E;, E;can = effective mean energy.

3.2. Detector efficiency calibration

The HPGe detector was used for the activation measurement having
crystal size of 64.80 mm diameter and 64.60 mm length. The window
thickness is 0.60 mm made of carbon composite. Efficiency of the de-
tector was measured for different gamma ray energies using mix-energy
gamma source available at IPR, Gandhinagar, India. A mix-energy
gamma source is a mixture of different radioactive isotopes, such as
2Am (59.54 keV, 919.19 Bq), '°°Cd (88.03 keV, 4.132kBq), *’Co
(122.06, 136.47 keV, 144.85 Bq), '*°Ce (165.85 keV, 5.050 kBq), >'Cr
(320.08 keV, 0.09 Bq), '*3Sn(391.69 keV, 91.06 Bq), %°Sr (514.00 keV,
11.85 Bq), 1*"Cs (661.65 keV, 1.712 kBq), #8Y (898.03 keV, 152.45 Bq),
89Co (1173.22, 1332.49keV, 2.183kBq) and %8Y (1836.05keV,
152.45 Bq), which covers gamma energy form 59 keV to 1.8 MeV. Full
efficiency curve was plotted using measured photo peak efficiency. In
the present measurements, a point source was used to measure detector
efficiency. However, in the actual experiment the volume sample was
used. Therefore, it was necessary to obtain efficiency for the volume
source of the sample dimension. Further the volume source attenuates
photons from the subsequent layers towards the detector, and, large
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Fig. 4. Relative intensity showing the self-shielding effect increases as the thickness of the
sample increases.

number of photons are scattered from the backside layers of the sample.
To study the self-shielding and back scattering effect from the W
sample, another measurement has been carried out. The method used
have been described in reference (Rama Rao et al., 1986). The W
samples with the thickness of 1, 2, 3 and 5 mm were kept in between
source and detector. In this arrangement the gammas emitted from the
source were attenuated by the sample. The results are shown in Fig. 4. It
is clear from this figure, that the efficiency will be different for the
volume source, due to attenuation. Also the back scattering have sig-
nificant contribution.

The efficiency of the volume sample by considering back scattering
and self-shielding effect can be calculated using the MCNP code. In this
context detector was modeled by using this code as shown in Fig. 5. The
experimentally measured efficiency at various distances using the point
gamma source, at different energies were calculated and compared with
simulated efficiency. The model was optimized by getting the ratio
Calculated efficiency to Experimental efficiency (C/E ratio) ~ 1, which
is shown in Fig. 6(a). The compared results are shown in Fig. 6(b). This
model was used for the actual sample — detector geometry to estimate
the efficiency of the detector. This method considers both the self-
shielding and back scattering effect due to volume of the sample. This
efficiency value for different selected gamma energies were used to
calculate the cross section using neutron activation technique.

4. Data acquisition and reduction

After the irradiation the target samples were used to measure the
gamma activities obtained from the desired isotopes. A typical gamma
spectrum obtained from the activated target samples are shown in
Fig. 2(a-b). The time of counting were chosen carefully to get the se-
lected gamma energy peaks.

The time elapsed between end of irradiation and start of counting is

Aluminum Wall _ Window gap

[ —

64.6 mm

™~ Plastic Cap
/ 0.1 mm Dead layer
./ W Sample

v}
|~ Detector Window

64.8 mm Diameter

[T Ge Crystal

Fig. 5. MCNP Model of the detector to calculate efficiency for irradiated volume sample
placed on end cap of the detector.
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Fig. 6. (a). Comparison of measured and MCNP calculated detector efficiency at various
gamma energies (b). Comparison of Experimental to MCNP calculated detector efficiency
ratio at various gamma.

known as the cooling time (t.). The production cross section (o) of the
interested isotope was obtained by using the following standard acti-
vation equation,

ArA, A
(Qey ey WiPiNav)‘(l - e_Mi)‘(l - e_Mc)'e_Mw

where, A; = Gram Atomic Weight of the target; A, = Peak Counts of
gamma energy; A = Decay constant of product nucleus (s~ 1), t; = ir-
radiation time; t,, = Cooling time; t. = Counting time; @ = Incident
neutron flux; 8, = y intensity; €, = Efficiency of detector at gamma
chosen; w; = weight of sample (gm), P; = Abundance of target isotope;
N,y = Avogadro number.

The photo peak counts of the gamma rays emitted from the desired
isotope was carefully measured from the gamma spectrum. The selected
gamma energies along with their abundances for the desired radio-
isotopes are given in Table 1.

5. Nuclear modular code prediction

In order to support the present measured nuclear cross section data,
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Table 1
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Selected nuclear reactions with isotopic abundance, threshold energy, daughter half-life and daughter gamma energy with its abundance.

Reaction Abundance of Threshold Energy (MeV) Half life of daughter isotope y - Energy TI'- Intensity (%)
Target Isotope (Q value calculator, retrieved (Table of Isotopes decay data, retrieved (KeV) (Table of Isotopes decay data, retrieved
(%) from: <http:// from: <http://nucleardata.nuclear.lu.se/toi/ from: <http://nucleardata.nuclear.lu.se/toi/
(Rosman and www.nndc.bnl.gov/qcale/ listnuc.asp?Z=74>.) listnuc.asp?Z=74>.)
Taylor, 1999) index.jsp)>.)
183W(n, 14.31 0.29 51d 353.9 11.2
p)ISSTa
189W(n, 30.64 2.095 8.7h 792.0 14.2
p)184Ta

nuclear modular calculations were performed by using EMPIRE — 3.2.2
code. This code uses different nuclear models to predict nuclear reac-
tion cross section. It can predict nuclear reaction data for neutron,
gamma, proton, deuteron, triton, >He and alpha with energy range from
few keV to several hundreds of MeV. It uses different reaction para-
meters from RIPL library. It considers effect of level density, and all
three nuclear reaction mechanisms: compound, pre-equilibrium and
direct reaction. The optical model parameters were obtained by using a
global potential proposed by Koning and Delaroche (Koning and
Declaroche, 2003). The compound reaction mechanism was in-
corporated by Hauser-Feshbach model (Hauser and Feshbach, 1952).
The pre-equilibrium contribution was included by exciton model, de-
veloped by Kalbach (Kalbach, 1986).

