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Determination of the 2’Np (n, f) and ***Np(n, f) cross sections using the surrogate reaction method
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The surrogate reaction method has been used to determine neutron-induced fission cross sections of the short-
lived minor actinides >**Np and >*°Np in the equivalent neutron energy range of 10.5-16.5 and 9.0-16.0 MeV,
respectively. The 2*°Np and 2**Pu compound nuclei are produced at similar excitation energies in 2¥U(Li,
af)*'Np and *!U(°Li, df)***Pu transfer reactions at Ej,, = 39.6 MeV. The fission decay probabilities of
240Np [surrogate of *Np(n, f)] and >**Pu [surrogate of >*'Pu(n, f)] compound systems have been measured
experimentally as a function of excitation energy to determine >**Np(n, f) cross sections within the framework of
hybrid surrogate ratio method by considering directly measured >*' Pu(n, f) cross sections as reference. Similarly,
Z8U(CLL, af)**!Np and Z8U('Li, tf£)**Pu transfer reactions at E;,;, = 41.0 MeV have been used to determine
240Np(n, f) cross sections. The present results for 2 Np(n, f) cross sections have been compared with recently
reported 2**Np(n, f) cross sections obtained by the surrogate ratio method using 2*U(*He, p) and *U(*He, p)
reactions [2] and also have been compared with the predictions of the statistical model code EMPIRE-3.1 for the
fission barriers obtained from the barrier formula and the evaluated nuclear data libraries such as JENDL-4.0 and
ENDEF/B-VIL.1. The present experimental results for 2’Np(n, f) and **Np(n, f) cross sections are found to be
reasonably consistent with the EMPIRE-3.1 predictions.
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I. INTRODUCTION

Neutron cross sections have been measured over the past 70
years and techniques are being continually developed to im-
prove the accuracy and to extend the neutron cross-section data
for both stable and radioactive nuclei. Neutron-induced fission
cross sections of short-lived minor actinide nuclei are crucial
for fundamental nuclear physics and also for applications in
areas such as reactor physics and astrophysics [1]. In particular,
these data are important for nuclear-waste transmutation using
fast neutrons. However, very often the high radioactivity of the
samples makes the direct measurement of these cross sections
extremely difficult.

The #*°Np(n, f) and ***Np(n, f) cross sections play an
important role in the proliferation-resistance aspect of a reactor
design, as *Np and 2*°Np are produced on the way to
239Pu and 2*Pu and further higher mass actinides. Precise
information about the (n, f) cross sections for *°Np and
240Np in relation to their neutron capture cross section would
help to predict the amount of >*Pu and ?*°Pu produced in a
reactor [2]. Also these cross sections are highly relevant for
the design of fast reactors/Accelerator Driven System capable
of incinerating minor actinides. The challenge of directly
obtaining the neutron-induced fission cross sections of 23*Np
and 2*°Np lies in their very short half-lives (7, = 2.356 d
and T/, = 62 min, respectively). The natural decay makes
the sample very difficult to handle and produces a large
background component in the measurements.

Often indirect methods such as the surrogate reaction
method [3,4] involving a stable target and projectile are
employed to estimate the compound nuclear cross sections
for short-lived target nuclei. In Bohr’s hypothesis, formation
and decay of a compound nucleus are considered to be
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independent of each other; this independence is exploited in
the surrogate-reaction approach. The compound nucleus (B*)
occurring in the reaction of interest (a + A — B* — ¢ + C)
that involves difficult-to-produce targets is produced via an
alternative reaction, called a surrogate reaction (d + D —
B* + b), which involves a stable projectile-target combination
(d + D) that is experimentally more feasible. The decay
of B* is observed in coincidence with the outgoing direct-
reaction particle b. The measured compound-nuclear decay
probabilities can then be combined with calculated formation
cross sections for the compound nucleus in the desired reaction
to yield the relevant reaction cross section. In the actinide
region, short-lived isotopes often have longer-lived neighbors
that can be used as targets in the surrogate experiment.
A charged particle reaction on these neighboring isotopes
can be used to form the same compound nucleus as that
of the desired neutron-induced reactions [5]. In the past,
surrogate reaction methods in various forms such as the
absolute surrogate method [3,4], the surrogate ratio method
(SRM) [6-8], and the hybrid surrogate ratio method (HSRM)
[9] have been employed to get indirect estimates of the
neutron-induced reaction cross sections of many short-lived
target nuclei. In the absolute surrogate method, the measured
fission decay probabilities are simply multiplied by estimated
neutron capture cross sections to deduce the (n, f) cross
section. However, the limitation of this technique is due to
the experimental determination of fission decay probability
by the ratio of particle-fission coincident to particle single
events Pr(E.,) = % The determination of Py(E,,) relies
largely on the accurate determination of the particle singles
counts N,, which turns out to be the source of the largest
uncertainty in the absolute surrogate measurement, due to
practical problems of target contamination. The shortcomings
of the absolute surrogate method have been eliminated in the
SRM. In this method the ratio of the fission probabilities of two
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compound-nucleus reactions for the same excitation energy are
determined experimentally. Knowing the cross section for one
of the compound-nuclear reactions (reference reaction) then
allows one to extract the other (desired reaction) by using the
ratio R(E,,) as follows:

