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Chapter 5

Neutron Induced Reaction
Cross-sections

The chapter presents the measurement of neutron induced cross-sections of
B2Th(n,v)!, 1%0Mo(n,2n)?, and *®Ni(n, x)? reactions using quasi - monoen-
ergetic neutrons generated by ”Li(p, n) reaction. The present chapter also
provides the theoretically calculated cross-section data for tin (Sn) isotopes*
using TALYS and EMPIRE model codes up to 20 MeV neutron energies.
The data for Sn isotopes were also calculated using different systematics.
TALYS, ALICE, EMPIRE codes were used together with the ENDF/B-VIL.1,
JENDL-4.0, JEFF-3.2, and CENDL-3.1 evaluated data libraries to compare
the present findings. The results of this chapter are important for advanced
reactor /accelerator technology, dose estimation of different radioisotopes
and nuclear medicine. The results also highlight that 7 Li(p, n) reaction is
suitable for the measurement of reaction cross-section data up to 20 MeV
incident proton energies by applying the low-energy neutron correction.
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5.1 Introduction

Extensive work has been carried out over the years in order to make
nuclear energy more efficient and to reduce the production of long-lived
actinides. A solution is to convert long-lived radioisotopes into short-lived
isotopes which can then be decayed to a safe radiation limit to be handled
properly. Other solution is to use an alternative fuel which would produce
efficient energy and a considerably less production of radioisotopes having
a long half-life. ADSs’ [1-8] may provide both the solutions together as it
can be used in a reactor producing efficient green energy and on the other
hand, it can also be used for the transmutation of long-lived isotopes into
short ones [1-4]. Thorium (Th), available naturally with one isotope, is
highly abundant in India [9]. The properties of an ADSs device makes it
important for India’s increasing energy demand [5-8] without effecting
the environment. The present work is aimed specifically to measure the
behavior of primary reaction channels of 2>Th isotope at high incident
neutron energies. To do so, the ?>2Th(n, ) reaction cross-sections have
been studied within the incident neutron energies 10-20 MeV. The effect of
232Th(n,2n) reaction has also been studied [10].

A considerable amount of work has also been carried out to understand
the behavior of different materials in extreme environment of a nuclear
reactor. Different metals/alloys have different properties that make them
suitable to be used in the structural components of a reactor, which are able
to withstand the high radiation dose coming from a reactor core. Nickel (Ni)
and molybdenum (Mo), being a refractory metal, are used in different reac-
tor grade steel alloys [11] to make high strength materials. Both of the metals
are also used in reactor structural materials. Ni is used in cladding steel
alloys, like; Zircoloy-2 and Zircoloy-4 [11,12], in which Ni and Fe has been
reduced as the alloy produces hydrogen above a certain limit. The physical
and chemical properties of both Ni and Mo makes them suitable to be used
as structural material in ADSs and ITER [1,13]. Therefore, the primary (n,
x) reaction data are important for radiation damage, dose estimation and
to predict the production of long/short-lived minor actinides within the
surrounding materials of a reactor. On the other hand, the two isotopes
are also important for nuclear medicine industry. Mo is used worldwide
to produce *"Tc isotope which is used in imaging and diagnostics [14, 15].
The ™ Tc is used for about 80% of imaging procedures like, single proton
emission computed tomography (SPECT), bone and brain scans, myocar-
dial perfusion imaging (MPI), etc. [14,15]. The majority of the isotope is
produced as a byproduct of spent reactor fuel, which effects the cost and

5 A brief discussion on ADSs is provided in section 1.2
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the availability of the medicine. Different reaction channels of Mo reaction
with proton and neutron can be used to produce ™ Tc isotope for its instant
uses [16-19]. The *®Co isotope produced by *®Ni(n, p) reaction is used as a
trace element for the B12 vitamin absorption in human body [20].

In addition to ADSs, ITER® [13] is also being developed to produce even
more efficient energy without producing any hazardous radiochemical
waste. ITER can address the issue of waste disposal and energy require-
ment at once. The scattered radiation from an operational ITER may cause
radiation damage to the surrounding materials, as already discussed in sec-
tion 1.3. The toroidal coils of ITER holds the plasma inside the core, get the
maximum irradiation from neutrons, high energy protons and a-particles.
The coils are made of Nb3Sn, a superconducting material to make high
magnetic field to hold the plasma inside the core [21]. Tin (sn) being used
in the coils, becomes important to study for neutron reaction channels to
estimate safety and secondary particle production rates.

&
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1 cm diameter @
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inside GPSC l @ Target ladder

Figure 5.1: A schematic diagram of the target irradiation setup at BARC-FOTIA
with "™ LiF tablet [23].

In view of the above, neutron induced reaction cross-sections were mea-
sured for 232Th, [10] 1° Mo, [22] and *8Ni [23] by using quasi-monoenergetic
neutrons produced by " Li(p, n) reaction for incident neutron energies up
to 20 MeV. Off-line vy-ray spectroscopic method is used with neutron ac-
tivation analysis of the produced residues to measure the cross-sections.
Covariance analysis [24] is used to calculate the uncertainties in the mea-
sured data. Additionally, reaction cross-sections for different isotopes of Sn
have been studied [25] theoretically by using TALYS [26] and EMPIRE [27]

6 A brief summary about ITER devices is given in section 1.3
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nuclear model codes. Different (n, p), (n, 2n), and (1, x) systematics [28-38]
were also used to present a comparison among the calculated data. The
present chapter first provides a detailed description of the neutron irra-
diation experiment with neutron flux measurement, corrections applied
in flux calculations. Later, the calculations are provided for individual
measurement and detailed discussion of the excitation functions.

Table 5.1: A summary of the experimental work carried out at BARC FOTIA
accelerator facility

Experimental Details Set 1
Proton energies 5and 5.4
neutron energies 2.97 and 3.37
Sample reactions 8 Ni(n, p)>Co
Monitor reactions 97 Au(n, )19 Au
Sample thickness 0.025 mm
Monitor thickness 0.025 mm
Sample weight 127.4 and 113.1 mg
Monitor weight 107 and 138.7 mg
Sample dimensions 1.1 x 1.2, 1.25 x 0.75 cm?
Monitor dimensions 1.0 x 0.4, 1.1 x 0.7 cm?

5.2 Experimental Details

The experiments for measurement of the neutron induced reaction cross-
section of 232Th [10], 1Mo [22], and *®Ni [23] have been carried out at
the BARC-TIFR Pelletron and BARC FOTIA” accelerators. Conventional
neutron activation analysis® was adopted for the measurements. In the
experiments performed at FOTIA, a natural lithium fluoride (" LiF) tablet
(= 5 mm thick and 1 cm diameter) was pasted at the front (proton beam
facing side) of the target ladder. A metal target (sample) together with
the monitor foil wrapped in thin Al foils (= 0.015 mm thick), separately,
was pasted at adjacent back side of the target ladder. A schematic diagram
of the irradiation setup is shown in Figure 5.1. The target ladder is then
put at the center of the general purpose scattering chamber (GPSC) at the
beam hall of FOTIA. Proton beams of 5 and 5.4 MeV energies were used for
the irradiation of targets. In both the experiments, beam current was kept

"The details of the Pelletron and FOTIA accelerators are provided in sections 2.1.1 and
212
8see section 1.6
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constant at about ~ 30 nA. The irradiated samples were counted by using a
HPGe detector after appropriate cooling to keep the radiation dose to safe
limits. A list of the irradiated samples with the monitors used at FOTIA
facility is provided in Table 5.1.

Table 5.2: A summary of the experimental work carried out at BARC-TIFR Pelletron
accelerator facility

Experimental Details Set 1 Set 2 set 3
Proton energies (MeV) 13,16,17,21 13,16, 19, 22 8,16,19
) 10.95,13.97,14.98, 10.95,13.97, 16.99,
neutron energies (MeV) 18.99 20.00 5.99,13.97,16.99
Sample reactions B2Th(n, ) 10Mo(n,2n) 8Ni(n,p), (n,2n)
Monitor reactions B2Th(n, )7 Zr 27 Al(n, a) Pln(n,n') &
’ ’ 27 Al(n, )
Sample thickness 0.025 mm 0.1 mm 0.025 mm
Monitor thickness 0.025 mm 0.1 mm 0.1 mm (In & Al)
Sample weight ~ 211 mg ~ 105 mg ~22mg
. . N N ~ 140 mg (In) &
Monitor weight ~ 211 mg ~ 30 mg ~ 30 mg (Al)
Sample dimensions ~1x 0.5 cm? 1x1cm? 1x1cm?
Monitor dimensions ~1x 0.5 cm? 1x1cm? 1x 1 cm?