In the present case different parameters such as level density
parameters were used to evaluate the cross section of the interested
nuclear reactions. The EMPIRE - 3.2.2 uses reaction parameters from
Reference Input Parameter Library (RIPL) — 3. The calculated reaction
cross sections for the production of selected radioisotopes were used to
compare the measured reaction cross sections shown Figs. 7 and 8.

6. Results and discussion

The cross sections were measured with improved accuracy, with the
application of simulation technique, which incorporates, self-shielding,
back scattering, volume source effect in efficiency etc. Geometrical ef-
fect and shielding effect on averaged neutron spectra inside the sample
was calculated using MCNP simulation. The measured nuclear reaction
cross section data are given in Table 2. To the best of our knowledge,

10‘ 183W(n,p)183Ta .
10° E
= ]
£ 10"
5 E o V. Avrigeanu et al., 2006 [29]
] o A Grallert et. al., 1993 [30]
N A S.M. Qaim et al., 1975 [31]
1075 v J. Rivier et al., 1967 [32]
3 - #* V. Semkova et al., 2007 [33]
1 B Present Work
10° 4 ——EMPIRE-3.2.2
] 4 T K T 4 T K T
0 5 10 15 20
E (MeV)

Fig. 7. Comparison of present measured spectrum averaged cross section with experi-
mental data taken from references - Avrigeanu et al. (2006), Grallert et al. (1993), Qaim
and Graca (1975), Rivier et al. (1967) and Semkova et al. (2007) and EMPIRE-3.2.2
evaluated cross section for '**W(n, p)'®3Ta; the present data and data point of Rivier et al.
(1967) are spectrum averaged cross sections, other experimental data are for mono en-
ergy neutrons.
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PR |
%

V. Avrigeanu et al., 2006 [29]
A. A. Filatenkov et al., 1999 [34]
A Kong Xiangzhong et al., 1997 [35]
v A.Grallert et al., 1993 [30]
> Y. Kasugai et al., 1993 [36]
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Fig. 8. Comparison of present measured spectrum averaged cross section with experi-
mental data taken from references - Avrigeanu et al. (2006), Reimer et al. (2005), Kong
Xlangzhong et al. (1997), Grallert et al. (1993), Kasugai et al. (1992), Ikeda et al. (1988),
Qaim and Graca (1975), Gujarathi and Mukherjee (1967) and Semkova et al. (2007) and
EMPIRE-3.2.2 evaluated cross section for ***W(n, p)'®*Ta; the present data and data point
of Rivier et al. (1967) are spectrum averaged cross sections, other experimental data are
for mono energy neutrons.

Table 2
Measured Cross section for the selected nuclear reactions.

Reaction Neutron Energy (MeV) Measured Cross section (mb)
183\ (n, p)'®Ta 1.70 = 1.35 (3.8 £0.3)x1073
184W(n, p)'®*Ta 3.75 + 1.26 (11.3 £ 0.9)x103

the present measurements have been done for the first time in the above
mentioned neutron energies. The neutron energy was taken as a spec-
trum averaged from calculated neutron spectra using MCNP code. The
effect of self-attenuation and back scattering, and the sample-volume
geometry effect on the efficiency of the detector, was corrected by
optimizing MCNP model of the HPGe detector at different distances and
for different energies of gamma photon. The parameters for the error
propagation in the final cross section estimations were considered.
Major error contributions in the present data are due to relative effi-
ciency (2-3%), scattered neutron (1-3%), statistical error (3-4%), de-
tector dead time (< 2%). The overall error in the present measurement
were < 6%.

The EMPIRE-3.2.2 nuclear modular code was used for evaluating
the cross section of the selected nuclear reactions. The measured data
were compared with the evaluated data in the Figs. 7 and 8. In the case
of 1®w(n, p)lBSTa, there is a previous measurement for this reaction
near to the present listed energy, by Rivier et al. (Reimer et al., 2005).
Although the measurement reported by Rivier et al. (Rosman and
Taylor, 1999) was in reactor neutron field it presents cross section value
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at spectrum average energy, which are in agreement with the present
data. It should be noted that the average energy of a reactor spectrum is
very difficult to define, we accept the energy, which Rivier at al. has
listed for present reference. In both the (n, p) reactions the measured
cross sections are higher by a small factor in comparison with the
evaluated data.

7. Conclusions

In the present measurements, cross sections of **W(n, p)!®*Ta, and
183W(n, p)183Ta reactions were measured using a 252Cf neutron source
at spectrum averaged energies from threshold of the reaction to the
maximum available neutron energy. This is a material of interest for
fusion reactor. The averaged neutron spectra inside the sample volume
were calculated using MCNP code. The data that have been presented
for (n, p) reactions for the available energies, have very few or no
previous measurements. The theoretical estimation of the cross section
was done by EMPIRE-3.2.2 code. It may be observed that present ex-
perimental results are in agreement within the limits of the experi-
mental error. The study shows that the cross section of (n, p) reaction
for tungsten isotopes are having small values. But for the case of the
fusion reactor, where the first wall is facing ~10'° neutrons/sec-cm?, it
can produce considerable amount of radioactive waste.
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Abstract—The (n,p) reaction cross section for some structural
materials such as As, *Zn, %Zn, Mn, 'V and %®Ni was
measured at 14.2+0.2 MeV using activation and off line gamma
ray spectroscopic technique. For the purpose of safe and
economical design of reactors, the neutron cross section data for
structural materials are required with high precession and
accuracy. The neutron cross section data for important
structural materials are collected and evaluated systematically
and data files are prepared for the reactor design. However,
considerably large discrepancies exist among different evaluated
nuclear data files. Hence there is a need to study these reactions
with better accuracy. The results were compared with existing
data available in EXFOR data base. The measured cross sections
were also estimated theoretically using nuclear modular codes:
TALYS-1.6 and EMPIRE-3.2.2.