A
U;+ (Eex )(desired)

= R(E.)
G;+B (Eex )(referemre)

oM Ea) PPE)
UgEB(Eex) R;?(Eex) ,

(1)

PA(Eex)
PF(E.)
compound systems at the same excitation energy, which can
be experimentally measured, and ratio of the neutron capture
cross section for the corresponding target nuclei in the neutron-
0, CN (Eex)
oy (Eex)’
calculated by using an optical model, thereby enabling one
to find out the neutron-induced fission cross section for an
unknown system.

More recently, the HSRM, which combines the absolute
surrogate and surrogate ratio methods, has been developed
and employed by Nayak et al. [9] to determine the **Pa(n, f)
cross sections in the equivalent neutron energy range of 11.5—
16.5 MeV. In the SRM the two compound nuclei corresponding
to “desired” and “reference” reactions are populated by
performing the same surrogate reaction on two different
targets, whereas in the HSRM one performs two surrogate
reactions on the same target in situ in two different transfer
reactions, where two compound nuclei corresponding to the
“desired reaction” and the “reference reaction” are populated.
The relative fission decay probabilities of the compound nuclei
are measured experimentally to determine the cross sections
of the desired compound nuclear reaction by using Eq. (1).
In the HSRM, thus by taking a ratio of two reactions on the
same target, systematic uncertainties due to target thickness,
beam current, and dead time in the determination of the ratio
of fission decay probabilities corresponding to “desired” and
“reference” reactions are eliminated [9,10].

The validity of neutron-induced fission cross sections
obtained by using the SRM has been questioned because of
angular momentum and parity mismatch between the surrogate
and desired reactions. In the SRM one assumes the decay
probabilities of the compound nucleus to be independent of
angular momentum and parity values, which is better known
as the Weisskopf-Ewing approximation [11]. In the past, both
experimental and theoretical studies have been carried out to
investigate the validity of the Weisskopf-Ewing approximation
in neutron-induced fission cross-section determination by the
SRM. The determination of >*U(n, f) cross sections by the
SRM has been shown to be consistent with ENDF/B-VII
evaluations in the equivalent neutron energy range of 3.5—
20 MeV [10], whereas below 3.5 MeV a strong angular
momentum and parity influence has been observed. In the
work of Lesher et al. [12], a similar conclusion has been
drawn, where the 233U(n, f) cross sections are observed to
be consistent with ENDF/B-VII evaluations for the equivalent
neutron energy above 1 MeV but a large deviation from

where

is the ratio of the decay probability of the two

induced reaction at the same excitation energies, is
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ENDEF/B-VII data has been observed for neutron energies
below 1 MeV. Moreover, studies carried out by Petit et al. [13]
and Kessedjian et al. [14] are seen to be in excellent agreement
with direct measurements even at very low energies (E, <
1 MeV). The validity of the Weisskoff-Ewing approximation
has been investigated theoretically in the case of *>U(n, f)
cross-section determination in the framework of the SRM by
studying the angular momentum dependence of the fission
decay probability ratio of 23U and **U compound systems.
Relatively good agreement is found between the simulated
ratio results and the expected cross sections for energies above
about 3 MeV. Discrepancies, as large as 50% occur at low
energies (E, < 3 MeV), and they are about 25% near the
threshold for second-chance fission [15]. In a more recent
work, it has been shown that an accuracy of 3%—5% can be
achieved in neutron-induced fission cross-section determina-
tion by using the SRM for nuclei in the uranium region at
around 2.5-5.0 MeV with a difference of spin values between
neutron-induced and surrogate reactions up to 10% [16].

