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Abstract-The (n, y) and (n, 2n) reaction cross-section of 38y at average neutron energies of 13.5 and 17.28 MeV from the 7Li(p,
n)’Be reaction has been determined using activation and off-line y—ray spectrometric technique. The experimentally determined
mU(n, y)mU and mU(n, 2n)23 U reaction cross-sections from present work were compared with the evaluated data of ENDF/BVIIL.0
and JENDL-4.0, JEFF-3.1/A and CENDL-3.1 (referenced in text). The experimental values were found to be in general agreement
with the evaluated values obtained using ENDF/BVIL.0, JENDL-4.0 and JEFF-3.1/A but it differs with the values obtained using
CENDL-3.1. The present data along with literature data in a wide range of neutron energies were interpreted in terms of
competition between 28y (n, v), (n, f), (n, nf) and (n, xn) reactions channels. The B8y (n, v) and 28U (n, 2n) reaction cross-sections
were also calculated theoretically using the TALYS 1.4 computer code and were found to be in general agreement with the
experimental data.

Keywords- 380 (n, y)B U and » 8U(n, 2n)*’U Reaction Cross-Sections; 7Li(p, n)’Be Reaction; Average Neutron Energy; E, = 13.5
and 17.28 MeV; Off-Line y-Ray Spectrometric Technique; TALYS Calculation

I. INTRODUCTION

One of the major components of the nuclear waste comprises of long-lived minor actinides such as »*'Np, **°Pu, **' Am,
Am and ***Cm. Almost all the minor actinides are generated due to capture (n, y) and (n, 2n) reactions of 28U and *Pu
followed by beta decay. For electricity generation, for many decades, Light Water Reactors (both pressurised and boiling type
PWR & BWR) or Heavy Water Reactors (HWR) is primary reactors of choice. In these reactors appreciable amount of »*'Np is
produced by (n, 2n) and (n, y) reactions. The fuels used in these reactors are mainly based on enriched or natural uranium.
“"Np is one of the most problematic minor actinides generated in these reactors. After million of years, >*’Np dominates in
terms of radio-toxicity to the population because of the leakage of the actinide from the disposal site. In order to avoid this, the
concept of advanced heavy water reactor AHWR [1, 2] has been proposed in the recent past to generate nuclear power. In
AHWR, **Th-"*U in the oxide form is used as the primary fuel, where the production of long lived minor actinides such as
“"Np, Z'Np, 2*°Pu, **' Am, ** Am and **Cm can be avoided. Significant effort has also been made to developed fast reactor [3-
7] to fulfil the increased demand of power production. In the fast reactor **U-*’Pu in the form of carbide is used as the
primary fuel. Since the fast reactor has a fast neutron spectrum, the production of long-lived minor actinides can be suppressed.
The **’Pu used in the fast reactor is first generated in a research reactor from 28U(n, v)*°U reaction followed by successive
two beta decays. A schematic diagram of (n, y) and (n, 2n) reaction of **U followed beta decay in the U-Pu fuel cycle is
shown below.
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In the fast reactor, 2*U is used as the breeding material to regenerate the fissile material 2’Pu. Thus the production of
fissile nucleus *’Pu depends on the *U(n, y)**’U reaction cross-section, which is required with an accuracy of 1-2% for
predicting the dynamical behaviour of complex arrangements in fast reactors [8, 9] safely. In fusion-fission hybrid systems, a
sensitivity study has shown that the production rate of 2*’Pu can be predicted within 1%, provided that the “**U(n, y)**’U cross-
section between 3 keV and 3 MeV is known within 2 % [10]. In fast breeder reactors the most important region for neutron
capture of ***U lies between 10 keV and 100 keV [11]. At neutron energy of 100 keV, the ***U(n, y)**’U reaction cross-section
shows a sharp increase trend due to resonance neutron capture. Thereafter it decreases up to 6-7 MeV, where the **U(n,
2n)>"U reaction cross-section starts. The fast reactor has harder neutron spectrum with neutron energy up to 15 MeV, whereas
the **U(n, 2n)*"U reaction cross-section has threshold energy of 6.18 MeV. Thus above the neutron energy of 6.18 MeV, the
28U(n, 2n)*"U reaction is one of the reaction channels besides (n, f) and (n, y) reactions of **U. Above neutron energy of
6.18 MeV, the ***U(n, 2n)*"U reaction cross-section increases rapidly. Thus the ***U(n, y)*’U and ***U(n, 2n)*"U reactions
cross-sections at higher neutron energy have a strong impact on the performance and safety assessment for fast reactor [12].

