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Abstract. Heavy ion reaction studies around Coulomb barrier energies have been generally used
to investigate the effect of the structure of projectile/target on reaction dynamics. Other than providing
an understanding of basic physics of the reaction dynamics, some of these reactions have been
used as tools to serve as surrogates of neutron-induced compound nuclear fission cross-sections
involving unstable targets. In this paper, we report some of the recent results on the determination of
neutron-induced fission cross-sections of unstable actinides present in Th—U and U-Pu fuel cycles
by surrogate reaction method by employing transfer-induced fission studies with 67Li beams.
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1. Introduction

Compound nuclear cross-sections for reactions of neutrons and light charged particles
with target nuclei across the isotopic chart, taking place at energies ranging from sev-
eral keV to tens of MeV, are required for nuclear astrophysics, national security, and
nuclear-energy applications [1]. Not all the relevant data can be directly measured in the
laboratory or accurately determined by calculations. Direct measurements may encounter
a variety of difficulties: many of the nuclei of interest are too difficult to produce with cur-
rently available experimental techniques or too short-lived to serve as targets in the present
experimental set-up. Also, sufficient flux of neutron beams of the required energy regime
is often inaccessible. Therefore, it becomes necessary to develop indirect methods for
determining the relevant reaction cross-sections. The surrogate reaction method is such
an indirect method which was first used in the 1970s for estimating neutron-induced fis-
sion cross-sections [2,3]. In recent years, this method has been recognized as a potentially
powerful tool for a wide range of applications that involve compound nuclear reactions.
In Bohr’s hypothesis, formation and decay of a compound nucleus are considered to
be independent of each other. This independence is exploited in the surrogate reaction
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approach. The compound nucleus (B*) formed in the reaction of interest (a + A—B*—c
+ 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 4 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 multiplied by the calculated capture cross-sections for
the compound nucleus in the desired reaction to yield the relevant reaction cross-section.
In the past, various surrogate reaction methods such as the absolute surrogate method
[2—4], the surrogate ratio method (SRM) [5-8], and the hybrid surrogate ratio method
(HSRM) [9-11], 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 the estimated neutron
capture cross-sections to deduce the neutron-induced fission cross-section. However, fis-
sion decay probability is the ratio of particle-fission coincident events (N,_r) to particle
single events (N,), Pi(Eex) = (Ny—g/N,). The determination of P;(E¢) relies largely
on the accurate determination of the particle singles counts N,, which turns out to be the
source of largest uncertainty in the absolute surrogate measurement, due to practical prob-
lems 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
compound nucleus reactions for the same excitation energy are determined experimen-
tally. Knowing the cross-section for one of the compound nuclear reactions (reference
reaction) allows one to extract the other (desired reaction) by using the ratio R(Ee) as
follows:

+(A—1)—A*
frl ( e (Eex)(desired)
+(B-1)—B*
O‘fn ( e (Eex)(reference)

= R(Ee)

n+A l(Eex) P (Eex)
0 51 (Eex) PP(Eex)’

where (PfA(Eex) / PfB (Ee)) is the ratio of the decay probabilities of the two compound
systems at the same excitation energy which is experimentally measured and the ratio of the
neutron capture cross-section for the corresponding target nuclei in the neutron-induced
reaction at the same excitation energies oy _; (Eex)/05_ (Eex) which is calculated
by the 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 aspects
of both absolute surrogate and SRMs, has been developed and employed by Nayak
et al [9] to determine the 23*Pa(n, f) cross-sections in the equivalent neutron energy range
of 11.5-16.5 MeV for the first time. In SRM, the two compound nuclei corresponding to
the desired and reference reactions are populated by performing the same surrogate reaction
on two different targets, whereas in the HSRM one performs the 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 uncer-
tainties due to target thickness, beam current, and dead time in the determination of the