In the present work the (1, f) cross sections for 2*Np and
240Np have been determined using the HSRM, in the equivalent
neutron energy range of 10.5-16.5 and 9-16 MeV, respec-
tively. The 2**Np and >**Pu compound nuclei are produced
in situ at similar excitation energies in 2%U(°Li, af)***Np
and Z8U(°Li, d f)***Pu transfer reactions at E;,;, = 39.6 MeV
for 2*Np(n, f) cross-section determination. Similarly, the
Z8U(Li, af)**'Np and 23U('Li, t£)***Pu transfer reactions
at Ej,, = 41.0 MeV have been used to determine 24°Np(n, )
cross sections. The 2*'Pu(n, f) cross sections have been used
as standard reference in both cases. For 2°Np(n, f) cross
sections, there has been a recent measurement by Czeszumska
et al. [2], employing the SRM in the equivalent neutron energy
range of 1-20 MeV using 2°U(’He, p) and 2¥U(CHe, p)
reactions, but the experimental data are not consistent with any
of the evaluations such as ENDF/B-VIIL.O [17], JENDL-4.0
[18], or CENDL-3.1 [19]. Moreover, there has been neither
experimental measurement nor evaluated data available in the
literature for the >**Np(n, f) cross sections.

II. EXPERIMENTAL DETAILS AND DATA ANALYSIS

Measurements were carried out using ’Li beams obtained
from the Bhabha Atomic Research Centre-Tata Institute of
Fundamental Research (BARC-TIFR) Pelletron Accelerator
Facility in Mumbai. The transfer reactions, their ground state
Q values (Q,), and corresponding surrogate neutron-induced
reactions are listed in Table I for the the present experiment.
The two silicon surface barrier AE-E detector telescopes

TABLE I. Transfer reactions investigated in the present experi-
ment, their ground state Q values (Q,,), and corresponding surrogate
neutron-induced reactions.

Transfer reaction Qg MeV) Neutron-induced reaction
ZBUCLI, a)**Np* 6.656 ZNp(n, f)
Z8U(°Li, d)***Pu* —6.458 2Pu(nf)
28U(Li, a)**' Np* 5.530 20Np(n, f)
28U(Li, 1)*?Pu* —7.45 21pu(n, f)
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T; and T, with AE detectors of thicknesses of 150 and
100 pm, respectively, and with identical E detectors of
thicknesses of 1.0 mm were mounted in a reaction plane at
angles of 85° and 105° with respect to the beam direction to
identify projectile-like fragments (PLFs). Aluminum foil of
thickness of 3.86 mg/cm? was placed in front of the particle
telescopes to stop the fission fragments and thereby protect
the AE detectors from radiation damage. The PLFs (protons,
deuterons, tritons and « particles) are uniquely identified by
plotting the partial energy loss in the AE detector against the
residual energy (E,.s) in the E detector as reported earlier [8].
A large-area (450 mm?) solid state detector was kept at an
angle of 160° with respect to the beam direction and subtended
a solid angle of 63 msr with an angular opening of 16° to detect
fission fragments in coincidence with PLFs. The telescopes
were energy calibrated by using a ??$22°Th source and in an
in-beam experiment that made use of the discrete a-particle
peaks corresponding to 'SN* states from the '2C("Li, o) "N*
reaction at a ‘Li beam energy of 18.0 MeV [20,21].