Besides the above two reactions, 2’Pu(n, v)**’Pu and **°Pu(n, 2n)***Pu reactions will also occur in the fast reactor. Out of
these two reactions, *’Pu(n, 2n)***Pu is of interest from its application point of view. ***Pu is used as a heat source in radio
thermal generators to produce electricity for a variety of purposes including unmanned spacecraft and interplanetary probe. ***Pu
is also generated through ’Np(n, y)**Np reaction followed by successive beta decay. However, 2*'Np itself is generated from
2¥U(n, 2n)*’U reaction followed by beta decay. Thus at various neutron energies, it is necessary to have knowledge about the
28U(n, 2n)*"U reaction cross-section besides the >**U(n, 7)23 ’U reaction cross-section.

The *U(n, y)*°U reaction cross-section data are available in the literature over a wide range of neutron energies from
thermal to 18 MeV based on physical measurements [13-23] and activation technique [24-33]. Similarly, sufficient data on
28U(n, 2n)*"U reaction cross-section are also available in a wide range of neutron energy above 6 MeV from off-line y-ray
spectrometry and neutron activation methods [33-39].

From the literature data [13-33], it can be seen that the ***U(n, y)**’U reaction has numerous resonance cross-section from
thermal energy to 0.1 MeV. However, above neutron energy of 0.1 MeV the ***U(n, y)***U reaction cross-section decreases up
to 6-7 MeV [24, 26-28]. Above neutron energy of 7 MeV, the ***U(n, y)*°U reaction cross-section data of D. K. Mc Daniels et
al. [22] decrease sharply and remain almost constant up to14 MeV. At neutron energy of 9.85 MeV, the data of H. Naik et al.
[33] are comparable to the data of D. K. Daniels et al. [22]. At neutron energy of 17 MeV, the ***U(n, y)**’U reaction cross-
section data of Yu. G. Panitkin et al. [26, 27] and V. A. Tolstikov et al. [28] increase sharply and thereafter remain constant up
to 20 MeV. Within neutron energy of 6.18-20 MeV, the >**U(n, 2n)**"U reaction becomes the ?re—dominant mode besides (n, y)
and (n, ) reaction of ***U. It can be seen from Refs. [33-39] that the increase of ***U(n, 2n)*’U reaction cross-section is very
sharp from the neutron energy of 6.18 MeV to 7-8 MeV and then remains constant up to 13-14 MeV. Thereafter, it decreases
with increase of neutron energy due to opening of other channels such as (n, 2nf) and (n, xn) reactions.

II. DESCRIPTION OF THE EXPERIMENT

The 14UD BARC-TIFR Pelletron facility at Mumbai, India [33] was used to carry out the present experiment. The proton
beam main line at 6 m height above the analysing magnet of the Pelletron facility was utilize to obtained the neutron beam by
using the "Li(p, n)’Be reaction. The proton energies of the experiment were 16 and 20 MeV, respectively. The energy spread for
proton beam was maximum 50-90 keV. A collimator of 6 mm diameter was used before the Li target to avoid the energy spread
of the proton beam. The lithium foil used for neutron production was made up of natural lithium with thickness of 3.7 mg/cm’?,
sandwiched between two tantalum foils of different thickness. The front tantalum foil facing the proton beam has a thickness of
3.9 mg/cm?, in which degradation of proton energy is only 30 keV. On the other hand the back tantalum foil has a thickness of
0.025 mm, which is sufficient to stop the proton beam. Behind the Ta-Li-Ta stack, the samples used for irradiation were placed.