In the experiments performed at the BARC-TIFR Pelletron facility sit-
uated at Mumbai, India, a natural lithium target ("*Li) was used for the
production of the neutron beams at different incident proton energies. A
schematic diagram of irradiation facility at 6 meter port is shown in Figure
5.2. At the 6 meter port the irradiations were carried out inside a small cham-
ber, in which the target (metal foils of specifically chosen targets) together
with the monitor foils were either mounted on a tantalum based platform
or can be put inside a small plastic pot just below the Ta platform. In the
present case the Li foil encased in two Ta foils of varying thicknesses at front
and back side, were mounted at on a platform with the help of screws. The
Ta foils at both sides of the Li sophisticates the process of mounting the Li
at 6 meter port. It also serves the purpose to completely stop the proton
beam at thick Ta foil present at the back of the Li. The proton beam pro-
duces neutron beam of desired energy by the 7Li(p, n) reaction (Ey, = 1.881
MeV) [39]. The neutrons thus generated activate the samples which are
being put below the Ta platform. A list of experiments performed at the
BARC-TIFR Pelletron setup containing different target monitor combina-
tion, thicknesses of used Li foils, Ta foils used for the Ta-Li-Ta stack, and the
energies of the produced neutron beams are given in Table 5.2. A complete
description on the generation of neutrons from " Li(p,n) reaction is pro-
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vided in the following section. The samples irradiated with the neutrons are
then counted with the help of a common HPGe detector setup connected
with a PC based <y-acquisition software’. The samples were counted at
distance of 1 cm from the detector head to maintain the dead time of the
detector system below 2%. The detector system was pre-calibrated with a
standard '®>Eu source [40] and the resolution of detector was measured as
~ 1.88 keV for the 1.33 MeV +-line of ®°Co.

Main beam line of Pelletron

Front Ta

Li foil
Back Ta
mount

6 mm
collimator

Proton beam

Screw arrangement
to place the targets

Towards vacuum pump assembly

=—— __, Target and Monitor Foils
Target holder

Li foil to target distance
21 mm

Towards Beam Hall

Figure 5.2: A schematic diagram of the target irradiation setup at BARC-TIFR
Pelletron with "* i metal foil.

5.3 Measurement of Neutron Flux

Neutron beam was produced by using " Li(p, n) reaction. The interaction
of high energy protons with a "*Li target give rise to different nuclear reac-
tions and many reaction channels take part and contribute in the outgoing
neutron spectrum. Therefore, in general, the "at1i(p,n) reaction remains a
two-body reaction but higher energies quasi-monoenergetic neutron spec-
trum is produced, containing prominent peaks and a long continuum to-
wards the lower neutron energies. The ”Li(p,n)”Be reaction (E;, = 1.88
MeV) [39] is the primary channel that contribute to the outgoing neutrons.
The high energy group of neutrons produced by this reaction makes the
prominent peak at the end point of the spectrum and known as the ng group.

9see section 2.4.1
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Secondly, the excited state of ”Be* (Ey, = 2.38 MeV) [39] also populates and
contribute to the spectrum via n; group of neutrons. Since the thresholds
for both the 1y and n; groups fall within a few MeV region, therefore, the
two groups reflect as a broad peak. As we increase the incident proton
energy E, > 2.4 MeV, the Li(p,v)®Be reaction (Q = —3.23 MeV) [39] starts
contributing. At energies E, > 4.5 MeV, the fragmentation of 8Be add
up more low energy neutrons towards the tail region of the spectrum. At
further higher energies, the breakup channels starts contributing and the
neutron spectrum stretches into a continuum of low energy neutrons below
4 MeV incident proton energies.

The branching ratios of ng and n; group of neutrons up to 7 MeV were
calculated by Liskien et al., [41] and Meadows et al., [42], Poppe et al., [43]
calculated the extended branching ratios for both the ground and first
excited state of Be up to 26 MeV. The parameterization of the neutron
spectrum originating from the breakup channels is given by Meadows
and Smith [42]. Using all the information given in the literature [41-46],
the neutron spectra were generated for the desired energies. Scaling and
interpolation was done wherever necessary to keep the threshold for all
the neutron at E, — 1.88 MeV. The neutron spectrum for energies within
5-22 MeV are given in Figures 5.3. These neutron spectra have been used by
different groups [47—49] for similar reaction cross-section studies.

The calculation for the neutron flux by using these distributions are
straight forward. We fold the neutron spectrum with either the theoretical
cross-sections from TALYS [26] or from the evaluated data libraries like
ENDEF/B-VIL1 [50]. The following equation is used for the calculation of
the weighted average cross-section of the monitor reaction,

2 9i0;

<ow >=
2E i

(5.1)
where, oy is the weighted average cross-section for the monitor reaction, o;
is the monitor reaction cross-section and ¢; is the neutron flux at energies
E;. The equation 5.1 is a discrete form of equation 3.18,

f E; PE;OF;
f E; PE; .

<ow >= (5.2)

The oy is now used in equation 3.17 to calculate the neutron flux for the
particular irradiation. The final equation 3.19 is then used for the calculation
of the reaction cross-section for a particular interaction.
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Figure 5.3: Typical neutron fluxes used for the present measurements reproduced
by using the literature data and parameters given in Refs. [41-46].

5.4 Data Analysis for the >*Th(n, ), '"’Mo(n,2n)
and *°Ni(n, x) reactions

In the present work, the 232Th(n, ) [10], ®°Mo(n,2n) [22], *®Ni(n, p), and
%8 Ni(n,2n) [23] reaction cross-section were measured within 3-20 MeV
incident neutron energies. The proton beams of 5-22 MeV were used for
the production of the neutrons of different energies using ”Li(p, n) neutron
generator reaction. The neutron flux was measured by using the weighted
average cross-sections from the chosen monitor reactions for specific targets.
The cross-sections were measured by using the equation 3.19. The list of all
the residues found to be populated in the neutron induced reactions with
232Th, 10000, and *® Ni isotopes is given in Table 5.3. The typically recorded
spectra for all the sample/monitor reactions are also given in the Figures
5.5,5.6, and 5.7, respectively for Th, Mo and Ni isotopes.

The 2*2Th(n, ) reaction cross-sections were measured from the delayed
7-lines of the 233 Pa isotope. The flux for the reaction was measured by using
the fission yield of the ?>2Th(n, f)% Zr reaction. The %’ Zr isotope decays
with the -line of 743.36 £ 0.06 keV (I, — 93.09 4= 0.01%) [40] having a half-
life (T7/5) of 16.749 + 0.008 hours [40]. A typically recorded <y-spectrum for
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the Th sample irradiated at 13.97 MeV neutron energy is shown in Figure 5.5.
The total fission cross-section for the reaction were taken from the ENDF/B-
VIL.1 [50] data library. The experimental fission yield for ¥ Zr isotope at
14 MeV incident neutron energy was taken from the result by S. Mukherji
et al,, [55]. Similar yield datum was used by Shivashankar et al., [47]
for the flux estimation by the 232Th(n, f)%” Zr reaction within the energy
range of 5-20 MeV incident energies. Since the theoretical fission yield
data remains almost constant around 14 MeV, therefore, it was assumed as
constant for the energies under investigation. The flux estimated by using
the weighted average cross-section of the 232Th(n, f)* Zr reaction by using
the equations 5.1 and 3.17 are given in Table 5.4. The (n,y) reaction of
232Th results in the ?>3Th compound nucleus which undergo 8~ -decay to
233pg. The 23Th (Ty /2 = 21.83 &= 0.04 min) compound nucleus formed in
the prime interaction was allowed to decay before recording the spectrum
for the 233Pa isotope activity. The daughter product ?>3Pa has a half-life
(T1/2) of 26.975 £ 0.013 days. The decaying 7y-line of 311.90 & 0.05 keV
(I, — 38.5£0.4%) [40] was used for the calculations. The counting statistics
were taken from the recorded spectra and the spectroscopic details for each
calculation were taken from the NuDat [40] library, Q-Tool and Q-value
calculator [39].