In the first experiment, a self supporting 2*%U target of
thickness of 2.3 mg/cm? was bombarded with a °Li beam
of energy E;., = 39.6 MeV. The *°Np and >**Pu compound
nuclei, formed in the 2*8U(®Li, o)***Np (surrogate of n+>**Np
— 240Np) and >$U(°Li, d)***Pu (surrogate of n + **'Pu —
242Py) transfer reactions were identified by outgoing « and
deuteron PLFs, respectively. The excitation energies (E,,) of
the compound nuclei >*°Np and **?Pu have been determined
on an event-by-event basis by employing two-body kinematics
from o and deuteron energy spectra. The ground-state Q
values, Q,,, for 28U(°Li, «)***Np and *¥U(°Li, d)***Pu are
6.656 and —6.458 MeV, respectively. Hence the >**Np and
222Pu compound systems are populated at overlapping excita-
tion energies. The excitation energy spectra obtained for 24°Np
and ?*Pu compound nuclei, with and without coincidence
with fission fragments, are shown in Fig. 1. The ratio of
PLF-fission coincidences to PLF single counts in 2¥U(°Li,
«)?*Np and ¥ Th(°Li, d)***Pu transfer reactions correspond

. el 20N p 2py,
to the fission decay probabilities P, and P, of the
compound systems 2**Np and 2*?Pu respectively; as follows:

Ny—y

PCN —
S N,

: @)
where x; denotes the o or deuteron PLF channel corresponding
to the 2*°Np and >**Pu compound systems. The ratios of coinci-
dence to singles for « and deuteron counts are taken in steps of
0.5 MeV in the excitation energy range of 16.5-22.5 MeV and

M)N”(E )
ex

hence the ratio of fission decay probabilities, W of the
!

(Eex)’
compound systems 2*°Np and >**Pu is determined. Similarly,
in the second experiment a 233U target was bombarded with a
"Libeam of energy Ej,, = 41 MeV. The >*'Np and ?*’Pu com-
pound nuclei are formed in the 28U("Li, o)**'Np (surrogate
of n+*Np — 2*INp) and 23U("Li, 1)***Pu (surrogate of
n+>*"Pu — 2#Pu) reactions, respectively. The ground-state
O values, Q,,, for 28U(Li, a)**'Np and 28U('Li, 1)***Pu
are 5.530 and —7.45 MeV, respectively. Hence the **'Np
and ?*?Pu compound systems are populated at overlapping
excitation energies. The ratios of PLF-fission coincidence to
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FIG. 1. Excitation energy spectra of compound systems 2**Np
and ?*?Pu produced in *U(°Li, «)***Np and *®U(°Li, d)***Pu
reactions, with and without coincidence with fission fragments,
shown in the upper and lower panels, respectively.

PLF single counts for « particles and tritons have been taken in
steps of 1.0 MeV in the excitation energy range of 15-22 MeV,
and hence the ratios of fission decay probabilities of the

241y
P P(Ee) .

compound systems >*'Np and **?Pu, —4;-——=, are determined
PIPPU(E,,)

ex

for each excitation energy bin. The ratios of fission decay

P241N,y(E )
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FIG. 2. (Color online) Experimental >*Np(n, f) cross sections,
present measurements (solid circles), and the work of Czeszumska
et al. [2] (open circles). Calculated results are from the EMPIRE-3.1
code for fission barriers obtained from the barrier formula (BF) (short-
dashed line). The adopted data from the JENDL-4.0 nuclear data
library (dotted line) and the best fit (solid line) are also shown.
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FIG. 3. (Color online) Experimental 2*°Np(n, f) cross sections
and calculated results using the EMPIRE-3.1 code.
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Eq. (1). The neutron-induced compound nucleus formation
cross sections for the present reactions have been determined
using the EMPIRE-3.1 code. The G;erp “(E.y) cross-section
values as a function of excitation energy were used as the
reference reaction; these have been derived from Tovesson
and Hill [22] by using the neutron separation energy of >*’Pu
(S, = 6.545 MeV). The 239Np(n, f) and 240Np(n, f) cross
sections as a function of excitation energy were obtained over
the excitation energy ranges of 16.5-22.5 and 15-22 MeV,
respectively, using Eq. (1). The Z°Np(n, f) and *°Np(n, f)
cross sections as a function of excitation energy are then
converted to the equivalent neutron energy ranges of 10.5-16.5
and 9-16 MeV by using neutron separation energies of 2*°Np
(S, = 5.066 MeV) and **'Np (S, = 6.13 MeV), respectively.
The present experimental results for the *Np(n, f) and
20Np(n, f) cross sections as a function of equivalent neutron
kinetic energy are shown in Fig. 2 and Fig. 3, respectively.