The samples consist of natural >**U metal foil, wrapped with 0.025 mm thick super pure aluminium foil of purity 99.999%.
The aluminium wrapper was used as a catcher to stop fission products recoiling out from the ***U metal foil during irradiation.
The size of *U metal foil was 1.0 cm® with thickness of 29.3 mg/cm?. The U sample wrapped with Al was mounted at zero
degree with respect to the beam direction at a distance of 2.1 cm from the location of the Ta-Li-Ta stack. A schematic diagram
of Ta-Li-Ta stack and sample is given in Fig. 1. Different sets of Ta-Li-Ta stacks and U sample wrapped with Al were made
for different irradiations at various neutron energies.
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Fig. 1 Schematic diagram showing the arrangement used for neutron irradiation
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The U sample along with Al wrapper was irradiated by the neutrons generated by impinging the proton beam on the lithium
metal foil through the thin tantalum foil of the Ta-Li-Ta metal stack. In the first set, the irradiation time was 7 h for neutron
beam corresponding to the proton beam energy of 16 MeV. Similarly, in the second set, the irradiation time was 6 h for
neutron beam corresponding to the proton beam energy of 20 MeV. The proton current during the irradiations varied from 300-
400 nA. For the proton energies of 16 and 20 MeV, the corresponding maximum neutron energies faced by U samples targets
were 13.5 and 17.28 MeV, respectively. After irradiation, the samples were cooled for sufficient time (6-24 h). Then the
irradiated target of U along with Al wrapper were mounted on different Perspex plates and taken for y-ray spectrometry.

The y-rays of fission/reaction products from the irradiated U sample was done at BARC using pre-calibrated HPGe detector
connected to a PC based 16K GAMMA FAST MCA with High Voltage Power Supply Card. The detector is a coaxial p-type
HPGe detector from EURASIS, France with relative efficiency of 50%. The resolution of the detector system was 2 keV at
1332.5 keV of ®Co. The detector has a 3> lead shielding on all sides to reduce the background of the system. The
measurements were repeated for several times to follow the decay of the radio nuclides. Measurements were done at suitable
distance between the sample and the end cap of the detector to keep the dead time within 5% to avoid pileup effects. The y-ray
counting of the sample was done in live time mode and was followed as a function of time. The energy and efficiency
calibration of the detector system was done by counting the y-ray energies of standard **Eu and **Ba sources [40-42] keeping
the same geometry, where the summation error was negligible. The uncertainty in the efficiency was 2-3%. The y-ray counting
of the irradiated U samples were done up to few months to check the half-life of the nuclides of interest. A typical y- ray
spectrum from the irradiated ***U sample for 2*U(n, y)**°U and ?*U(n, 2n)*’U reactions are given in Fig. 2.

1.00E+008 +

— 136.85 h cooled spectrum

8.00E+007 H

6.00E+007 H

Counts

4.00E+007

2.00E+007 +

21061 kev 1037 keV

<—228.2 keV
«=277.6 keV

0.00E+000

. . ; . ; .
50 100 150 200 250 300
Energy (keV)

Fig. 2 Gamma ray spectrum of irradiated ***U showing the y-ray energy of >*’U and *’Np

III. ANALYSIS OF THE EXPERIMENT

A. Calculation of the Neutron Energy

In the present experiment, the incident proton energies used were 16 and 20 MeV, respectively. Neutrons are generated by
the 'Li(p, n)'Be reaction. However, different reaction takes place when the proton beam heats the natural lithium target.
Natural lithium consists of isotopes °Li and 'Li with abundances 7.42% and 92.58% respectively. The degradation of the
proton energy on the front thin tantalum foil of 4 mg/cm” thickness is only 30 keV. The Q-value for the "Li(p, n)'Be reaction to
the ground state is -1.644 MeV, where as for the first excited state is 0.431 MeV above the ground state leading to an average
Q-value of -2.075 MeV. The ground state of "Be is having the threshold of 1.881 MeV, whereas the first excited state of 'Be is
having the threshold of 2.38 MeV. With 'Li, a second neutron group at Ep> 2.4 MeV is produced due to the population of the
first excited state of ‘Be. Thus for the proton energy of 16 and 20 MeV, the corresponding first group of (n,) neutron energies
are 14.12 and 18.12 MeV to the ground state of 'Be. For the first excited state of Be, the neutron energy of the second group
of neutrons (n;) will be 13.62 and 17.62 MeV, respectively. Fragmentation of *Be” to *He+'He+n (Q= -3.23 MeV) also occurs
when the proton energy exceeds the value 4.5 MeV and the other reaction channels are open to give continuous neutron
distribution besides ny and n; groups of neutrons. The branching ratio to the ground and first excited state of 'Be up to proton
energy of 7 MeV is given in the Refs. [43, 44], where as for proton energies from 4.2 MeV to 26 MeV is given in the Ref. [45].
For the proton energies of 16 and 20 MeV, the neutron spectra are continues one besides ny and n; group of neutrons. To
observe the trend of continuous neutron spectrum, we have generated (Fig. 3) it by using the neutron energy distribution given
in Refs. [43-45]. This distribution is obtained by shifting the peak by -0.5 MeV. So for the proton energies of 16 and 20 MeV
the peak of the neutron energies distribution are around 14.12 and 18.12 MeV (this scaling has been done due to the fact that
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the maximum neutron energy from 'Li(p, n) reaction cannot exceed (Ep-1.88) MeV. After removing the tailing distribution,
the average neutron energies under the main peak region were obtained as 13.50 = 0.35 and 18.28 + 0.35 MeV for the proton
energy of 16 and 20 MeV, respectively.
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Fig. 3 Neutron spectrum from "Li(p, n) reaction at E,=16.0 MeV calculated using the results of Meadows and Smith of Ref. [44]