ey
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ratio of fission decay probabilities corresponding to the ‘desired’ and ‘reference’ reactions
are eliminated [9,12]. In this work, the results on determination of the compound nuclear
neutron-induced fission cross-sections for #*Pa (T}, = 6.7 h), **’Np (T} > = 2.36 d) and
20Np (T1/2 = 61.9 min) short-lived actinides are reported. The ***Pa(n, f), »*’Np(n, f),
and >**Np(n, f) compound nuclear cross-sections are determined by measuring the
ratio of fission decay probabilities in [>2Th(’Li, a)235Pa/232Th(7Li, t)23U], [2U(°Li,
a)>*'Np/#8U(Li, d)>**Pu], and [Z*U("Li, «)**'Np/>*¥U("Li, t)>***Pu] transfer reactions,
respectively employing the HSRM.

2. Experimental details

Experiments were performed using %7Li beams obtained from Bhabha Atomic Research
Centre—Tata Institute of Fundamental Research (BARC-TIFR) 14-MV Pelletron Accel-
erator Facility at Mumbai. The two silicon surface barrier AE — E detector telescopes
with AE detectors of thicknesses 150 and 100 pum and identical E detectors of
1 mm thickness were mounted on a reaction plane at 85° and 105° angles with respect
to the beam direction to identify the projectile-like fragments (PLFs). An aluminium foil
of 4.0 mg/cm? thickness was placed in front of each detector telescope to stop the fission
fragments, thereby protect the AE detectors from radiation damage. A large area (450
mm?) solid-state detector was kept at an angle 160° with respect to the beam direction
and subtended a solid angle of 63 msr with an angular opening of 16° to detect the fis-
sion fragments coincident with PLFs. The telescopes were energy calibrated by using
a 2?8229Th alpha source and in an in-beam experiment that made use of the discrete
a-particle peaks corresponding to 'YN* states in the '>C("Li, a)'’N* reaction at an "Li
beam energy of 18.0 MeV.

3. Determination of 23*Pa(n, f) cross-sections

The compound nuclei 2**Pa and 2*°U formed in situ in 2> Th("Li, «)***Pa* and 2*’Th
('Li, t) 2°U* transfer reactions are identified by the outgoing alpha and triton PLFs,
respectively. The ground-state Q-values (Q,,) for the above reactions are 5.642 and
—7.040 MeV, respectively. ’Li beam energy of Ejy, = 39.5 MeV was chosen, so that
the 2*Pa and ***U compound systems are populated at overlapping excitation energies.
The excitation energy spectra for the 2**Pa and 2**U compound systems were obtained
by employing two-body kinematics for the outgoing PLFs alpha and triton, respectively.
The excitation energy spectra of >Pa and 23U compound systems for the PLF-fission
coincidence and PLF singles are shown in figure 1.

The fission decay probabilities of 2**Pa and 2**U compound systems were determined
in steps of 1.0 MeV excitation energy bin by taking the ratio of the number of coincidence
events between the outgoing PLF-fission fragment coincidence to the number of PLF
singles, using eq. (2) as follows:

Ni—f(Eex)

PfCN(Eex) = W,

2

Pramana - J. Phys., Vol. 83, No. 5, November 2014 801



B K Nayak

a L T T T i K T T T ]
10°F . bLE (a-FF) (a) 10°F + PLF-FF)  (b)
235p,* 236"
I ”~,
210t ~, 4 £ g5
5 : s S 102t I -
0 s . o .
(&) < . (&) ry .
102 ;o - .
E > 10' : 3
f 1 [} 1 1 1 1
10°F + pLF@@ (€))7 105} + PLFQ (d) .
b 235p, 236"
" N o A
- K L4 - P
S 105 s 15 D
[e] o K o .
o S . (&) 0
f0% L ;
g ; i
1 1 1 1 1 1
0 10 20 30 40 0 10 20 30 40
Energy (MeV) Energy (MeV)

Figure 1. Excitation energy spectra of target-like fragments in ’Li+ 23>Th reaction
without (bottom) and with (upper) coincidence with fission fragments.