III. RESULTS AND DISCUSSION

Statistical model calculations have been carried out using
the EMPIRE-3.1 [23] code to determine the 239Np(n, f) and
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2ONp(n, f) cross sections over the equivalent neutron energy
range of 1.0-20.0 MeV by considering contributions up to
third-chance fission. The EMPIRE-3.1 predictions on neutron-
induced fission cross sections are very sensitive to the fission
barriers and the level density at the saddle point. In the present
work, the fission barrier heights corresponding to all the Np
isotopes involved up to third-chance fission in >*Np(n, f) and
2ONp(n, f) reactions are obtained from the barrier formula
(BF) [24,25]. The fission barrier heights obtained from the
BF for various Np isotopes used in EMPIRE-3.1 calculations
are listed in Table II. The details of the calculations of fission
barrier heights using the BF are presented in the Appendix.
The present experimental data have been compared with the
recently reported 2*Np(n, f) cross sections by Czeszumska
et al. [2], and adopted cross-section data from JENDL-4.0
[18] (similar to the ENDF/B-VII.1 evaluation) are shown
in Fig. 2 along with the calculated cross sections using the
EMPIRE-3.1 code. The present experimental results for the
2%Np(n, f) cross sections are found to be somewhat higher
than the predictions of the EMPIRE-3.1 code, but they reveal
expected nuclear structure futures that are similar to those
predicted by the EMPIRE-3.1 code. It can be also seen from
Fig. 2 that the 2*’Np(n, f) cross sections of the present work
follow closely the recently reported 2**Np(n, f) cross sections
by Czeszumska et al. [2] in the neutron energy range of
13-16 MeV; however, the 239Np(n, f) cross-section values
deduced by Czeszumska et al. in the neutron energy range of
10-13 MeV are different from the present results. The trend of
the JENDL-4.0 data is much lower as compared to the present
values of experimental 2>’ Np(n, f) cross sections. However,
it is observed that, by reducing the inner and outer barrier
heights of the >*Np isotope from the BF predicted values
of 5.84 and 5.56 MeV to 5.10 and 5.25 MeV, respectively,
the EMPIRE-3.1 code calculations, a better comparison with
the present experimental **°Np(n, f) cross sections data is
obtained, as shown in Fig. 2 denoted as “best fit.” The
fission barrier heights corresponding to the best fit to our
experimental data are given in Table II, where, the modified
fission barrier heights of the >*°Np isotope from the BF
predictions are shown in rectangular boxes. The 2**Np(n, f)
cross sections have been measured by employing the HSRM
in the equivalent neutron energy range of 9-16 MeV. In this
case also the inner and outer barriers for **Np were modified
to the same values of 5.10 and 5.25 MeV for a best fit. The
present experimental >*°Np(n, f) cross sections are found to
compare reasonably well with the EMPIRE-3.1 calculations in

TABLE II. Fission barrier heights for the various Np isotopes used in the EMPIRE-3.1 calculations.

n + *Np n + XNp
System Inner barrier height Outer barrier height System Inner barrier height Outer barrier height
MeV) MeV) MeV) (MeV)

BF Best fit BF Best fit BF Best Fit BF Best fit
240Np 6.16 6.16 5.80 5.80 2INp 5.84 5.84 5.60 5.60
29Np 5.84 5.56 20Np 6.16 6.16 5.80 5.80

28Np 6.17 6.17 5.78 5.78 29Np 5.84 5.56
ZNp 5.85 5.85 5.50 5.50 Z8Np 6.17 6.17 5.78 5.78
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the neutron energy range of 9-16 MeV, as shown in Fig. 3,
for default BF barriers and also for the best fit of 2*Np(n, f)
barriers.

It may be noted that two different reaction channels such
as « and deuteron transfer have been used as surrogate
reactions to determine >*Np(n, f) cross sections employing
the HSRM in the present work. The angular momentum
transfer involved in these two reaction channels are different
due to different mass transfer. But it is interesting to note
that the present results for the 2**Np(n, f) cross section are
consistent with EMPIRE-3.1 predictions and also with SRM
results in the equivalent neutron energy range of 13—16 MeV
[2]. Whether the observed mismatch in >*Np(n, f) cross-
section values between experimental results of the SRM and
the HSRM for the equivalent neutron energy range of 10—
13 MeV is due to an angular momentum effect needs further
investigation.