B. Calculation of the Neutron Flux

The neutron flux was calculated using the yield (Y) of fission products such as ’Zr, extracted from the experimental yields
of Refs. [46, 47] assuming that the yields of asymmetric fission products in the fast neutron induced fission of ***U do not
change significantly with neutron energy. The equation used for such calculation is as follows.

o A (CL/CT)A
 N{o)Yae(l—e—At)(e—At)(1—e— ACL)

where A4,,, is the net area of the full energy photo-peak, which was calculated using the PHAST peak fitting program [48]. N is
the number of target atoms and oy is the 8U(n, f) cross-section taken from ref. [49]. ‘@’ is the branching intensity of the
gamma lines used and ¢ is its detection efficiency. ‘#’, T, CL and LT are the irradiation time, cooling time, clock time and
counting time respectively. In the above equation the CL/LT term has been used for dead time correction. At average neutron
energy of 13.5 and 17.28 MeV, the neutron flux calculated using Eq. (1) are (7.87+ 0.12) x10° n ecm™ s and (9.16+0.17) x10’
n cm” s™, respectively. Folding the neutron spectrum of Fig. 3 and Fig. 4 [45] with ***U(n, f) cross section [49] at different
neutron energies gives average fission cross-section.

M

10
B E =20 MeV
s
@ B
£ -
6 —
e
B L
5 4
R=! =
o B
é’ L
2 -
C 1 1

E (MeV)

Fig. 4 Neutron spectrum from "Li(p, n) reaction at E,=20.0 MeV calculated using the results of Meadows and Smith of Ref. [44]

C. Determination of >*U(n, y)*°U and ***U(n, 2n)**’U Reaction Cross-Sections and Their Results

For the calculation of ***U(n, v)*°U and ***U(n, 2n)*"U reactions cross-sections, the nuclear spectroscopic data used in the
present work, are taken from the Refs. [40-42] and are given in Table 1. It can be seen from Table 1 that the reaction product
“%U has the half-life of 23.54 min. Within 3 h, it decays 99.6% to its daughter product **Np having half-life of 2.355 days. In
the present experiment, since the cooling time of the irradiated samples were 6-24 h, more than 99.6% of **°U has decays to its
daughter product “*Np. Thus the ***U(n, y)*’U reaction cross-section (o) can be calculated from the y-ray activity of **Np
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measured after sufficient cooling time (6-24 h). For the calculation of the >**U(n, 2n)*'U reaction cross-section, the y-ray
activity of 2’U was used after 24-48 hours. The net area of the full energy photo-peak (A, for the y-lines of %*’U and **Np
are obtained by using PHAST [48] fitting program. The net photo-peak (A, for the y-lines of >*’U and **’Np is related to the
cross-sections (o) for the 2*U(n, y)***U and ?*U(n, 2n)**"U reactions with the Eq. (2) as

oe A, (CL/LT)A
- ng(l_ef,u)(eﬂu)(l _e—ACL)

2

All terms in Eq. (2) have the similar meaning as in the Eq. (1).