Keywords—Activation  technique;  Structural
Neutrons 14 MeV; TALYS-1.6; EMPIRE

materials;

1. INTRODUCTION

Accurate knowledge of neutron induced reaction cross
sections is of interest to many areas of applied science and
fundamental physics. These cross sections are important to
estimate radiation levels and decay heat of materials that have
been exposed to radiation fields. Other applications are
designing of future fusion and advanced fission reactors, in
neutron dosimetry and development of nuclear theory.
Structural materials are very important part of any reactor.
They must have capability of radiation hardness and long
durability [1]. As these materials are used for a reactor
structure, the neutrons produced from the fission or fusion
mechanism of reactor are irradiating them. The D-T fusion
reaction will produce high energetic neutrons of 14 MeV. It is
necessary to have all the known cross section for this neutron
energy to calculate nuclear activation and transmutation,
nuclear heating, nuclear damage. The (n, p) reaction channel
easily opens for most of the materials above a few MeV of
neutron energy. The uncertainties arising due to self-
absorption and self-scattering effects in the bulk samples and
pile up effect in detector have been taken care by simulation
method as discussed in our earlier papers [2].The following
reaction cross section was measured b6y activation
technique;”” As(n,p)°Ge;**Zn(n,p)**Cu;**Zn(n,p)**Cu >Mn
(n,p)”°Cr;”'V(n,p)’'Ti and 58Ni(n,p)58C0. The literature survey
reveals that the neutron induced reaction cross sections for
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these materials are widely studied using standard activation
method and are available in EXFOR data base [2]. There is
often large discrepancy among the previous experimental data
by a factor of 1.4 to 4.0, hence further measurements are
required. The measured cross section is important for the
fusion reactor as well as for the advance accelerator based sub-
critical system. Theoretical evaluation of (n,p) reaction cross
sections are done using standard nuclear modular codes,
TALYS-1.6 and EMPIRE-3.2.2. The predictive power of
nuclear model codes can be validated and improved in
comparison with good quality experimental data and in turn
the model calculation provide estimates where no
experimental data are available.

II. EXPERIMENTAL

A. Sample preparation and efficiency of the detector

The isotope of As, ®Zn, **Zn, *Mn is in spectrally pure
oxide form and pallets of 2.0 cm diameter and thickness of
about 2.0 mm each were prepared by mixing uniformly
aluminium powder with each isotope. Few pellets were used
as a cylindrical experimental target. In the case of nickel and
vanadium instead of pellets, the stack of alternative Ni/V and
Al foils was used as a target. A ""“Eu disc source of same
diameter was placed between the pellets at different positions.
Gamma spectrum at each position was measured with high
resolution HPGe detector (1.8 keV FWHM at 1332 keV
gamma energy) and 4096 channel multi-channel analyser.
Efficiency of detector was calculated at different energies of
'32Ey with and without sample to remove self-absorption and
self-scattering effects in the samples and pile up effect in
detector as discussed in our earlier papers [2] and is shown in
Fig.1 for nickel and zinc oxide. It reveals that the percentage
attenuation varies nearly 22% to 2.3% for ZnO and 16% to
1.9% for Ni sample for low energy (122 keV) to high energy
(1408 keV) gamma rays respectively.

B. Description of irradiation

The AN-400 Van de Graff Accelerator of Banaras Hindu
University, Varanasi, India was used to produce 14 MeV
neutron via *H(d,n)*He reaction using tritium target of 8 Ci
activity and deuteron beam of energy 180 keV having a beam
current ~ 30 pA.The samples were placed at 0° angle relative



to the beam direction at a distance of about 3.0 cm

These isotopes were irradiated with a flux of the order of
10'n/s forl5 min to 4 hours as per the half-life of product
produced in the reaction. The reaction products were identified
by means of their characteristics gamma rays and half-life as
listed in Table-1.

C. Measurement of cross section by gamma spectroscopy

The gamma spectra were measured for each sample using
the above mentioned detector setup. The cross section was
calculated from the measured photo peak counts using the
following activation equation [2].

- 44,4(e™) 0
$60,PWPN, (1-¢ ) (1-e")

where, o is the cross section for the reaction (mb), 4; is the
gram atomic weight of the target element, A, is the area under
the photo peak of the characteristic gamma ray of the residual
nucleus, A is the disintegration constant of the product nucleus
(s™), dis the flux of the incident particle (particle s™), 0, is the
absolute y- ray intensity per decay of the residual nucleus, P,
is the photopeak efficiency of the gamma ray, w; is the weight
per unit area of the target (g cm™), P; is the fractional
abundance by weight of the target isotope of interest, N,, is
the Avogadro number (6.023x10* atoms mole™), t; is the time
duration for irradiation, t,, is the time elapsed between the end
of irradiation and start of counting, t. is the data collection
time (or counting time).

TABLE I. SELECTED NUCLEAR REACTIONS
Q - Value Emitted 5
lllvel;ccltei?)ll.l (MeV) Half-life G(?(I:‘[;)la Aburl;dance
78 264.65 11
. m
75As(n,p)75Ge —0.3954 [4]
198.60 1.19
5120
Sznmp)ecu | — 1.8592 (5] " 103923 9
12.7h
“Znmp)¥cu | 0.2040 7] 1345.84 0.473
3.497
SManpyPcr | — 1.8213 (6] Mo 15283 0.037
Wap'T | -16837 | TR | 3007 93.1
511 29.8
“Ni(np)'Co | 04021 | 700
810.76 99.45
Monitor Reactions
TAIaNa | —3.1302 | 14960 | 13686 100
TAIp) Mg | -1.8269 | 446m | gasg 71.8

The activities produced in the reaction products of monitor
and samples were measured via gamma rays spectrometry.
The counting geometry was kept in such a way so that the
dead time of detector was about 4%.The average neutron flux
was determined from Al-monitor via *’Al(n,p)*’Mg and
7 Al(n,0))**Na reactions.