where i denotes the alpha or triton PLF channels. For each excitation energy bin of 1.0 MeV,
the ratio of fission decay probability of the >*Pa and 2**U compound nuclei was deter-
mined. The relative fission probabilities of the compound nuclei were then multiplied by

the ratio of the corresponding neutron-induced compound nucleus formation cross-section

ag_impa(Eex) and afﬂ”U(Eex), to obtain the ratio of the compound nuclear reaction cross-
section at the excitation energies of n 4 2**Pa — ?*Pa — fission and n 4 23U — 23U

—> fission reaction using eq. (1). The well measured n 4 2*U — 23U — fission cross-
sections in the 0-30.0 MeV neutron energy range were taken from ENDF/B-VII.1 [13]
and used as the reference reaction with energy scale converted to excitation energy by
adding the neutron separation energy of 2*U (S, = 6.545 MeV). The neutron-induced
compound nuclear formation cross-sections for 2**Pa and 233U nuclei have been calcu-
lated at the corresponding excitation energies using EMPIRE-3.1 code [14] with optical
model potential (OMP) parameters taken from RIPL catalog number 2408 from Capote
et al [15]. The 23*Pa(n, f) cross-sections as a function of excitation energy were obtained
over the 14-20 MeV energy range, using eq. (1). Finally, the excitation energies were
scaled down by subtracting the >33Pa neutron separation energy (S, = 6.123) to obtain
the 2**Pa(n, f) cross-sections at the appropriate equivalent neutron energies. The present
experimental results for the >**Pa(n, f) cross-sections in the equivalent neutron energy
range of 8—14 MeV are shown in figure 2 along with the predictions of EMPIRE-3.1 code
for the fission barrier heights obtained from the barrier formula (BF) [9,16,17] and RIPL-
3 [18]. The present experimental data agree very well with the calculated neutron-induced
fission cross-sections for the fission barrier heights obtained from BF. The predictions of
EMPIRE-3.1 for the RIPL-3 fission barriers are in agreement only with the data for the
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Figure 2. Experimental 23*Pa(n, f) cross-sections and calculated results using the
EMPIRE-3.1 code (figure taken from [11]).

neutron energies below 12 MeV. For the neutron bombarding energies above 12 MeV, the
EMPIRE-3.1 calculations for RIPL-3 overpredict the experimental data.

4. Determination of 23*Np(n, f) and 2*Np(n, f) cross-sections

The Z¥U(°Li,« f)24ONp* (surrogate of n+239Np—>240Np*) and 28U(°Li, df)**?*Pu*
(surrogate of n4+2*'Pu — 2#?Pu*) transfer reactions at Ej,, = 39.6 MeV have been used to
produce ***Np* and 2*’Pu* compound nuclei at an overlapping excitation energy in the
range of 16.5-22.5 MeV. The ratios of fission decay probabilities P, " (Eex)/ P P (Eey)
of the compound systems 2**Np and >*?Pu have been determined in steps of 1.0 MeV
energy bin. Similarly, 2%U("Li, «)*'Np (surrogate of n+ 2*Np —2*!Np) and 23¥U
('Li, 1)***Pu (surrogate of n+ 2*'Pu— 2*?Pu) transfer reactions at Ej, = 41 MeV
have been used to populate 2*'Np and 2**Pu compound nuclei at the overlapping excitation
energy in the range of 15.0-22.0 MeV. The ratios of fission decay probabilities
sz HNp (Eex)/ sz “Pu( E,) of the compound systems 24!Np and 2*2Pu have been determined
in 1.0 MeV excitation energy bin. The ratios of fission decay probabilities meNp (Eex)/