The Mo (n,2n)% Mo (Ey, = 8.37 MeV) [39] reaction cross-sections were
measured relative to the 2’ Al(n,a)**Na (E;, = 3.249 MeV) [39] monitor
reaction cross-sections. A 7-line of 1368.68 keV (T1,, — 14.997 + 0.012
hours, I, — 99.9936 + 0.0015%) [40] was used for the flux estimation. A
spectrum recorded for the monitor reaction at 13.97 MeV incident neutron
energy is shown in Figure 5.6. The monitor cross-sections to be used in
equation 5.1 for the weighted average cross-section were taken from the
ENDEF/B-VIIL1 [50] data library. A correction is used in the neutron flux
since the two reactions, monitor and sample, have different thresholds.
The quasi-monoenergetic neutrons produced by "*Li(p,n) reaction have
a long tail part, from which the monitor reaction is sensitive up to 3.249
MeV. However, the sample reaction is only sensitive to the neutrons having
energy 8.37 MeV or above. Therefore, the flux has been corrected to find the
actual flux contributing to the sample reaction. This can be done by taking
the area under the two threshold ranges as demonstrated in figure 5.4 with
the ratio F as,

_ Area under the curve from B to C

~ Area under the curve from A to C (5:3)

Now the actual flux can be obtained by multiplying the total flux with "F".
A detailed description is also provided by R. Makwana et al., [46]. The final
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values of the fluxes used for the cross-section measurement are given in
Table 5.5. Similarly, the sample reaction cross-sections were calculated by
using the counting statistics of the y-line of 140.5 keV (T; ,, — 65.976 £ 0.024
hours, I, — 89.43 + 0.23%) [40]. A natural sample of Mo has been used
for the present study, therefore, not only the °°Mo(n,2n) contributes to the
production of % Mo, the *® Mo(n, ) channel also produce the same isotope.
The counting statistics, thus, contains the y-ray counts coming from both
the channel. This has been taken care with the method proposed by Smith
etal., [56]. The counts from the *® Mo(n, ) channel has been separated from
the total counts by the following equation,

. 0(100)0'(1’1, 211)

R = CobS(n,zn) /Cobs(,,,y) - a(98)(7(7’1/ 7)

where, a(199) and a(gg) are the isotopic abundances and 0,2, and 07, ) are
the cross-sections calculated using TALYS-1.9 [26] model code, of 100 Mo
and % Mo, respectively. The delineated counts of 1°Mo(n,2n) reaction then
used in equation 3.19 to calculate the cross-sections.

Ep =13 MeV
% ) %// Flux sensitive for Sample Reaction
1 ysnve for Monitor Rel-:c/tlcin&37 -
° |

Neutron Energy (MeV)

Figure 5.4: Demonstration of the neutron flux correction applied when the monitor
and sample reactions have different thresholds [46].

The excitation function for > Ni(n, x) reactions were measured by the
neutron flux calculated by using a set of monitor reactions depending upon
the reaction channel threshold [23]. The sample-monitor combinations
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Figure 5.7: The typical recorded spectra for (a) 7 Au(n,v), (b) 2In(n,n’), (c)

Channel number

Y Al(n,«),and (d) ®®Ni(n, x) reactions at 19 MeV incident proton energy [23].

are also listed in Table 2.1. The %7 Au(#n, ) reaction was used as monitor

for ®Ni(n, p) reaction at 5 and 5.4 MeV incident proton energies. The
15T (n, n') reaction is used for *® Ni(n, p) reaction at energies 8, 16, and 19
MeV and the %’ Al(n, «) reaction is used for the *® Ni(n,2n) reaction at 16
and 19 MeV. The primary <y-lines of all the monitor reactions were used
for the flux calculations. A list of 7-rays used is given in the Table 5.3.
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Typical recorded spectrum for all the monitor reactions %7 Au(n, )19 Au,
W 1n(n,n") 115" 1, and % Al(n,a)**Na are given in Figure 5.7(a)-(c). The
monitor and sample reaction combination in case of *® Ni target were chosen
according to the threshold of reactions under consideration. The evaluated
data library ENDF/B-VIL.1 [50] was used to find the weighted average
cross-section of %7 Au(n,v) and %’ Al (n, «) reactions, however, EXFOR [57]
experimental data was used to calculate the < oy > for 11°In(n, n’) monitor
reaction. The reason is, the data from the TALYS-1.9 [26], ENDF/B-VII.1
[50] or any other data library was found to be 10 times greater than the
experimentally measured data for °In(n,n’) reaction. Also, flux from
both the 1°1n(n,n’") and % Al(n, a) reactions should match as they both get
irradiated together. The neutron fluxes from both the reactions matches only
when we use EXFOR data for °In(n, n’) reaction. The spectrum recorded
for the sample reaction is shown in Figure 5.7(d). The counting statistics
of the -lines of 810.77 keV (T;,, — 70.86 & 0.06 days, I, — 99.45%) and
1377.63 keV (T; /2 — 35.60 £ 0.06 hours, I, — 81.70 £ 0.24%) [40] for both
the *®Ni(n, p)*®Co and *®Ni(n,2n)>” Ni, respectively, were used for cross-
section measurements. The neutron flux correction, as mentioned for the
10Mo(n,2n) reaction above', is also applied in case of the *Ni(n,2n)
reaction as the two reactions have a different thresholds (3.249 MeV for
27 Al(n, ) and 12.428 MeV for *8Ni(n,2n) reaction).

The cross-section for each individual isotope produced in the interaction
of neutrons with the selected targets was measured by using the standard
NAA equation 3.19 as given below,

_ CopsAMTR/TL)
No < @ > e, K[1 — e~ Mi][e=Mc][1 — e~ ML

OR (55)
where the symbols have their usual meanings as described in section 3.1. A
detailed discussion for each reaction is provided in the following sections.
The uncertainties in the neutron induced reaction cross-sections were mea-
sured by using the covariance technique!!, the results of which are given in
Appendix A 7.3 for respective reaction.

19Described in Figure 5.4.
1A detailed discussion of the technique is given in section 3.2.
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Figure 5.8: Demonstration of the neutron tailing correction applied to remove the
contribution coming from the low energy neutron continuum from the measured
data.

5.5 Measurement of Reaction Cross-section and
Correction due to the Contribution of Neu-
tron Tail

As the neutron flux has been estimated by using the weighted average cross-
section for each neutron distribution for respective irradiation, the reaction
cross-sections were calculated first for the entire range of the neutrons
present in the energy spectrum given in Figure 5.3. The measured cross-
section, thus, consist of the contribution from the main peak (19 and 1,
neutrons) and a contribution from the tail part of the spectrum [10,16,22,46].
The contributing from the tail part is separated by taking weighted average
cross-section for the neutron spectrum from A to B as shown in Figure 5.8.
The tailing part cross-section is then subtracted from the total cross-section
by using the equation,

(Z(PU)from AtoC — (Z(Pg)from AtoB
(5.6)
(Z(P)from AtoC
where, the first term on the numerator corresponds to the measured
cross-section, second term gives the tailing part and the denominator is the

OR =
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integrated flux over the entire range of spectrum. Evaluated cross-section
data libraries ENDF/B-VII.1 [50], JENDL-4.0 [51] were used to calculate the
second term in equation 5.6.

The results for the 2>2Th(n, )**3Pa [10], 1% Mo (n, 2n)* Mo [22],  Ni(n, p)>®Co,
and %8 Ni(n,2n)% Ni [23] reactions are provided in Tables 5.4, 5.5, 5.6, and
5.7, respectively. This method has been adopted in all the cases of neutron-
induced reactions in the present work, as well as, by various authors
[46—49,55] in recent years to find the correct value of the measured data. The
uncertainties in the measured cross-section following the above mentioned
technique requires a detailed survey including the errors from the monitor
reaction and errors present in other quantities, which were used for the
calculations at different steps. Also, the y-ray spectroscopy was carried
out by using a common setup, therefore, the data is correlated among dif-
ferent measured quantities. The covariance analysis [24], by using ratio
method [24,47]'2, was used to estimate the true errors and correlations exist
in the measured data. Outcomes of the covariance analysis are presented in
the following subsection for each reaction and the calculations from the fist
principal are shown in Appendix-A.