TABLE II. MEASURED CROSS-SECTION DATA
Nuclear Evaluated Data
Reaction Measu‘lred Cross Cross section (mb)

section (mb)
(Half life) 14.2+0.2MeV TALYS EMPIRE
1.6 3.2.2

" As(n,p)"*Ge 27.2+2.1 25.58 22.44
7n(n,p)**Cu 555+4.4 50.72 49.32
%Zn(n,p)*Cu 170.0+13.6 137.12 176.33
**Mn(n,p)*°Cr 458+3.7 26.92 36.23
51 S51:

V (n,p)y Ti 282423 35.90 30.52
S58N\T: 58

Ni (n,p)™Co 314.0 £25.1 278.96 263.83

D. Results and Discussion

The cross section was measured with improved accuracy
using the simulation method, which takes care of self-
absorption and self-scattering effects in the samples and pile
up effect in detector. The area under the peak of characteristics
gamma rays was corrected for self-attenuation effect in the
samples and used for cross section calculation. The relative
efficiency data with and without absorber for a particular
target-detector geometrical arrangement inclusive of all due to
self-scattering, self-absorption and geometry solid angle for a
simulated cylindrical target was used to determine cross
section, such curve for nickel and zinc oxide is presented in
Fig.1. The cross section was calculated relative to the standard
reactions of monitor as mentioned in the Table 1.For this
reason, each sample was thoroughly mixed with aluminum
powder and then pellets were made or Al foils were placed
alternatively in the case of foil samples. The (n,p) cross
section will be affected by the low energy neutrons since
reactions have low threshold energies. In addition, the effect
of low energy neutrons scattered from the walls of the
laboratory and other heavy masses around the target will give
rise to inelastically scattered neutrons. In our case the distance
of walls from the centre of the target is 521 cm and there is a
pit in the floor of diameter 310 cm and depth of 272 cm.
Therefore, the contribution from low energy back ground is
expected to be small and may be of the order of 3-5%
depending on the reaction threshold of the investigated
reactions.

The uncertainties quoted on the cross section comprise the
statistical error (1-3%), relative efficiency (2-3%), monitor
crosses section (3%) and neutron scattering (3-5%).The
present experimental results are compared with the available
experimental data from EXFOR database [4-8] and are shown
in Figs.2-7. The cross section measured in the present work



and by others with same experimental method is in agreement
within about 2-15%.

L. THEORETICAL PREDICTIONS

The nuclear modular codes are important tool for the
calculation and verification of the cross sections of various
nuclear reactions at different incident energy of projectile. The
latest version of nuclear modular codes TALYS-1.6 and
EMPIRE-3.2.2 were used to evaluate (n, p) cross sections for
the selected isotopes [10,11]. The input parameters such as
level density parameter have been precisely chosen for best
estimation of cross section.

30

W % Attenuation for Ni
254 @ % Attenuation for Zn

204

% Attenuation
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Energy(keV)

Fig. 1.

A. TALYS-1.6 calculations

TALYS is a computer code which is efficient to predict
nuclear reaction cross section. It is useful tool to do analysis of
physics of nuclear reactions. TALYS-1.6 nuclear code can
calculate cross section for incident particles; gammas, neutrons,
protons, deuterons, tritons, *He and alpha-particles in the
incident energy range from 1 keV to 200 MeV for target
nuclides of mass 12 and heavier nuclei. TALYS considers all
the possible channels for the above-mentioned particles. It has
completely integrated optical model and coupled-channels
calculations by ECIS-06 code [12]. Talys-1.6 is the most
advance version of all the version of the TALYS code. The
optical model parameters are used for neutron and photon
reaction calculations determined from global potential
proposed by Koning and Delaroche [13]. The compound model
contribution is developed from Hauser-Feshbach model [14].
The pre-equilibrium calculation is developed from the exciton
model proposed by Kalbach [15]. In this calculation, pre-
equilibrium effect was also considered.

B. EMPIRE-3.2 calculations

EMPIRE-3.2 is another powerful nuclear modular system
to predict nuclear reaction cross section. It considers reaction
mechanism such as compound nucleus formation (Hauser-
Feshbach model with width fluctuation correction [14, 16], pre-
equilibrium using exciton model and direct reaction using the
optical model parameters given in RIPL-3 library. The present
version of the EMPIRE code is the latest version. EMPIRE
makes use of several codes, written by different authors, which
were converted into subroutines and adapted for the present use
[17]. For the present work, the level density parameter was
changed to get the best agreement with the measured data

Self-absorption and self-scattering effect for Ni and Zn sample

(Level density parameter for EGSM, Gilbert-Cameron
(EMPIRE) and GSM (RIPL) models [18,19].

Both the codes were used to calculate cross section for the
selected reactions and are plotted in the Figs.2-7 along with the
previous data. There is a fairly good agreement between
present measurements with those of calculated results using
TALYS-1.6 and EMPIRE-3.2.2. The present experimental
result and theoretical predictions using above codes are also
listed in Table-2.

IV. CONCLUSIONS

In the present study the (n,p) reaction cross section for
some of the structural materials such as "°As, ®Zn, **Zn, >*Mn,
'V and *Ni were studied at 14.2 + 0.2 MeV. The present
results were compared with the previously measured data
available in EXFOR database as well as theoretical predictions
using code TALYS-1.6 and EMPIRE-3.2. Present results are
in fairly good agreement with some previous measurements
and also with theoretical predictions.
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The cross sections of the '¥W(n, y)!¥’W, 183W(n, p)!**Ta and '**Gd(n, 2n)'3Gd, '°Gd
(n, 2n)"*°Gd reactions were measured at the neutron energies 5.08+0.165, 8.96+0.77,
12.47+0.825 and 16.63+0.95 MeV. Standard neutron activation analysis technique and
off-line gamma ray spectrometry were used for the measurement and analysis of the
data. Measurements are done in the energy range, where few or no measured data are
available. The results from the present work are compared with the literature data based
on the EXFOR compilation. The experimental results are supported by theoretical
predictions using nuclear modular codes TALYS — 1.8 and EMPIRE — 3.2.2. The
predictability of different ldmodels available in TALYS — 1.8 and levden models in
EMPIRE — 3.2.2 were tested. A detailed comparison of experimental results with