TABLE I NUCLEAR SPECTROSCOPIC DATA USED IN THE CALCULATION TAKEN FROM REFS. [40-42]

S.No Nuclide Half life Y'r“({(jg‘;rgy vray "‘(E}Sldame
1 U-237 6.75d 101.1 26.0
208.0 22.0
2 U-239 23.54m 74.7 522
3 Np-239 2.355d 103.7 23.9
106.1 227
2282 10.7
2779 142
4 7r-97 169 h 7433 92.8

At average neutron energy of 13.5 MeV, the neutron flux (®) of (7.87+0.12) x10° and (6.69+0.14) x10° n em? s were
used in Eq. (2) to calculate the **U(n, y)*U and **U(n, 2n)*"U reaction cross-sections, which are 1.992+0.08 and
1516.75+105.98 mb, respectively. Similarly, at average neutron energy of 17.28 MeV the neutron flux (®) of (9.16+0.17) x10’
and (6.96+0.18) x10"n cm™ s were used to calculate the 2**U(n, v)*°U and ***U(n, 2n)**"U reaction cross-sections, which are
1.276+0.07 mb and 1001.58+25.6 mb, respectively.

It can be seen from Fig. 3 and Fig. 4 that there is substantial contribution to the neutron flux from the tail region at the
proton energy of 16 and 20 MeV, respectively. Thus for ***U(n, y)**’U reaction, the low energy neutrons also contribute to the
cross-section. In view of this the contribution from the tail region to ***U(n, y)**U reaction has been estimated using the
evaluated nuclear data file ENDF/B-VII[50] and Japanese evaluated nuclear data library JENDL-4.0 [51] by folding the cross-
sections with neutron flux distributions. The contribution to the cross-section of the **U(n, y)*U reaction from the above
evaluation at Ep = 16 MeV are 1.325 mb and 0.972 mb from ENDF/B-VII [50] and JENDL-4.0 [51], respectively. Similarly, at
Ep = 20 MeV, the contribution to the cross-section of the mU(n, y)mU reaction from the above evaluation are 0.86 mb and
0.612 mb from ENDF/B-VII [50] and JENDL-4.0[51], respectively. The actual value of ***U(n, y)**°U reaction-cross section
due to the neutrons from the main peak of the ny and n; groups of the neutron spectrum is obtained after subtracting the
average cross-section due to neutrons from tail region from the before mentioned experimental data. Thus the actual
experimentally obtained **U(n, y)**°U reaction cross-sections at average neutron energies of 13.5 and 17.28 MeV
corresponding to proton energy of 16 MeV and 20 MeV are 0.844+0.08 mb and 0.546+0.07 mb, which are given in Table 2. In
a similar way, the contribution to the **U(n, 2n)*"U reaction cross-section due to the tailing part of the neutron spectrum was
evaluated. These are about 497.2 mb from ENDF/B-VIL.0 [50] and 493.5 mb from JENDL-4.0 [51] for the average neutron
energies of 13.5 corresponding to proton energy of 16 MeV. Similarly, at average neutron energy of 17.28 MeV corresponding
to proton energy of 20 MeV, these are 558.43 mb from ENDF/B-VIL.0 [50]and 531.2 mb from JENDL-4.0 [51], respectively.
Thus the actual experimentally obtained ***U(n, 2n)**"U reaction cross-section at average neutron energy of 13.5 and 17.28
MeV from present work are 1021.37+ 106.0 mb and 456.78 +25.6 mb, which are given in Table 2.

TABLE 11 Z*U(N, I)*U AND ***U(N, 2N)*U REACTION CROSS-SECTIONS AT DIFFERENT NEUTRON ENERGIES

Cross Section ( mb)

Neutron Energy Neutron Flux
(MeV) (n/cm? /sec)
Expt. ENDEF/B-VIIL.O JENDL-4.0
ZSRU(n 'Y)B(}U
13.5 (7.87£0.12) x 10° 0.844+0.080 0.930 0.656
17.28 (9.16£0.17 ) x 107 0.546+0.070 0.460 0.277
238U (n, 2n)237U

13.5 (6.69£0.14)x 10°  1021.37£106.00 1049.4 1294.8
17.28 (6.960.18 ) x 107 456.78+ 25.60 331.43 3279

For **U(n, y)*°U and ***U(n, 2n)*"U reactions the neutron energies are 13.5 and 17.28 MeV.
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The uncertainties associated to the measured cross-sections come from the combination of two experimental data sets. This
overall uncertainty is the quadratic sum of both random and systematic errors. The random error in the observed activity is
primarily due to counting statistics of y-ray activities of reaction products “*’Np from **U(n, y) reaction and U from **U(n,
2n) reaction, which is estimated to be 10-15%. This can be determined by accumulating the data for an optimum time period
that depends on the half-life of nuclides of interest. The systematic errors are due to uncertainties in neutron flux estimation
(~4%), correction in the ***U(n, v)*°U and ***U(n, 2n)**"U reaction cross-sections due to the tail part of the neutron (~4%) the
irradiation time (~2%), the detection efficiency calibration (~3%), the half-life of the reaction/fission products and the y-ray
abundances (~2%) as reported in references [40-42]. Thus the total systematic error is about 7%. The overall uncertainty is
found to range between 12 to 17%, coming from the square root of quadratic sum of a statistical error of 10-15% and a
systematic error of 7%.