Table 5.4: Tailing corrected cross sections for 22Th(n, v)**Th reaction [10]

Neutron Energy Flux Cross-Section
(MeV) (ncm™2s71) (mb)
10.95 + 0.59 5.65 x 10° 1.787
13.97 £0.57 2.35 x 10° 1.207
14.98 + 0.55 1.64 x 10° 1.22
18.99 £+ 0.65 8.49 x 106 0.529

Table 5.5: Tailing corrected cross sections for 1% Mo(n, 21n)% Mo reaction [22]

Neutron Energy Flux Cross-Section
(MeV) (nem2s1) (mb)
10.95 4+ 0.45 7.27 x 10° 1243.89
13.97 £0.68 1.48 x 10° 1422.53
16.99 £ 0.53 2.68 x 10° 1216.82
20.00 4+ 0.58 3.09 x 10° 774.96

12Gee section 3.2
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Table 5.6: Tailing corrected cross sections for ** Ni(n, p)*®Co reaction [23]

Neutron Energy Flux Cross-Section
(MeV) (necm™2s71) (mb)
297 +0.19 3.5 x 10° 198.07
3.37+0.23 3.8 x 10° 252.21
5.99 + 0.48 2.4 x 10° 547.32
13.97 +0.68 3.2 x 10° 421.29
16.99 + 0.53 6.05 x 10° 178.47

Table 5.7: Tailing corrected cross sections for *® Ni(n,2n)> Ni reaction [23]

Neutron Energy Flux Cross-Section
(MeV) (ncm™2s71) (mb)
13.97 £ 0.68 1.48 x 10° 31.28
16.99 £+ 0.53 2.68 x 10° 65.67

5.6 Covariance Analysis

In order to propagate the error from each parameter used in the calculation
of the reaction cross-sections, error propagation!® technique was utilized
[24,47]. In this technique, cross-section measurements have been carried
out relative to a monitor reaction. The ratio method [24] provides the
sophistication of including the uncertainties from each attribute into the
final value. The covariance analysis was performed in each case, however,
for reader’s interest and clarity of the subject, detailed calculations are
given below only for the 22Th(n,v)?*3Th reaction. For rest of the two
cases, %Mo (n,2n)*mo and *®Ni(n, x) reactions, the detailed calculations
are provided in Appendix A. In this method, first the covariance matrix is
calculated by following the method given in the section 3.2.2. The list of
the -lines and the corresponding measured efficiencies used in the present
work are given in Table 5.8. The partial uncertainties in the four attributes,
C, I, Ny, and T; /5, were first calculated using partial differentiation of
equation 3.41, for the terms on the R.H.S. of the equation 3.43 for the 121.8

13The details regarding the covariance analysis are provided in section 3.2 of Chapter 3.
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Table 5.8: Counting and spectroscopic details of the ®?Eu source used for the
efficiency measurement

Energy Counts Iy No Ty /2 Efficiency

(keV) (%) (years)

121.8 2609402 + 2544 28.53 +0.16 0.51298464
244 389703 + 948 7.55+0.04 0.29692696
344 1091614 £ 1265  26.59 £0.2 0.2233512
411 57237 £368  2.237+0.013 0.1527036

778.9 225703 +769  12934+0.08 g0y, 13517+ 009754904
867 64482 + 664 4.23 +0.03 0.089397

964 214646+ 659 1451400y 8837 0009 o 0eg7ag

1112 180941 + 590 13.67 +£0.08 0.069003

1212 14101 £ 231 1.633+0.011 0.05858608
1299 16650 £ 217 1.415 £ 0.008 0.05742218
1408 222960 + 523 20.87 £ 0.09 0.0560352

(1) Common for all the v-lines

keV 7-line of 2Eu source!* as,

oe 1

e S 57
aC N()I,Ye_/\T At ( )

multiply and divide the above equation by C,

o€ 1 C
aC Ab%ﬁ_ATth(E> ©:8)

the first term in the above equation can be written as € and the equation can
be rearranged for the infinitesimal variance as,

€

where, Ae and AC are the uncertainties in the efficiency and the counting
statistics of the y-line under consideration. Now A€ can be calculated as,

Ao € A 051298464

-3
= = 0. 1
c 2609402 x 2544 = 0.500127 x 10 (5.10)

similarly, the partial uncertainties due to I,, Ny, and T;,,, by omitting
the negative sign can be calculated and are given in Table 5.9. The total
uncertainty in the efficiency now can be calculated as the quadratic sum of

4The standard '>2Eu «-ray source was used for the calibration efficiency measurement
of the HPGe detector.
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all the individual partial uncertainties from the four attributes, by following
the equation 3.45 and also given in Table 5.9.

Table 5.9: Partial uncertainties in the efficiency

Energy  Partial uncertainty (x10%) due to attributes ~ Total uncertainty

(keV) r=1(C) r=2() r=3(No) r=4(Ti) (T x109)
121.8  0.500127 2.876885  5.807249 0.017511 6.500081
244 0.722310 1.573122  3.361365 0.010135 3.780916
344 0.258827 1.679963  2.528450 0.007624 3.046701
411 0981793 0.887414  1.728683 0.005212 2.177107
7789  0.332362 0.603551  1.104305 0.003329 1.301629
867 0.920560 0.634021  1.012019 0.003051 1.507849
964 0.242351 0.380814  0.893612 0.002694 1.001150
112 0.225001 0.403821  0.781149 0.002355 0.907687
1212 0959746 0.394639  0.663224 0.001999 1.231553
1299  0.748385 0.324648  0.650048 0.001961 1.043093
1408  0.131442 0.241646  0.634347 0.001912 0.691426

The calculated partial uncertainties from each attribute now be used in
the equation 3.48, following the S;;, matrices!® for correlated and uncorre-
lated attributes, to calculate the covariance matrix for the efficiencies of the
detector. The matrices thus formed for each attribute are then summed up
in order to form a covariance matrix given in Table 5.10. Since the upper
covariance matrices are the symmetric matrices, therefore, only the lower
triangle of the matrix is shown in Table 5.10. The errors in the efficiency
of the respective <-line can be calculated by taking the square root of the
diagonal elements of the matrix 5.10. The correlation coefficients among
the efficiencies from different y-lines can be obtained from non-diagonal
elements using following equation and are given in Table 5.11.

Corr(e;j) = (5.11)

Since the efficiencies used for the detector calibration are different from
those used in the measurement of the reaction cross-sections, therefore, a
linear model has been used to estimate the efficiencies and the relative un-
certainties/correlations for the «y-lines used for, say, the 232 Th(n, y) reaction

>The definitions of S;j, matrices for correlated, uncorrelated and partially correlated
cases are given in subsection 3.2.2.
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Table 5.10: Co-variance matrix (V. x 10°) for the detector efficiencies
4.225
1952 143

1.468 0.85 0.928

1.004 0.581 0.437 0.474

0.641 0371 0.279 0.191 0.169

0.588 034 0.256 0.175 0.112 0.227

0519 03 0226 0.154 0.099 0.09 0.1

0454 026 0.196 0.135 0.086 0.079 0.07 0.082

0.385 0.223 0.168 0.115 0.073 0.067 0.059 0.052 0.152

0378 0219 0.164 0.112 0.072 0.066 0.058 0.051 0.043 0.12

0368 0213 0.160 0.11 0.07 0.064 0.057 0.05 0.042 0.041 0.048

Table 5.11: Correlation matrix for for the detector efficiencies

1
079 1
074 073 1

070 070 065 1

075 075 070 0.67 1

059 059 055 053 0.56 1

079 079 074 071 075 060 1

076 076 071 0.68 0.73 058 076 1

048 047 044 042 045 036 048 046 1

055 055 051 049 0528 042 055 053 033 1
081 082 076 073 078 0.62 0.82 078 049 057 1

cross-section measurement. The complete method has been described in
the subsection 3.2.2, to find out the covariance/correlation matrix for the
desired efficiencies. The Table 5.12 shows the covariance and correlation
matrix together with the measured uncertainties in the efficiencies for the
7-lines of sample and monitor reactions by using equations 3.49-3.54.