theoretical model calculations is made.
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I. INTRODUCTION
Nuclear reaction cross section data is of prime importance for reactor technology. When
the reactor is in operation, it produces neutrons that penetrate through several materials,
such as fuel, structural, controlling and shielding materials, etc. It is important to have
nuclear reaction cross section data for all these materials, at all possible neutron
energies |1]| for the development of the reactor technology. There are numerous
measured nuclear data available in the EXchange FORmat (EXFOR) library [2].
However, it is important to have more experimental nuclear data, measured with high
accuracy in the energy range between thermal to 20 MeV for a number of reactor
materials [2]. Tungsten (W) and gadolinium (Gd) are two such materials. W is selected
as a diverter material for the upcoming fusion device — International Thermonuclear
Experimental Reactor (ITER) [3]. In ITER the DT reaction generates 14.6 MeV
neutrons, which are scattered from the surrounding materials, thus neutrons will have
energies from thermal to 14.6 MeV [4-9]. These neutrons interact with the diverter
material of the reactor and can open different nuclear reaction channels. In Accelerator
Driven Subcritical system (ADSs), W is used in different parts, hence it can face
neutrons with higher energies [10]. Further, Gd is an important rare earth element,
which is used in control rods. Its nitrate form is useful for reactor control through
moderator as liquid poison, as well as a secondary shutdown device in PHWR reactors
[ 11]. Gadolinium nitrate is more advantageous due to its properties, such as; high
thermal neutron capture cross section, quick burnout, greater solubility and a more
efficient removal by ion exchange systems compared with boron [12]. Hence it is
important to have accurate cross section data for all the tungsten and gadolinium
isotopes in the energy range from thermal to 20 MeV. Accurate experimental data is
also needed to validate the various theoretical nuclear models [13]. In view of this, in
the present work, cross sections for the '3¢W(n, 1)'¥’W, 83W(n, p)!*Ta, **Gd(n,
2n)!'3Gd and '°Gd(n, 2n)'*°Gd reactions at the neutron energies of 5.08 + 0.165, 8.96
+ 0.77, 12.47 + 0.825 and 16.63 + 0.95 MeV were measured by neutron activation
analysis (NAA) and the off-line gamma ray spectrometry technique. The above
mentioned reaction cross-sections were also calculated by using the computer codes

TALYS — 1.8 and EMPIRE — 3.2.2. Different ldmodels available in TALYS — 1.8 and
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levden models in EMPIRE — 3.2.2 were used to validate the present experimental
results.

In this paper, the experimental details are discussed in section II. Section III describes
the data analysis. The neutron flux and average neutron energy calculations used to
obtain reaction cross sections, with suitable corrections incorporated to obtain accurate
cross section results, are also discussed in this section. Section IV presents the
theoretical calculations, followed by results and discussions in section V. A summary
and conclusions are given in section VL.

II. EXPERIMENTAL DETAILS

The experiment was carried out by using the BARC-TIFR Pelletron facility in Mumbai,
India. The neutrons were produced using the "Li(p, n)'Be reaction. A proton beam was
targeted on natural lithium foil of thickness 8.0 mg/cm?. The Li foil was wrapped with
3.7 mg/cm? tantalum in front and 4.12 mg/cm? on the back. The energies of the proton
beam were selected to be 7.0, 11.0, 15.0 and 18.8 MeV. The samples were kept at a
distance of 2.1 cm from the Li — target in the forward direction. The targets were
irradiated for different irradiation times. The irradiation details are given in Table I. A
schematic view of the irradiation setup is shown in Fig. 1. In the present measurements,
the natural samples of W (99.97 %) in the form of 1.0 mm thick and about a quarter of
a circle with radius of 1 to 3 cm were used. Gd samples were made in the form of a
pellet with radius of 0.65 cm and of thickness from 0.5 to 1.0 mm using Gd>03 (99.9
%) powder. The weight of the samples was measured using digital micro balance
weighing machine. The mass of W samples in different sets of irradiations were 3.6689
g (Irradiation — 1), 0.7826 g (Irradiation — 2), 0.8344 g (Irradiation — 3) and 0.504 g
(Irradiation — 4). The samples of Gd were with mass of 0.4071 g (Irradiation — 1) and
0.9102 g (Irradiation — 3). In each irradiation, indium (In) and thorium (Th) foils were
used as flux monitors. After a suitable cooling time, the irradiated samples were
mounted on different Perspex plates and kept in front of the pre-calibrated High Purity
Germanium (HPGe) detector. A Baltic company HPGe detector with 4k channels MCA
and MAESTRO spectroscopic software was used to measure the gamma ray spectra
from the irradiated sample. The HPGe detector system was calibrated using a standard
12Eu multi-gamma ray source. The efficiency of the detector was also determined at
different gamma energies using the same source. The gamma ray activities of the
irradiated samples were measured for different counting times. The prominent gamma

ray energies emitted from the irradiated samples and other spectroscopic data are given

3
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in Table II. Isotopic abundances are taken from the literature [14]. The threshold
energies of the reactions are calculated using the Q — value calculator provided online
by NNDC [15]. The daughter nuclide half-life and details of the emitted prominent
gamma rays are taken from literature [ 16]. Typical gamma ray spectra obtained from

the irradiated W and Gd samples are shown in Figs. 2 (a-b).

Table I. Details of the irradiation in the present experiment

Irradiation -1 Irradiation - 2 Irradiation -3 Irradiation - 4

Proton Energy

18.8 7.0 15.0 11.0
(MeV)
Total Irradiation

5:00 11:15 7:00 16:05

Time (hr:min)

Beam Current (nA) 150 110 150 120
L1 target

Proton beam

l [— Target

f— Neutrons

J/

Ta foils

FIG. 1. (Color online) Experimental arrangement showing neutron production using

Li(p, n) reaction
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Table II. Selected nuclear reactions, target isotopic abundance, threshold energy of
reaction, product nucleus with half-life and energies of prominent gamma rays with

branching intensities.

Isotopic Threshold Prominent
Abundance Energy y-ray Energy
(%) (MeV) (keV);
[ 1 4] [ 1 5] Product Half-life (Bran ching
Reaction Nucleus [16] intensity %)
186\ (n, v)187W 28.43 - 187 479.5(26.6);
(n, ) AW 24.0h 685.7(33.2)
182W(n, p)'%Ta 26.50 1.037 182Tq 114.74 d 1121.3(35.24)
154Gd(n, 2n)'33Gd 2.18 8.953 153Gd 240.4 d 103.1 (21.1)
10Gd(n, 2n)'¥Gd 21.86 7.498 199Gd 18.479 h 363.5 (11.78)
A0S ' 479.53 keV | N
(a) Y 87. € 9.83 h Cooled Spectra
] W Irradiation - 1 for 18.8 MeV Protons
/ W target a
1500
*E ] 685.77 keV .
= 187
e 1000 W
@)
1 5'1/ keV
500+ 1121.30 keV _
] 182 e
WWM
O L | i | ¥ I > | L | |