242py Z‘HNp 242p, .. .
Py "Y(Eex) and P; T (Eey) /Py " (Ee) are then multiplied by the ratio of the correspon-

ding neutron-induced compound nucleus formation cross-section, O—I?E”Np (Eex)/ O'I?EM pu (Eex)

and afﬂmNp(Eex) /anc_f’zﬂpu(Eex) to obtain the compound nuclear reaction cross-section
ratios Uf11+239Np_)240Np (Eex) /Uf11+24]Pu—>242Pu (Eex) and O_fn+240Np_)241Np (Eex) /O_fn+241Pu_)242Pu(Eex)
at similar excitation energies using eq. (1). The neutron-induced compound nucleus for-
mation cross-sections for the present reactions have been determined using the EMPIRE-
3.1 code. The af“+24]P“ cross-section values as function of excitation energy are used as
the reference, which have been derived from Tovesson and Hill [19] using the neutron
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Figure 3. Experimental 23°Np(n, ) cross-sections, present measurements (solid cir-
cles), and the work of Czeszumska et al [20] (open circles). Calculated results are
from the EMPIRE-3.1 code for fission barrier parameters obtained from BF (short
dashed line). The adopted data from the JENDL-4.0 [19] nuclear data library (dotted
line) and the best fit (solid line) are also shown (figure taken from [10]).

separation energy of 242py (S, = 6.545 MeV). The 239Np(n, f) and 240Np(n, f) cross-
sections as functions of excitation energy were obtained over the excitation energy ranges
of 16.5-22.5 and 1522 MeV, respectively, using eq. (1). The 2*Np(n, f) and ?*°Np(n, f)
cross-sections as functions of excitation energy are then converted to the equivalent neu-
tron energy ranges of 10.5-16.5 and 9.0-16.0 MeV by using neutron separation energies
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Figure 4. Experimental 2**Np(n, f) cross-sections and calculated results using the

EMPIRE-3.1 code (figure taken from [10]).
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of 2'Np (S, = 5.07 MeV) and >*'Np (S, = 6.13 MeV), respectively. The present exper-
imental data have been compared with the recently reported 2*’Np(n, f) cross-sections
by Czeszumska et al [20], and the adopted cross-section data from JENDL-4.0 [21] are
shown in figure 3 along with the calculated cross-sections using the EMPIRE-3.1 code
for fission barrier parameters obtained from BF. The present experimental results for the
Z9Np(n, f) cross-sections are found to be somewhat higher than the predictions of the
EMPIRE-3.1 code. It can also be seen from figure 3 that the >*Np(n, f) cross-sections of
this work closely follow the recently reported >**Np(n, f) cross-sections by Czeszumska
et al [20] in the neutron energy range of 13.0-16.0 MeV; however, the 2**Np(n, f) cross-
section values deduced by Czeszumska et al [20] in the neutron energy range of 10.0-13.0
MeV are different from the present results. The trend of the JENDL-4.0 data is much
lower compared to the present values of experimental 2*Np(n, f) cross-sections. How-
ever, 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, respec-
tively, a better comparison with the present experimental 2**Np(n, f) cross-sections data
with the EMPIRE-3.1 code calculations is obtained, as shown in figure 3 and denoted as
‘best fit’. The present experimental >**Np(n, f) cross-sections are found to compare rea-
sonably well with the EMPIRE-3.1 calculations in the neutron energy range of 9.0-16.0
MeV, as shown in figure 4, for default BF barrier parameters and also for the best fit of
239Np(n, f) barriers.

5. Summary and conclusions

In summary, we have employed a new surrogate approach, which involves aspects of
both absolute and surrogate ratio method, in a unique way to determine the 2**Pa(n, f),
239Np(n, f), and 240Np(n, f) cross-sections using "Li+ #?Th and ®’Li+ 23®U transfer fis-
sion coincidence measurements. The present experimental data have been compared with
the predictions of EMPIRE-3.1 for fission barrier parameters corresponding to RIPL-3
and barrier formula. This work demonstrated the use of surrogate reaction method to
determine neutron-induced fission cross-sections for unstable actinide targets relevant for
nuclear energy applications.
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