IV.DISCUSSION

The Z*U(n, v)*°U and *U(n, 2n)*"U reaction cross-sections at average neutron energies of 13.5 and 17.28 MeV of
present work are determined using a neutron source from 'Li(p, n) reaction. Since the average neutron energies of 13.5 and
17.28 MeV were obtained from "Li(p, n) reaction at proton energies of 16 and 20 MeV, the neutron spectrum has some tailing
(Fig. 3 and Fig. 4). Thus the correction to the ***U(n, y)**U and ***U(n, 2n)**"U reaction cross-section due to the tail part of the
neutron spectrum have been taken care, which has been mentioned in the analysis section. Same approach has been used in the
earlier work [33] for the measurement of neutron induced reaction cross-section of ***U at neutron energies of 3.7 and 9.85
MeV corresponding to the proton energies of 5.6 and 12 MeV, respectively. In order to examine the validity of the present
approach, the experimentally determined ***U(n, y)*°U and the ***U(n, 2n)**"U reaction cross-sections were compared with the
evaluated data from ENDF/B-VII.O [50], JENDL 4.0 [51], Joint evaluation fission and fusion nuclear data library JEFF-3.1/A
[52]and Chinese evaluated nuclear data library CENDL-3.1 [53]. These evaluated reaction cross-sections for ***U(n, y)**°U
reaction from ENDF/B-VIL0 [50]and JENDL 4.0 [51] are quoted in Table 2 for the neutron energies of 13.5 and 17.28 MeV
because of the finite width of neutron energy under the main peak of Fig. 3 and Fig 4. Similarly for the >**U(n, 2n)**"U reaction,
the evaluated cross-sections from ENDF/B-VII.0 [50] and JENDL 4.0 [51] in Table 2 are quoted for the neutron energies of
13.5 to 17.28 MeV. It can be seen from the Table 2 that the present experimental >**U(n, y)***U and **U(n, 2n)**"U reaction
cross-sections are within the range of evaluated data of ENDF/B-VII.0 [50] and JENDL 4.0 [51], showing consistency with our
present approach and experimental results. The evaluated data from JEFF-3.1/A [52] are same as of ENDF/B-VIL.0 [50] and
thus not shown in Table 2. However, the evaluated data from CENDL-3 [53] are not in agreement with the present
experimental values and thus are not quoted in Table 2. In Fig. 5, we present a detailed study comparing our results with
various evaluations and available experimental data of the ***U(n, y)*°U reaction cross-sections, and also discuss
inconsistencies of the available data from literature [13-33] given in EXFOR [54] in various neutron energy regions.

3 238 239 m A | Leipunskiy (1958)
10° g Umyn=U D. Drake (1971)
[ Yu. G. Panitkin (1972)
v Ding (1978)
D. K. Mc Daniels (1982)
4 Vuong Huu Tan (1996)
A

10? |9 H. Naik (2012)
E 3 — = ENDF/B-VI.1
F7 - .- JENDL-4.0
[ ——CENDL-3.1

3'-'% - .= JEFF-3.1/A

= ? - TALYS - 1.4 (Default)
\E, 10' £ Y%\ . * Present work (2012)
° B _
R\ <, 1T
8\ ~ -
5 '.\"—\_v__-.;\'--/A"_“=~ ___:'/
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Fig. 5 Plot of experimental and evaluated ***U(n, y)**’U reaction cross-section as a function of neutron energy from 1 keV to 20 MeV. Experimental
values from present work and from Refs. [13-33] are in different symbols, whereas the evaluated and theoretical values
from TALYS are in solid line of different colour