— : e
300 400 500 600 700 800 900 1000 1100 1200

v — ray Energy (keV)
FIG. 2 (a). Typical y-ray spectra for W target obtained by using HPGe detector
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1400 . T - T . T - T
{(b) 103-18 keV 11.89 h Cooled Spectra
1200 - l53(;,d Irradiation - 1 for 18.8 MeV Protons |
_ 238.6 ke 363.55 keV
] Gd
[72] -
£ 800- e
=
= 1 .
O 600 - 295.2 keV .
- 214Pb -
400 +
20 MWWM
0 I 3 | : | % | ! | ¥ | " | v |

50 100 150 200 250 300 350 400 450 500 550

Y — ray Energy (keV)
FIG. 2 (b). Typical y-ray spectra for Gd target obtained by using HPGe detector
III. DATA ANALYSIS
A. Neutron Activation Analysis
The experimental data were analyzed by using the standard neutron activation analysis
(NAA) technique. In this technique, the nuclear reaction rate or the rate of production
of daughter isotopes depends on the number of target nuclei available and the neutron
flux incident on it. This activation method is generally followed to measure reaction
cross section by irradiating the target isotope with neutrons, when the products emit
characteristic gamma rays having sufficiently long half-life and gamma branching
abundances. The cross section of the selected reactions can be determined using the

following equation [ 17].

— M

Where,
A,= Number of detected gamma ray counts;

A = Decay constant of product nucleus (s™!)
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t; = Irradiation time (s);

tw = Cooling time (s);

t. = Counting time (s);

t- = Real time (Clock time) (s);

¢ = Incident neutron flux (n cm?s™);

I, = Branching intensity of y-ray;

¢ = Efficiency of detector for the chosen gamma ray;

N = Number of target atoms

In the above equation, the activity (4y) is measured using an HPGe detector for different
gamma rays emitted from the daughter isotopes. Because of the half-lives of the
isotopes of interest, several rounds of gamma ray counting were done. The dead time
of the detector system was kept below 0.6 % during the entire counting process. The
numbers of target nuclei were calculated from the weight of the sample and isotopic
abundances. The calculation of the neutron flux was done using the gamma ray spectra
of irradiated In and Th foils. Other standard parameters of the reactions were taken from
the literature [ 14-16].
B. Neutron flux and Average neutron energy

The neutrons were generated by "Li(p, n)’Be reactions. Below 2.4 MeV, this reaction
produces mono-energetic neutrons [ 18]. Above 2.4 MeV, the first excited state of 'Be
at 0.43 MeV is populated and produces a second group of neutrons [ 18, 19]. Above 6
MeV, the three body interaction, and other excited states also contribute in the neutron
production along with the main neutron group [18, 19]. Although there are lower
energy sub-group of neutrons, the primary (main) group of neutrons can be used to
measure the reaction cross section as it has higher neutron flux and higher neutron
energy (forming a peak). The reaction cross section measured at this averaged peak

energy. The spectrum averaged neutron energy can be given as [20],
Emz\x
[ EgdE
mean = l},‘ma‘— (2)
IRG

Where,
E,s = peak forming start neutron energy

max = Maximum neutron energy
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E; = energy bin

¢. = neutron flux of energy bin E;

Emean = effective mean energy

The neutron spectra for 7.0, 11.0, 15.0 and 18.8 MeV were derived by taking data from
various available publications [18-22]. The neutron spectra corresponding to all the
four incident proton energies are shown in Fig. 3 (a — d). The average peak energies
obtained by using equation (2) are given in Table III.

In order to analyze the data, it is necessary to accurately calculate the neutron flux
incident on the target. In the present experiment, '*In(n, n")!">™In and 23?Th(n, f)*’Zr
monitor reactions were used for the neutron flux measurement. The reaction products
15m1y and °’Zr have a half-life of 4.486 h and 16.749 h respectively [16]. The emitted
characteristic gamma lines are given in Table IV. Typical gamma ray spectra obtained
from both the monitors are shown in Fig. 5.

The calculations of the neutron flux incident on the target were done by using the
spectrum averaged neutron cross section for the monitor reactions by using the
relatively recent data available from the EXFOR data library for !'>"(n, n”) [23- 26]
and for 2*Th(n, f) [27-30]. The spectrum averaged cross section was calculated using

the following equation,

[ opaE

h

o

av

3)

Where,
Ew = threshold energy of the monitor reaction
max = Maximum neutron energy

o; = Cross section at energy E; for monitor reaction from EXFOR [23-30]

¢. = neutron flux of energy bin E; from the Fig. 4 (a — d)

14

o,,= Spectrum averaged cross section

The calculated spectrum averaged cross sections for both the monitor reactions are
given in Table III. The neutron flux incident on targets for all the four irradiations were

calculated using the following activation equation (1).

A i-(n)
N-oc I - g.(l_efl"i)_ (l_e*).-tc )'eimw (4)

av Ty

8
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All the parameters are same as in equation (1).
In the case of fission reaction monitor, the fission yield term (Y) will come in the
denominator on the right side of the above equation (4). In the cross section
calculations, the measured values of the average neutron flux from both the monitors
were taken, as both these values are in agreement with each other within the limits of
the experimental errors as discussed later in section V.

C. Cross section correction for lower energy neutrons
In order to measure the cross section for neutrons of main peak, it is necessary to make
corrections due to the contributions from lower energy neutrons. This correction is not
required when the neutron source is purely mono-energetic, which is not the present
case. As mentioned earlier, in addition to a primary neutron group, there exist secondary
neutron groups arising due to an excited state of 'Be and three-body reactions above
2.4 and 6 MeV respectively [ 18]. These secondary groups produce neutrons, at lower
energies and in addition to the primary group neutrons [ 18, 19]. As the primary neutron
exhibit a distinct broad peak always at much higher energy with a high neutron flux, it
can be considered as quasi mono-energetic source. It is possible to remove the
contributions to the reaction cross sections due to low energy neutrons from the primary
neutron group by the process of making a tailing correction. In the present work, the
tailing correction has been done using the method given in the literature [20].
The cross sections have been calculated using the NAA equation (1) and the neutron
flux from monitor reactions. For a capture reaction, one has to use total neutron flux,
but for the reactions having threshold energy, the neutron flux must be corrected. To
do this, one has to remove the neutron flux from minimum to threshold energy neutrons,
by taking the area under the neutron spectra. For instance, the '**Gd(n, 2n)'>*Gd
reaction has a threshold energy of 8.953 MeV. Hence, the flux for this reaction must be
the area under the curve shown from ‘A’ (threshold energy) to ‘B’ (maximum neutron
energy) [Fig 4]. This will correct the actual neutron flux used to produce the desired
daughter isotopes. Using this neutron flux, a set of cross sections of all reactions has
been calculated. In order to remove the effective spectrum average cross section from
the threshold to the minimum energy of the peak of interest (Eps), theoretical
calculations using modular code TALYS — 1.8 have been carried out to obtain the
reaction cross sections versus neutron energy. These calculated cross sections at

different energies are convoluted with the neutron flux as shown in Fig. 3 (a). The

9
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spectrum average cross section for each reaction was calculated from threshold to
minimum energy (Eps), and it is subtracted from the previous cross section dataset. Thus
the final value obtained gives the cross section for the reaction at the spectrum average
neutron peak energy.