Table 5.12: Measured efficiencies with correlation matrix

E, (keV) Covariance Matrix (X 10°)  Correlation Matrix Efficiency
311.90 7.75724 1 0.229286 + 0.002785
74336  3.01161 1.42877 0.904 1 0.098438 + 0.001195

Using the efficiencies and the correlations in the Table 5.12, the error




5.6. Covariance Analysis 87

analysis for the cross-sections can now be performed along with considering
the fractional uncertainties provided in the Table 5.13. The ratio method [24]
has been discussed in section 3.2.3 in order to perform the calculations for
the uncertainty analysis of the measured cross-sections relative to monitor
data. The S;j, matrices were used according to the correlation assigned at
the bottom of the Table 5.13. The partial uncertainties in table 5.13 were
calculated by differentiating the equation 3.57 partially, with respect to each
parameter considered for the analysis. A sample calculation for the matrix
(Vo)ij by taking counts (C;) and y-ray intensities (I,,) for target reaction as
the attribute is shown below,

Table 5.13: Fractional uncertainties in various parameters to obtain 2*2Th(n, )
cross-section

E, (MeV) Partial uncertainty (%)
G Cn I’y Iy, Mr,x f/\r f/\m Yf ow

r

10.95 10.755 17.803 1.038 0.0174 0.414 0.0421 0.0443 4.117 1.599
13.97 6.135 7.862 1.038 0.0174 0.414 0.0421 0.0443 4.117 1.603
14.98 6.623 19.277 1.038 0.0174 0414 0.0421 0.0443 4.117 1.701
18.99 8496 12933 1.038 0.0174 0.414 0.0421 0.0443 4.117 1.698

Corr 0 0 1 1 1 1 1 1 0
01095 0 0 1000
V) B 0 006135 0 0 Llotoo0
7/ Counts = 0 0 006623 0 0010
0 0 0  0.08496 0001
1095 0 0 0.01156 0 0 0
| o 15 0 o | 0 0.00376 0 0
0 0 6623 0 - 0 0 0.00438 0

0 0 0 8496 0 0 0  0.00722
0.01038 0 0 1111
AT 0 001038 0 0 I
7/ Iy 0 0 001038 0 1111
0 0 0  0.01038 1111
0.01038 0 0 1111
0 001038 0 0 1111
0 0 0.01038 0 = 0.0001075 1111
0 0 0  0.01038 1111
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The matrices for rest of the attributes can be calculated as shown above
and then added to form a final covariance matrix along with the correla-
tion coefficients, given in Table 5.14. The error present in each measured
cross-section is now can be calculated by taking the square root of the di-
agonal elements of the covariance matrix. The quantities at the diagonal
are presented in (%), therefore, first they must be converted into their ab-
solute value then the square root of the quantity will give the uncertainty
present in the respective cross-section value. The Table 5.15 present the
tailing corrected cross-section with the uncertainties calculated by using the
error analysis, compared with the evaluated data libraries like; ENDF/B-
VIL.1 [50], JENDL-4.0 [51] and the theoretical data from TALYS [26].

Table 5.14: Covariance matrix (%) and corresponding correlation coefficients for
the measured ?*2Th(n,y) cross-sections

E, (MeV)  Covariance matrix (Ves; ) (%) Correlation matrix
10.95 4.5342 1
13.97 0.1821 1.20234 0.078 1
14.98 0.1821 0.1821 4.3657 0.041 0.079 1

18.99 0.1821 0.1821 0.1821 2.6055 0.053 0.102 0.054 1

Table 5.15: 22Th(n, 7y) reaction cross-sections at different neutron energies compare
with ENDF-B/VIL1, JENDL-4.0 and TALYS-1.8 data

Neutron Energy Flux Cross-Section (mb)

(MeV) ncm~2s~!  Corrected  ENDF-B/VIL1 JENDL-40 TALYS
10.95 £+ 0.59 5.65 x 10°  1.787 +0.378 1.180 1.495 1.174
13.97 £0.57 2.35x10°  1.207 £ 0.132 1.153 1.159 1.155
14.98 +0.55 1.64 x 10° 1.22+0.25 0.843 0.923 0.821

18.99 + 0.65 8.49 x 10°  0.529 + 0.085 0.214 0.499 0.225
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Figure 5.9: A comparison of the present results with the literature data [58-69],
TALYS-1.8 [26] theoretical data (default as well as with modified parameter set)
and the evaluated data from ENDF/B-VIIL.1 [50] and JENDL-4.0 [51] libraries.
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Figure 5.10: A comparison of the 232Th(n,2n)?' Th data [58-61,70-74] with the
default and modified input parameter set of TALYS-1.8 [26], the evaluated data
from ENDEF/B-VIL1 [50] and JENDL-4.0 [51] libraries.
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5.7 Excitation Function of the >*Th(n,y)**Th
Reaction

The excitation function of the 2*2Th(n, y)**Th reaction has measured at
average neutron energies of 10.95 £ 0.59, 13.97 + 0.57, 14.98 £ 0.55, and
18.99 + 0.65 MeV, respectively. The results are given in Table 5.15 and are
plotted against the literature data [58—69], theoretical results from TALYS-
1.8 [26] and the evaluated data from the ENDF/B-VIL1 [50], JENDL-4.0 [51]
in Figure 5.9. It can be seen from the figure that the present results are in
consensus with the literature data [58-69]. The 23>Th(n, ) reaction cross-
sections starts to fall out as the incident energy increases beyond 1 MeV. A
minima is achieved around 6 MeV as the 2>2Th(n,2n) channel opens up. The
(n, 2n) channel dominates at energies above 7 MeV. The cross-section data
above 7 MeV are also found to be scarce with minor discrepancies. The use
of different monitor reactions may lead to drastic change in reported data
as the (1, y) cross-section is very sensitive at higher energies. The datum
reported by Perkin et al., [62] shows a relatively higher cross-section value at
14.5 MeV using % Al(n, &) reaction as monitor. A correction for low energy
neutrons was also applied'®, however, the difference in the thresholds of
monitor and sample reaction may lead to such higher value. The literature
data [58-61,63-69] except Perkin et. al., [62] were found to be in accordance
with the theoretical reproductions of TALYS. The data from evaluated data
libraries also found to be in agreement with the literature data [58-69].
Since, the 232Th(n,2n)?!'Th channel dominates in the considered energy
range, therefore, the (n, 2n) channel has also been discussed and literature
data [58-61,70-74] were fitted with a modified set of input parameters of
TALYS-1.8 [26].

A comparison of literature data of the 2>2Th(n, 2n)?*' Th reaction cross-
sections is shown in Figure 5.10. The reaction has a threshold of 6.0 MeV,
as can be seen from the figure. The literature is found to be in a good
agreement with the theoretical and the evaluated data. There are a few
minor discrepancies can be observed in the cross-section values reported by
Butler et al., [74] and Perkin et al., [73] with a comparatively larger errors by
Karamanis et al., [70]. However, the ENDF/B-VII.1 [50] and JENDL-4.0 [51]
were found to fit the measured data satisfactorily.

16The tailing correction is described in section 5.5
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5.7.1 Theoretical Calculation within the Framework
of TALYS-1.9 code

It can be seen from the figures 5.9 and 5.10, that the TALYS default values
were not able to reproduce the data satisfactorily as seen previously for
22Th(n,v) reaction. Therefore, a modified set of input level density pa-
rameters'” was also used to find a better agreement of TALYS results with
the (1, y) and (n, 2n) reaction cross-sections for the entire range of energies
under consideration. The modified parameter set used for the fitting of
the data is given in Table 5.16. As can be seen from the table that only y;
parameter from the equation 4.1 was modified to find a better fit for the
(n,v) reaction data. However, the (n, 2n) data was fitted by using the single
particle level density parameter g, which can be defined as, ¢ = A/kyy,
where A is atomic mass and K, is a constant. The K, is kept as 10 together
with the modified value of « from equation 4.1 to fit the (n, 2n) data more
accurately. The y-ray strength function f,,(E,) for multipolarity ¢ of type
E or M were also calculated alongside the modified parameters by using a
standard Lorentzian equation [75],

‘TXKE"rF%M
(E2 — E%,)? + E2T%,

fxe(Ey) = Kxq (5.12)

The calculated y-ray strength parameters for both the fittings are given
in Table 5.17 in which, for E; transitions the systematic formulas compiled
by Kopecky [76] were used, whereas for E; transitions the Brink-Axel [75]
options were used as default by TALYS.