From Fig. 5, it can be seen that the ***U(n, y)*’U reaction cross-section from present work at 13.5 MeV is in agreement
with the value of Mc Daniels et al [22]. However, the ***U(n, y)**’U reaction cross-section from present work at 17.28 MeV is
lower than the value of Patikin et al [27]. Besides this, it can be seen from Fig. 5 that the Z*U(n, y)*°U reaction cross-section
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decreases systematically from 100 keV to 7 MeV. However, at neutron energy of 7 MeV, the data of Mc Daniels et al [22] are
suddenly lower compared to the data of Leipunskiy et al [24] and Patikin et al [26]. From the neutron energy of 7 to 15 MeV,
the data of Mc Daniels et al [22] remain almost same. Beyond neutron energy of 17 MeV, the experimental data obtained by
Patikin et al [27] suddenly increase and then remain almost constant up to 20 MeV. For a comparison, the data of Ding et al.
[56] based on neutron activation technique from the review article were shown in Fig. 5. Further the evaluated ***U(n, y)*°U
reaction cross-section data from ENDF/B-VIIL.0 [50], JENDL-4.0 [51], JEFF-3.1/A [52], CENDL [53]and INDC (VN)-8 [55]
were also shown in Fig. 5. From Fig. 5, it can be seen that the evaluated data of CENDL [53] are in agreement with the earlier
data from references [13-32]. However, the evaluated data of CENDL [53] disagree with the present data and other evaluations.
The trend of evaluated data from CENDL [53] is entirely different than the evaluated data from ENDF/B-VIIL.0 [50], JENDL-
4.0 [51] and JEF-3.1/A [52]. Further, the data of Ding et al [56] show agreement with the present experimental data and
evaluated data from ENDF/B-VIL.0 [50], JENDL-4.0 [51] and JEF-3.1/A at lower energy only and significantly differ at higher
energy. The experimental data of present work at 13.5 and 17.28 MeV as well as the data of Mc Daniels et al [22] at 7-15 MeV
are in good agreement with the evaluated data of ENDF-B-VIIL.0 [50], JENDL [51] and JEF-3.1/A [52]. The experimental data
of Leipunskiy et al [24] and Patikin et al [26] also show a good agreement with the evaluated data [50-52] within neutron
energy of 1-4 MeV. However, the experimental data of Leipunskiy et al [24] and Panitkin et al [26] at neutron energy of 5-7
MeV and of Panitkin et al [27] at 17-20 MeV are higher then the evaluated data [50-52]. To examine this aspect, the ***U(n,
1)U reaction cross-section within neutron energy of 1 keV to 20 MeV was also calculated theoretically using computer code
TALYS of version 1.4 [57] as done earlier [33] and are shown in the Fig. 5.

From Fig. 5, it can be seen that the 2**U(n, y)*°U reaction cross-section [50-54] obtained using TALYS 1.4 computer code
[57] reproduces the trend of evaluated data of ENDF/B-VIL.O [50], JENDL-4.0 [51]and JEF-3.1/A. However, within neutron
energy of 1 keV to 3 MeV, the theoretical >**U(n, y)**°U reaction cross-section from TALYS are slightly higher than the
experimental and evaluated values. This may be due to the use of default parameters in TALYS. However, the values from
TALYS are in close agreement with the value of our present work at 13.5 and 17.28 MeV as well as with the values of Mc
Daniels et al [22] at 7-14 MeV. On the other hand, the experimental values of Leipunskiy et al [24] and Panitkin et al [26] at
neutron energy of 5-7 MeV and of Panitkin et al [27] at 17-20 MeV are higher than the theoretical value of TALYS code [57].
Higher experimental value at 5-7 MeV by Leipunskiy et al [24] and Panitkin et al [26] could be due to the contribution from
the low energy scattered neutrons of the D+D neutron source. Similarly, the higher experimental value at 17-20 MeV by
Panitkin et al [27] may be due to the contribution from the low energy scattered neutron of the D+T neutron source. As also
mentioned by Panitkin et al [27], at low energy scatted neutrons contribute to the higher ***U(n, y)***U reaction cross-section.
Therefore, subtracting out the contribution (n, y) cross section from low energy tailing neutrons is important to compare with
Talys calculations and other evaluations. In the present work we also found higher uncorrected cross-sections (Table 2) due to
lower energy tail part in the neutron spectrum from "Li(p, n) reaction. Thus the contribution to the Z**U(n, y)**’U reaction
cross-section due to the low energy tail part of neutrons has been estimated and subtracted out, which has been mentioned
earlier in our calculation. As mentioned before, our experimental data agree well with evaluations and TALY'S results.