Using the above method, the cross sections for the '2W(n, p)!%2Ta, ¥¢W(n, y)'*’W,
14Gd(n, 2n)!'*Gd and '"®°Gd(n, 2n)'**Gd reactions were measured at the neutron
energies of 5.08, 8.96, 12.47 and 16.63 MeV. In the '°Gd(n, 2n)"*’Gd and *3Gd(n,
7)1*°Gd reactions, a common y-ray of 363.54 keV (Iy = 11.78%) is emitted. Therefore,
it is necessary to remove this part of the cross section from this capture reaction. At
higher energies, the (n, y) reaction has a very small contribution compared to the lower
energy neutrons. Since the lower energy neutron part has been already corrected using
above method, therefore the cross section obtained is purely due to the (n, 2n) reaction.
In the same way, the tailing corrections have been applied for all the reactions studied

in the present work.
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FIG. 3 (a — d). 'Li (p, n) 'Be neutron spectra for the 7.0 (a), 11.0 (b), 15.0 (c)
and 18.8 (d) MeV proton energies
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FIG. 5. Typical monitor reaction gamma ray spectra using HPGe detector
Table III. The spectrum averaged neutron energies and respective neutron flux from

two different monitor reactions

Irradiation - 1 Irradiation-2 Irradiation-3 Irradiation-4

Proton Energy
(MeV) 18.8 7.0 15.0 11.0
Neutron Energy
from eq. (2) 16.63 + 0.95 5.08 +0.165 12.47 £ 0.825 8.96 £0.77
(MeV)

Spectrum
Averaged Cross
section for
In monitor
(mb)

188.94 223.88 253.79 302.85

Calculated
Neutron Flux from
WSInm, n’)"n  6.2891 x 10’ 4.6304 x 10° 1.8054 x 107 1.6009 x 10°
(n cm? sl

Spectrum
Averaged Cross
section for
Th monitor
(mb)

341.67 99.04 269.58 220.01

Calculated Neutron
Flux from
232Th(n, f)97 7r
(n cm? s

6.2885 x 10’ 4.5709 x 10° 1.7090 x 107 1.5850 x 10°

Table IV. The monitor reaction with the product nucleus and prominent gamma lines

Monitor Reaction Product Nucleus Prominent
(Half-life) gamma Line
[16] (branching
Intensity %)
[16]
3n(n, n*)!°Mn 115my (4.486 h) 336.24 (45.8)
22Th(n, ) Zr 977r (16.749 h) 743.36 (93.0)

12
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IV. THEORETICAL CALCULATIONS
In order to theoretically understand the measured cross section results, two well-known
nuclear reactions modular codes TALYS — 1.8 and EMPIRE — 3.2.2 were used [13].
Both the codes are being used worldwide for nuclear data prediction for the emission
of gamma, neutron, proton, deuteron, triton and other particles. Both codes used the
reaction parameters from the RIPL database [31]. These codes consider the effect of
level density parameters, compound, pre-equilibrium and direct reaction mechanism as
a function of incident particle energy. The optical model parameters were obtained by
using a global potential, proposed by Koning and Delaroche [32]. The compound
reaction mechanism was incorporated using the Hauser-Feshbach model [33]. The pre-
equilibrium contribution was accounted for by an exciton model that was developed by
Kalbach [34]. In the present work, the calculations have been done with all the default
parameters except changing the Idmodel and level density parameters. The present
results along with EXFOR data were compared with these predicted data as shown in
Figs. 6 (a-b).

V. RESULTS & DISCUSSION

The main objective of the present study was to provide a set of reaction cross section
data in the energy range where there are very few or no measurements available in the
literature. These cross sections are important for the accurate reactor design and also to
improve the existing nuclear database. Hence the present experimental data for W and
Gd isotopes become more important. Further, in this energy region, the standard nuclear
models play an important role to validate the present measured experimental data. The
major uncertainties in the present reaction cross sections are given in Table V.
The measured data were supported by the theoretical predictions using EMPIRE —3.2.2
and TALYS — 1.8. There are different options of level density given in EMPIRE —3.2.2.
The level density parameter values levden = 0, 1, 2, 3, 4 uses various well known
models described in various publications [31, 35-39]. By varying these parameters, the
cross section for the selected reactions from threshold to 20 MeV were calculated. The
predicted and experimental results are shown in Figs. 6 (a-d). In TALYS — 1.8, the
different ldmodel options were varied from ldmodell to ldmodel6 for the selected
nuclear reactions and the experimental cross sections were compared. The details of
these parameters are given in the TALYS — 1.8 manual [39, 40].
As shown in Fig. 6 (a) for "*W(n, y)!*’W reaction, the levden = 2 of EMPIRE — 3.2.2

gives a relatively better agreement compared to other levden values. But at lower

13
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energy the levden = 2 does not give satisfactory predictions. Moreover, all other level
density models of EMPIRE — 3.2.2 show discrepancies with each other and predicts
lower cross section as compared to the present experimental results. In the case of
TALYS — 1.8 analyses, results of all the Idmodels options are in good agreement with
the data of present measurements. For the '¥?W (n, p) '¥Ta reaction, all TALYS — 1.8
ldmodels are in good agreement. The EMPIRE levden models show a discrepancy with
most of EXFOR and the present data. For the '*Gd (n, 2n) '3Gd and '°°Gd (n, 2n)
199Gd reactions, the experimental results are in good agreement with both the TALYS
— 1.8 and EMPIRE — 3.2.2 predictions, except levden = 2, being listed as a future option
in the EMPIRE input file. Only the measurement at 16.63 MeV neutron energy of
190Gd(n ,2n)"*Gd is under estimated then the predicted values. Overall the theoretical
predictions support the present results. The measured cross section values and the
different model predicted values are compared at the same energies in Table VI. In
general, TALYS — 1.8, for all the selected models, gives better agreement compared to

EMPIRE — 3.2.2 in predicting the present experimental results.