Table 5.16: Default and adjusted parameters used in the TALYS-1.8 calculations

parameter CTM Collective CTM Effective
Default Value Adjusted Value Default Value Adjusted value
for 22Th(n, ) for 232Th(n,2n)
o 0.02073 0.02073 0.06926 0.01556
B 0.22953 0.22953 0.28277 0.28277
T 0.47362 0.79462 0.4309 0.4309

7The level density parameters are discussed in subsection 4.1.1
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Table 5.17: y-ray strength function parameters for Giant Dipole Resonance

Multipole transition y-ray strength function parameters
oo(X0) E(X{) T(X{) K(X?)

M1 1.078  6.663 4.000 8.67E-08
El 687.477 13.375 3.314 8.67E-08
M2 0.001 6.663 4.000 5.20E-08
E2 0.569 10.238 3.314 5.20E-08

5.8 Excitation Function of the “’Mo(n,2n)

Reaction

The excitation function of the 1% Mo(n,21)% Mo reaction has measured at
average neutron energies of 10.95 & 0.45, 13.97 £ 0.68, 16.99 £ 0.53, and
20.00 + 0.58 MeV, respectively, relative to the 2/ Al(n, #)?*Na monitor reac-
tion cross-sections. The uncertainties in the measurement were calculated
by using covariance analysis similar to the 2>2Th(n, ) reaction. Detailed
calculations of error analysis are provided in Appendix A. The results are
tabulated in Table 5.18 and are plotted in comparison with the theoretical
data from TALYS-1.9 [26], ALICE-2014 [77,78], literature data [79-87], and
with the evaluated data libraries like; ENDF/B-VII.1 [50], JENDL-4.0 [51],
JEFF-3.2 [52], and CNEDL-3.1 [53], in Figures 5.11 and 5.12. It is obvious
from the figure 5.11 that, the present results are in a good agreement with
the literature and evaluated data libraries. Most of the experimental data are
concentrated around 14 MeV only, with minor uncertainties. The literature
data consist of the measurements done with the neutrons generated by D-D,
D-T reactions [79-86] and 7 Li(p, n) reaction [87]. The present data were also
measured using ”Li(p, n) generated quasi-monoenergetic neutrons. Results
from TALYS-1.9 default were also found fairly good in order to reproduce
the overall trend of the data. The evaluated data were also found to re-
produce the literature data satisfactorily as can be seen in figure 5.12. The
uncertainties in present data were measured within the range of 12 — 18%.
In which, a major contribution comes from the errors present in monitor
reaction cross-section on evaluated data library ENDF/B-VIL1 [50].
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5.8.1 Theoretical Calculation within the Framework of
TALYS-1.9 and ALICE-2017 codes

The level density models (Idmodels 1-6) [88-93]'® in TALYS-1.9 [26] were
tested with ALICE-2017 [77,78] to fit the present results. A comparison is
shown in Figure 5.11. It can be observed from the figure that the ldmodels
1,2,4 and 5 [40,41,43,44] are able to fit and follow the trend of the data
more accurately than ldmodels 3 and 6 [42,45], which are found to under-
predict the reaction data up to ~ 15 MeV than an over-prediction of the
data can be observed. However, the experimental data can be fitted more
precisely by using a modified set of input level density parameters as
shown in Figure 5.12. The parameters used to fit the data are given in
Table 5.19. ALICE [77,78] was used to test and compare the results of
TALYS code. The use of ALICE together with TALYS provides a test for
the code as TALYS has been used commonly by different authors to predict
light-ion induced reaction cross-section data, on the other hand, ALICE has
been used extensively for heavy-ion induced reactions. ALICE successfully
produced the trend and shape of the excitation function, however, the data
values were marginally over-predicted within the energy range of 11-17
MeV. The over-prediction of the data may attribute to the over estimation of
the compound nucleus process rather than pre-equilibrium. To check this
with TALYS, the PE calculations were simply switched on and off within
the input description of the code. The results of these calculations are
plotted in Figure 5.13. It is evident from the figure that, there is a significant
contribution from the PE process in the formation of the * Mo isotope for
the incident energies above 10 MeV. In comparison with ALICE, TALYS
model code was found more suitable in order to reproduce the 1% Mo(n, 2n)
reaction data.

Table 5.18: '“°Mo(n,2n)% Mo reaction cross-sections [22] compare with ENDF-
B/VIL.1, JENDL-4.0 and TALYS-1.9 data

ENn Flux Cross-Section (mb)
(MeV) (n cm™2s7 1) Corrected ENDF JENDL TALYS

10954045 727 x10° 1243.89 £156.73 112028 1092.62 1289.20
1397 £0.68 1.48 x 10° 142253 +190.61 1478.30 1375.23 1533.38
1699 +0.53 2.68 x 10°  1216.82 +159.40 1393.71 132621 1286.85
20.00 £0.58 3.09 x 10° 774.96 = 98.41 612.44 92511 671.88

18Details regarding the ldmodels in TALYS are given in subsection 4.1.1
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Figure 5.11: A comparison of the present results, literature data [79-87], and the
theoretical results from different level density models (Idmodel 1-6) [40—45] of
TALYS-1.9 [26] for ' Mo(n,2n)% Mo reaction.

1800 — T T 1 T .
F 106,20 L - - -~
1600 |- PR 4
1400 |- -
S 1200 | -
g L
c 1000 F -
S -
Sl I
g 800 Semkova et al. (2014) 1
& L Filantenkov (2016) i
n A Reimer et al. (2005) i
o 600 V¥ Tran Due Thiep —— TALYS-1.9 default
O I et al(2003) —— TALYS-1.9 modified ]
400 4 Rahman et al. (1985) - — ALICE-2017 -
L <« Marcinkowski et al. (1986) ENDF-B/VII.1
200 Xiangzhong et al. (1991) - - - - JENDL-4.0 i
* Badwar et al. (2017) —-— JEFF-3.2
I @ Present Data —--=CENDL-3.1
0 lefr., 1 A 1 A 1 . 1 A 1 . 1 A
8 10 12 14 16 18 20 22

Neutron Energy (MeV)

Figure 5.12: A comparison of the present results, literature data [79-87], evaluated
data from ENDF/B-VII.1 [50], JENDL-4.0 [51], JEFF-3.2 [52], CENDL-3.1 [53] data
libraries and the theoretical results from default and modified input level density
parameters in TALYS-1.9 [26] for ®° Mo (n, 21)% Mo reaction.
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Figure 5.13: A comparison of the literature data [79-87] with PE calculations of
TALYS-1.9 [26] and ALICE-2014 [77,78] (default) values.

Table 5.19: Default and adjusted parameters used in the TALYS-1.9 calculations

Parameter CTM default CTM adjusted

« 0.06926 0.03974
B 0.28269 0.28269
Y1 0.4331 0.04331

5.8.2 Calculation of '®Mo(n,2n) reaction cross-sections us-
ing systematic formulas around 14.5 MeV

In addition to the comparison of measured data with nuclear code, the ex-
perimentally measured (n, p), (n, 2n) and (1, x) reaction cross-section data of
Mo isotopes available on EXFOR [57] data library were also compared with
systematic formulas developed by different authors [28-38]. The systematic
formulas for (n, p), (n, 2n) and (1, «) are listed in Tables 5.20, and 5.21,
respectively. The calculated cross-section using given systematics for the
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different isotopes produced via the (n, p), (n, 2n), and (1, ) reaction chan-
nels of Mo isotopes are listed in Table 5.22. The calculated cross-sections
are compared with EXFOR data for respected isotope at 14.5 MeV. The
table 5.22 shows that the calculated cross-sections are in agreement with
each other and were found to be successful in reproducing experimental
data, except for the results calculated using Forrest [32] and Bychkov [33]
systematics. The results from Kasugai [30] and Luo [34] were measured
as the closest to experimental data from EXFOR [57]. Among, the possible
(n, 2n) reactions for Mo isotopes; *Mo(n,2n)?> Mo and % Mo(n, 2n) Mo;
there is no datum available for the prior, however, the present measured
datum for % Mo isotope around 14 MeV is successfully reproduced by the
systematic formulas. Furthermore, the literature data for the (1, ) reac-
tion cross-sections were also reproduced satisfactorily up to an acceptable
degrees by using the systematics given in Table 5.21.