Besides the above observations, the experimental [13-33], evaluated [50-53]and the theoretical [57] ***U(n, y)**°U reaction
cross-section decreases from 100 keV to 7 MeV and predict a dip in around 6-8 MeV as shown in Fig. 5. The dip in the **U(n,
7)*?°U reaction cross-section around neutron energy of 6-8 MeV indicates the opening of (n, 2n) reaction channel besides (n,
nf) channel. Above 8 MeV, it increases and shows a bump up to the neutron energy of 14 MeV and then again decreases. This
can be understood from the saturated ***U(n, 2n)*’U reaction cross-section above 8 MeV. In order to illustrate this, ~**U(n,
2n)>"U reaction cross-section from the present work and references [33-39] given in EXFOR [54] along with the evaluated
data [50, 51] were shown in Fig 6. The **U(n, 2n)*’U reaction cross-sections at different neutron energy was also calculated
theoretically using computer code TALY'S of version 1.4 [57] and plotted in Fig. 6. From Fig. 6, it can be seen that the ***U(n,
2n)*"U reaction cross-section from TALYS shows a close agreement with the experimental data within neutron energy of 8
MeV. Above 8 MeV, the TALYS results seem to over predict the experimental data. Further it can be seen from Fig. 6 that the
experimental and theoretical ***U(n, 2n)**"U reaction cross-sections show a sharp increasing trend from the neutron energy of
6.18 MeV to 8 MeV and thereafter remains constant up to 14 MeV. Thus the increasing trend of ***U(n, y)**U reaction cross-
section beyond 8 MeV up tol14 MeV in Fig. 5 is due to near constant **U(n, 2n)*’U reaction cross-section observed in Fig. 6.
It can be also observed from Fig. 5 and Fig. 6 that the 2**U(n, y)*’U reaction cross-section shows a dip, where the ***U(n,
2n)*"U and ***U(n, nf) reaction cross-sections show a sharp increasing trend. Similar trend of (n, y) and (n, 2n) reactions was
seen in case of ***Th within neutron energy of 14 MeV, which is most probably due to sharing of excitation energy between
two different reaction channels besides (n, f) reaction channel. Similarly, above neutron energy of 14 MeV due to the opening
of (n, 3n) and (n, 2nf) reaction channels, both **U(n, y)***U (Fig. 5) and ***U(n, 2n)**"U (Fig. 6) reaction cross-sections show a
decreasing trend.
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Fig. 6 Plot of experimental and evaluated **U(n, 2n)**"U reaction cross-section as a function of neutron energy from neutron energy 5 MeV to 25 MeV.
Experimental values from present work and from Refs. [33-38] are in different symbols, whereas the evaluated and theoretical values
from TALYS are in solid lines with different colours

V. CONCLUSIONS

(i) The **U(n, y)**U and ***U(n, 2n)*"U reaction cross-section at average neutron energies of 13.5 and 17.28 MeV are
determined using a neutron source from "Li(p, n) reaction. Since the neutrons are not mono-energetic, corrections in the cross
sections are incorporated.

(i) The **U(n, y)*U and ***U(n, 2n)*"U reaction cross-section at average neutron energy 13.5 and 17.28 MeV are in
good agreement with the experimental data from literature and the evaluated data from ENDF/B-VII.0, JENDL-4.0 and JEFF-
3.1/A but not with evaluated data from CENDL-3.

(iii) The Z**U(n, y)*°U reaction cross-section decreases from neutron energy of 100 keV to 14 MeV with a dip at 6-8 MeV.
The **U(n, 2n)”"U reaction increases sharply in the energy range from 6.18 MeV to 8.0 MeV and thereafter it remains
constant up to the neutron energy of 14 MeV. Beyond neutron energy of 14 MeV both Z*U(n, y)**U and ***U(n, 2n)*"U
reaction cross-sections show decreasing trend due to opening of (n, 3n) and (n, 2nf) reaction channels.

(iv) The **U(n, y)**’U and **U(n, 2n)*"U reaction cross-sections were calculated theoretically using TALYS code version
1.4. The TALYS results for **U(n, y)**U reaction cross-section over predict the experimental data within the neutron energy
of 1 keV to 3 MeV and thereafter it is agreement with the experimental data. However, the TALYS results for 2*U(n, 2n)*’U
reaction cross-sections are in good agreement with the experimental data up to 8 MeV and thereafter over predict the
experimental data.
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