Table V. Major uncertainties incorporated in the present cross section results

Parameter Limit (%)
Counting rate <4-5
Efficiency Calibration <3
Self - absorption <0.2
Mass <0.001
Neutron flux <6
Iy <3

14
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FIG. 6 (a — d). (Color online) Present measured cross section for **W(n, v)'*’W and
B2W(n, p)!*?Ta, **Gd(n, 2n)"**Gd and '°°Gd(n, 2n)"*’Gd reactions compared with
EXFOR and predicted cross section data using different theoretical nuclear models of
TALYS — 1.8 and EMPIRE - 3.2.2; The LEVDE-2 model of EMPIRE — 3.2.2 predicts
very low values (below 100 mb) of cross sections comparing to other models hence it
cannot be seen in plot of **Gd(n, 2n)"**Gd
VI. SUMMARY & CONCLUSIONS

Cross section for the "2W(n, p)'*Ta, ®W(n, 7)'¥ W, **Gd(n, 2n)"**Gd and '°Gd(n,
2n)'*Gd reactions were measured at the neutron energies 5.08 £ 0.165, 8.96 + 0.77,
12.47 £0.825 and 16.63 = 0.95 MeV by using the neutron activation analysis technique
and incorporating standard tailing corrections [18]. The cross sections have been
measured in an energy range where very few or no measurements are available. The
different correction terms are discussed in order to achieve accurate cross section
results. The spectrum averaged neutron energy and accurate flux measurements have
also been duly incorporated. The neutron flux at different energies have been calculated
by using two monitor reactions and the values thus obtained were found to be in good
agreement. The average flux values from the two monitor reactions were taken for cross
sections calculation. The cross section for the '®W(n, y)!’W reaction have been

measured at four different energies. In the case of '2W(n, p)!®?Ta the cross sections are
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reported at 8.96 = 0.77, 12.47 + 0.825 and 16.63 £ 0.95 MeV. For the **Gd(n, 2n)'>*Gd
and '*Gd(n, 2n)*°Gd reactions, the cross sections are reported at 12.47 + 0.825 and
16.63 £ 0.95 MeV neutron energies. All the measurements have been compared with
the theoretical modular codes TALYS — 1.8 and EMPIRE — 3.2.2. It may be concluded
that TALYS — 1.8 gives an overall satisfactory agreement with the present experimental
and EXFOR results for most of the selected Idmodels as compared to EMPIRE — 3.2.2
predictions. However, in the case of (n,y) reaction, levden = 2 of EMPIRE gives
somewhat better predictions as compared to other levden models in the energy region
above 12 MeV. The cross section data presented in this work are important for the
future fission/fusion reactor technology.
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Table VI. Comparison of present experimental data different model predictions using TALYS — 1.8 and EMPIRE —3.2.2

136W(n, y)'*”W reaction cross section (mb)

Energy (MeV)
Measured TALYS -1.8 EMPIRE - 3.2.2
Ldmodel-1 Ldmodel-2 Ldmodel-3 Ldmodel-4 Ldmodel-5 Ldmodel-6 Levden-0 Levden-1 Levden-2 Levden-3 Levden-4
5.08+0.165 5.079+0.39 7.23 0.885 8.37 1.53 12.1 2.80 2.24 12.8 2.24 8.83 2.2903
8.96+0.77 2.767+0.19 1.22 0.871 1.31 1.17 2.26 1.26 0.108 0.618 9.01 0.827 0.0453
12.47+0.825 1.620+0.11 1.46 1.30 1.48 1.43 1.81 1.58 0.0181 0.0794 1.86 0.146 0.0027
16.63+£0.95 0.257+0.02 0.726 0.676 0.753 0.683 0.799 0.716 0.00129 0.0107 0.249 0.0226 8.41E-5
Energy (MeV) 82W(n, p)'*?Ta reaction cross section (mb)
Measured TALYS -1.8 EMPIRE - 3.2.2
Ldmodel-1 Ldmodel-2 Ldmodel-3 Ldmodel-4 Ldmodel-5 Ldmodel-6 Levden-0 Levden-1 Levden-2 Levden-3 Levden-4
8.96+0.77 0.043+0.003 0.04813 0.04141 0.12659 0.06359 0.05509 0.05307 0.00964 0.00544 31.0747 0.00964 0.00194
12.47+0.825 0.79340.06 1.789 1.52 2.33301 1.87 1.86 1.92 0.0842 0.0495 118 0.0842 0.00803
16.63+£0.95 4.092+0.28 10.2 8.89 8.4404 10.2 10.4 10.5 0.163 0.147 124 0.163 0.0107
Energy (MeV) 134Gd(n, 2n)'3Gd Cross Section (mb)
Measured TALYS -138 EMPIRE - 3.2.2
Ldmodel-1 Ldmodel-2 Ldmodel-3 Ldmodel-4 Ldmodel-5 Ldmodel-6 Levden-0 Levden-1 Levden-2 Levden-3 Levden-4
12.47+0.825 1265 +£98 1534 1556 1248 1659 1520 1298 1444 1412 22.2 1479 1397
16.63+£0.95 19734153 1683 1725 1571 1737 1735 1703 1748 1744 65.3 1774 1744
Energy (MeV) 10Gd(n, 2n)'*Gd Cross Section (mb)
Measured TALYS -1.8 EMPIRE -3.2.2
Ldmodel-1 Ldmodel-2 Ldmodel-3 Ldmodel-4 Ldmodel-5 Ldmodel-6 Levden-0 Levden-1 Levden-2 Levden-3 Levden-4
12.47+0.825 1913+143 1938 1919 1765 1935 1901 1828 1669 1679 52.9 1642 1660
16.63+£0.95 435433 1009 1155 1183 1005 1364 1465 1213 1027 106 1282 999
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