5.9 Excitation Function of the **Ni(#, x) Reaction

The excitation functions of the *® Ni(n, p)°®Co and *®Ni(n, 2n)” Ni reactions
were measured at average neutron energies within the range of 3-19 MeV rel-
ative to 7 Au(n, v), '"*In(n,n’) and % Al (n, «) monitor reactions as shown
in Table 5.23. The uncertainties in the corrected cross-sections were cal-
culated with covariance technique and were found to be in the range of
11 — 16%. The tailing corrected cross-sections with uncertainties are listed
in Table 5.23 for both the reactions, however, the detailed calculations for
generating covariance matrices for efficiency of the detector used and cross-
sections are provided in Appendix A. The present results were compared
with the literature data [11,94-130], theoretical model predictions from
TALYS-1.9 [26] & EMPIRE-3.2.3-Malta [27] codes using available input level
density and PE models, ENDF/B-VIIL.1 [50], JENDL-4.0 [51], JEFF-3.2 [52],
and CENDL-3.1 [53] evaluated data libraries. The results are plotted in the
Figures 5.14-5.17. The excitation function of the *® Ni(n, p)°®Co reaction is
shown in Figure 5.14. It can be observed from the figure that the present
results are in agreement with the literature data [11,94-122]. Among the five
data points, the first two at neutron energies 2.97 - 0.19 and 3.37 & 0.23 MeV
were measured relative to 197Au(n, 7)198Au monitor reaction, whereas, the
rest three at 5.99 £ 0.48, 13.97 £ 0.68, and 16.99 & 0.53 MeV, respectively,
were measured relative to 1'°In(n, n')11>" In reaction cross-sections. The
present data agree well with the findings of previous measurements. The
errors in the monitor cross-sections contribute to the larger uncertainties in
the measured data above 5 MeV as compared to literature data. The errors
in the reported cross-sections in literature were calculated by following
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traditional method of taking the quadratic sum of systematic and statistical
errors, which do not include the uncertainties present in monitor data. The
present case shows the importance of detailed error analysis for the neutron
data. The measured cross-sections largely depend on monitor data, which
can be easily calculated by covariance method. It can also be observed
from the figure 5.14 that, there exist a few minor discrepancies among the
reported data [94,102,103,107,110,116,119]. However, most of the data
follow the trend of the cross-sections very well. Evaluated data libraries;
ENDEF/B-VIIL.1 [50], JENDL-4.0 [51], JEFF-3.2 [52], and CENDL-3.1 [53] were
also found successful in order to reproduce the literature data as can be
seen from Figure 5.15.

Table 5.23: The Measured cross sections for the * Ni(n, p)*®Co and *®Ni(n,2n)> Ni
reactions [23]

Neutron Energy 8 Ni(n, p)>Co 8 Ni(n,2n)% Ni
Flux Cross-section Flux Cross-section
(MeV) (nem=2s71) (mb) (nem=2s71) (mb)
297 +0.19 3.5 x 10° 198.07 £ 23.37 — —
3.37 +0.23 3.8 x10°  252.21 £33.79 — —
5.99 + 0.48 24 x10° 547.32 +76.07 — —

13.97 4+ 0.68 32x10° 4212945898 148 x10° 31.28+4.16
16.99 + 0.53 6.05 x 10° 178.47+29.8 2.68 x 10°  65.67 +9.59

The *8Ni(n,2n)% Ni reaction cross-sections were measured at average
neutron energies of 13.97 + 0.68, and 16.99 4 0.53 MeV, relative to the
27 Al(n,a)** Na monitor cross-sections. A comparison of the present results
with the literature data is shown in Figure 5.16. Most of the literature data
[11,112-130] from the figure can be found to be concentrated around 14 MeV.
The data [11,114,116,119,123,124,130] above 15 MeV contain minor discrep-
ancies. The trend of the data above 15 MeV shows a general disagreement
among the data from different authors [11,116,119,123,124,130], which may
attribute to the monitor reaction cross-sections. The present data were found
in agreement with the literature data, except Refs. [114,119,123,124,130].
An uncertainty of ~ 2.5% [50] from %’ Al(n, «) reaction attribute to the total
uncertainty in the measured data. The evaluated data also found to be in
accordance with the present and the literature data.
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Figure 5.14: A comparison of present data with the literature data [11,94-122] and
the theoretical reaction cross-section calculations using the TALYS-1.9 [26] code.
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Figure 5.15: A comparison of present data with the literature data [11,94-122], the
evaluated data [50-53], and the theoretical reaction cross-section calculations using
the EMPIRE-3.2.2-Malta [27] code.
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Figure 5.16: A comparison of present data with the literature data [11,112-130] and
the theoretical reaction cross-section calculations using the TALYS-1.9 [26] code.

100 T T v T T T T
*®Ni(n, 2n)*'Ni ]
— — ENDF/B-VIL1
80 - - - JENDL40 S 1
-+« - CENDL-3.1 . L8
—-— JEFF-33 N A
_ —— EMPIRE-3.2.3 (Malta) . %, % % 3 \
Q - - - LEVDEN1 y - o -7 I 4+ 3
£ 60} - -Levben2 , P Lt \
c - - - LEVDEN3 / P \
g Q@ Present Data /‘ 7 3
S s < Ref.[123] Ref. [117]
o 40| Ref: [131]- « _Ref. [127] |
& A Ref.[121] O Ref.[116]
S Ref. [122] Ref. [11]. |
S < Ref.[130] <4 Ref.[115]
> Ref.[119] 4 Ref.[126]
20 - < Ref.[120] X Ref.[114] T
© Ref.[129] # Ref.[125]
Ref.[118] ¥ Ref.[113] -
_ A v Ref.[128] O Ref.[124]
0 ot (- 1 L 1 L 1 . 1 . 1 . ] L
12 13 14 15 16 17 18 19 20 21

Neutron Energy (MeV)

Figure 5.17: A comparison of present data with the literature data [11,112-130],
the evaluated data [50-53], and the theoretical reaction cross-section calculations
using the EMPIRE-3.2.2-Malta [27] codes.
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Figure 5.18: A comparison of present data with the literature data [11,94-122], and
the theoretical reaction cross-section calculations (default and by switching off the
PE contribution) using the TALYS-1.9 [26] and EMPIRE-3.2.2-Malta [27] codes.
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Figure 5.19: A comparison of present data with the literature data [11,112-130],
and the theoretical reaction cross-section calculations (default and by switching off
the PE contribution) using the TALYS-1.9 [26] and EMPIRE-3.2.2-Malta [27] code.
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Table 5.24: A comparison of the calculated [¢(, )] results from different systematics
with the data from EXFOR library at ~ 14.5 MeV neutron energy.

Cross-Section 0(,, .,y (mb)

A Levkovski Ali-Tahar Doczi Habbani Forrest Measured Data at
[28] [29] [31] [35] [32] 14.5 MeV 14.6 MeV
112 45.49 56.172 59.951 29.934 48.512 No Data 33.0£6.0
23.0+15.0
114 27.053 33.214 41.492 22.218 49512 No Data 105.0 - 30.0
115 21.006 25.724 34.566 15.269 50.512 No Data 36.0£28
116 16.383 20.012 28.824 13.395 51.512 54415 8.1+1.7
117 12.832 15.636 24.06 9.938 52512 16.0+£2.6 12404
118 10.093 12.268 20.104 8.216 9.601 No Data 16.0 + 6.0
119 7.971 9.666 16.816 6.564 6.958 101.1+£25 No Data
120 6.32 7.646 14.081 5.124 5.048 46+1.2 2.74+05
122 4.02 4.841 9.906 3.245 2.664 No Data 0.18 + 0.06
124 2.594 3.11 7.000 2.087 1.413 No Data No Data

Table 5.25: A comparison of the calculated [0y, 5,,)] results from different systemat-
ics with the data from EXFOR library at ~ 14.5 MeV neutron energy.