IV. SUMMARY

The neutron-induced fission cross sections of 2*Np(n, f)
and >**Np(n, f) reactions have been measured in the equiv-
alent neutron energy ranges of 10.5-16.5 and 9-16 MeV,
respectively, by employing the hybrid surrogate ratio method.
The 28U(CLi, af)**°Np and *®U(®Li, df)***Pu reactions are
used as surrogates of n-+2*Np and n+>*'Pu neutron-induced
reactions for 2’Np(n, f) cross-section determinations, while
Z8U(Li, af > Np and 28U(Li, £ £)**?Pu reactions are used
as surrogate reactions for n+>*"Np and n+>*'Pu reactions
for 2'Np(n, f) cross-section determinations. The **'Pu(n, f)
cross sections as a function of excitation energy have been used
as reference reaction in both cases. The present experimental
results for the 2**Np(n, f) reaction have been compared with
the recently reported experimental results by Czeszumska ez al.
[2], EMPIRE-3.1 code calculations, and the evaluated cross-
section data obtained from the JENDL-4.0 nuclear data library.
The agreement between the two experimental measurements
is rather satisfactory and consistent with the EMPIRE-3.1
calculations for the neutron energy range of 13—16 MeV. Below
13 MeV, the present results follow the EMPIRE-3.1 calculations;
however, the Czeszumska et al. data show clear deviation
from the present results and the EMPIRE-3.1 calculations. The
evaluated >*’Np(n, f) cross-section values by the JENDL-4.0
library are much lower as compared to the present experimental
results as well as the results of Ref. [2]. The observed discrep-
ancy between the two experimental measurements suggests
the need for more experimental measurements in the neutron
energy range from 5 to 13 MeV to understand the >*’Np(n, f)
cross sections as a function of neutron energy. The **°Np(n, f)
cross sections have been measured in the neutron energy range
of 9-16 MeV. The present experimental results on >*°Np(n, f)
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TABLE III. List of parameters for the barrier formula.

i=a/b a b

B 0.0317 0.1029
B, —0.0165 —0.0626
7w (MeV) 0.1199 0.2497
v (MeV) 0.0132 0.0650
k (MeV) —0.1553 —0.2088
6,(MeV) —0.3224 —0.2183
6, MeV) —10.2761 —28.8118

cross sections are found to be consistent with the EMPIRE-3.1
calculations.

ACKNOWLEDGMENTS

The authors thank the operating staff of the BARC-TIFR
Pelletron Accelerator Facility, for smooth operation of the
accelerator during the experiment. We are also thankful to
Drs. D. C. Biswas, Bency John, S. Santra, Y. K. Gupta, and
L. S. Danu for their interest in this work and the help they
provided during the experiment.

APPENDIX

Calculation of fission cross sections are very sensitive to
fission barriers and the level density at the saddle point. Due to
shell corrections, the fission barriers gets split into two barriers:
an inner barrier V, and an outer barrier V), for actinide nuclei.
It is shown in the work of Gupta and Satpathy [26], which is
based on the celebrated Hugenholtz—Van Hove theorem [27],
that the fission barrier V;_,, of a nucleus (A, Z, N) is given
by an analytical formula [24]

2

Z
L — SA2/3 .
‘/I - aSBSlA +a(,‘BCl A1/3

+0.5[1 + (—=1)%18, + 0.5[1 + (=1)V]8,,.

The first two terms are surface and Coulomb terms with
inclusion of deformation along the fission path. The value of
the parameters are given by a;, = 19(1 — 2.84[%]2) MeV
and a, = 0.72 MeV. The changes of surface and Coulomb
terms B,; and B, are taken from the work of Brack et al.
[28] and their values are listed in Table III. The next three
terms are the microscopic ones and satisfy the Hugenholtz—Van
Hove theorem. The last two terms denote pairing effects. The
five associated parameters m, v, k, §,, and §, are obtained
by least-squares fitting to the fission barrier data given by
Bjornholm and Lynn for Z = 89 to Z = 98 are also given in
Table III. By using the above expression, the fission barriers
for various systems have been calculated in the present work.

+n7Z+vN +k
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