Cross-Section 0, 5,y (mb)

A Chatterjee Luand Fink Bychkov Habbani Measured Data

[36] [37] [33] [35] at 14.5 MeV
112 1.2766 1.1878 1.1519 1.1598 No Data
114 1.3241 1.3444 1.2446 1.1681 No Data
115 1.3479 1.3993 1.2869 1.2768 No Data
116 1.3718 1.4434 1.3268 1.2477 No Data
117 1.3958 1.4794 1.3645 1.3579 No Data
118 1.4198 1.5091 1.4003 1.3299 0.794 = 0.109
119 1.4439 1.534 1.4341 1.4413 No Data
120 1.468 1.5551 1.4663 1.4149 No Data
122 1.5165 1.5893 1.5261 1.5024 No Data
124 1.5652 1.6163 1.5807 1.5925 No Data
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5.9.1 Theoretical Calculation within the Framework of
TALYS-1.9 and EMPIRE-3.2.3-Malta codes

The present results were compared with the theoretical data generated
using TALYS-1.9 [26] and EMPIRE-3.2.3-Malta [27] codes. The level density
models present in both the codes were tested to find a better agreement
with the literature data for > Ni(n, x) reactions. A comparison of theoretical
results with the literature data is shown in Figures 5.14-5.17. It can be seen
from the figures 5.14 and 5.15 that the TALYS is in better agreement with
the literature data as compared to the EMPIRE reproductions. The level
density models 1, 2 and 4 [40,41,43] were also found suitable to reproduce
the reaction data, however, the rest of the ldmodels under-predicted the
CN contribution to the (n, p) channel. On the other hand, the level density
models from EMPIRE were only found to reproduce the trend of the cross-
section data. Also, the distribution was found to be shifted towards the
higher incident energies. A similar trend of both the codes can be seen from
the figures 5.16 and 5.17 for ®Ni(n,2n) data. The TALYS reproductions
using ldmodel 1 and 2 [40,41] were found to be successful in order to fit
the data accurately. On the other hand, none of the level density model
tfrom EMPIRE was able to fit the data accurately. The over-prediction
showed by the EMPIRE results is due to the over estimation of the CN
formation for both the reaction channels. To fit the data more precisely, the
codes were tested with pure CN and CN+PE calculations. The results of
PE calculations are plotted in Figures 5.18 and 5.19, for (n, p) and (n, 2n)
channels, respectively. It is noted from the figure 5.18 that, both the codes
over estimated the data after switching off the PE calculations. However,
both the codes fit the literature data precisely by switching off the PE part
of the calculations. The present exercise suggests that there may be minor
contribution from the PE process in the formation of both **Co and >’ Ni
isotopes. Also, TALYS has been found more suitable in order to fit the
literature data.

5.10 Theoretical Study of the Reaction
Cross-sections for Tin (Sn) isotopes

In addition to the experimental measurements of the reaction cross-sections
of reactor isotopes, a theoretical calculation for tin isotopes was also car-
ried out keeping the importance of those in mind. A rigorous literature
survey for the neutron induced reactions of Sn isotopes shows that most
of the data [133-144] are concentrated only around 14 MeV [57]. Sn being
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a magic nucleus shows considerably less neutron capture cross-section,
which makes the experimental study of the n-induced reactions, tedious.
An attempt has been made to test the nuclear model codes, TALYS [26] and
EMPIRE [27], in order to produce the available literature data precisely. This
present a test for the nuclear model codes so that users can be confident
to use the codes to predict the reaction cross-section data. In order to do
so, the level density models available in both the codes were used to fit
the literature data. The comparison of the literature data with TALYS [26]
and EMPIRE [27] are plotted in Figures 5.20-5.25. The ENDF/B-VII.1 [50]
evaluated data have been used as reference for each comparison. Further-
more, different systematics [28,29,31-33,35-37] given in Table 5.20 were
also used to reproduce the (n, p) and (n, 2n) reaction literature data at
14.5 MeV incident neutron energy. The doubly-magic nature of the nuclei
makes the case more interesting. The results calculated using systematics
are given in Tables 5.24 and 5.25, respectively, for (n, p) and (n, 2n) reaction
cross-sections. From Table 5.24, it can be observed that the systematic data
are in a fair agreement with the experimentally measured cross-section data.
It can be observed from both the tables that a very limited amount of data
are available for the neutron induced reactions on Sn isotopes.

The theoretically calculated cross-sections using different level density
models from both TALYS and EMPIRE are plotted in Figures 5.20-5.25,
for 116Sn(n, p)101n, 7 Sn(n, p) 'V In, W Sn(n, p) V7" In, 18Sn(n, 2n) 117" Sn,
120651 (n,2n) 119" Sn, and 124Sn(n, 2n)'23" Sn reactions, respectively. In gen-
eral, it can be observed from the figures that the data have only been
measured around 14 MeV incident neutron energies. The mono-energetic
sources have been used for the experimental studies. There are minor uncer-
tainties present in the data for the 117 Sn(n, p) 1171177 [ and 124 Sn(n, 2n) 123" Sn
reactions, as can be seen from the figures 5.21, 5.22, and 5.25, respectively.
On the other hand, only one experimental measurement is available for the
120611 (n, 2n) 119 Sn reaction. It can be seen from the figure 5.20 that none
of the level density model (LEVDEN 0-3) [40—42,131, 132] from EMPIRE
is found to fit the data satisfactorily, however, the level density model 4,5
(ldmodel-4,5) [43,44] were found to be able to reproduce the data up to
an acceptable degree. A general disagreement among the different mea-
sured data can be observed from the figure 5.21. All the level density
models from both the codes were found to reproduce the trend of the
data [134-141] and the ENDF/B-VIL.1 [50] data, except the LEVDEN-1 and
2 [40,41] from the EMPIRE [27] code. The comparison of 1Y Sn(n, p)'17" In
reaction data [134-141] with theoretical results is plotted in figure 5.22. It
can be observed that the only data from Hasan et al., [139] matches with
the ENDF/B-VIIL1 [50] results. The data from Ikeda et al., [134] produces a
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trend of cross-sections within 13-15 MeV energies. Depending upon which,
the TALYS level density models were found suitable for the fitting of the
available data keeping the fact that TALYS values do not match with the
ENDF data. The EMPIRE calculation results were found to follow the trend
of ENDF data, except LEVDEN-2. Depending upon the trend of all the
measured reaction data, TALYS results were found satisfactory to reproduce
the measured data.
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Figure 5.20: Experimental cross-sections for 116Sn(n, p)11¢In reaction fitted with
ENDEF/B-VII1 [50] and different level density parameters using TALYS-1.8 [26]
and EMPIRE-3.2.2 [27].

The (n, 2n) reaction cross-sections for 181201245y jsotopes are plotted in
Figures 5.23, 5.24, and 5.25, respectively. The theoretical reproductions from
TALYS [26] and EMPIRE [27] were found to follow the trend of experimental
data. The evaluated data from ENDF/B-VII.1 [50] were found to be higher
than the theoretical and measured data by an order of 2. However, the
ldmodel-5 from TALYS and LEVDEN-1,4 were found to be successful for
the reproduction of the data. A comparison of the measured data for
120811 (n, 2n) 119" Sn reaction taken from the EXFOR library, are plotted in
figure 5.24. There is only one data point by Lulic et al., [140] available for the
present reaction, which agrees well with the ENDF/B-VIL.1 [50] evaluated
data. The TALYS and EMPIRE values were found to produce the trend of
the ENDF data. A concrete conclusion can not be made due to the scarcity
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Figure 5.21: Experimental cross-sections for 1Y Sn(n, p)!17In reaction fitted with
ENDEF/B-VII.1 [50] and different level density parameters using TALYS-1.8 [26]
and EMPIRE-3.2.2 [27].
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ENDEF/B-VII.1 [50] and different level density parameters using TALYS-1.8 [26]
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Figure 5.25: Experimental cross-sections for 124Sn(n, 211)123" S reaction fitted with
ENDEF/B-VII.1 [50] and different level density parameters using TALYS-1.8 [26]
and EMPIRE-3.2.2 [27].

of the data for the present case. The experimental ?4Sn(n,2n)12%"Sn
reaction cross-section data compared with the evaluated and theoretical
data are plotted in Figure 5.25. It can be observed from the figure that the
measured data are in accordance among each other and with ldmodel-1
from TALYS, except the data from Klyucharev et al., [144]. The results from
EMPIRE were found either over-predicting or under-predicting the data.
Based on the discussion provided above, the TALYS nuclear model code
was found better for the prediction of the presented data.
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