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Validation of the multinucleon transfer method for the determination of the fission barrier height
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The validity of the multinucleon transfer (MNT) approach for deduction of fission barrier heights was
investigated in an experiment carried out at the JAEA tandem accelerator facility. By using the !0 + »"Np
reaction, fission barrier heights were inferred from fission probabilities of the nuclei **Np and **2*°Pu produced

in the 2n and pn/p2n transfer channels, respectively. The deduced values of fission barriers agree well with the
literature data, thus demonstrating the potential of the MNT reactions for obtaining fission-barrier data for nuclei
not accessible for fission studies via neutron- or light charged particle-induced reactions.
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I. INTRODUCTION

Nuclear fission was discovered 80 years ago and remains
one of the most challenging subjects in nuclear physics, both
experimentally [1,2] and theoretically [2,3]. Nevertheless,
nuclear fission is routinely used in power reactors, which
generate about 11% of electricity worldwide. The nuclear
fission is also important in the astrophysical r-process (fission
recycling) [4].

The fission barrier height, introduced by Bohr and Wheeler
[5], is one of the most fundamental quantities to describe
fission. In the classical liquid-drop picture, the fission barrier
is created by a balance between the attractive surface energy
and the repulsive Coulomb force of the initial nucleus, and of
the nascent fission fragments, which evolve as a function of
deformation in a rather simple (parabolic) way. The single-
humped fission barrier, which arises in the macroscopic liquid
drop approach, is dramatically modified by introducing shell
correction energies [6]. These microscopic corrections deform
the smooth parabolic barrier form, producing a series of
local maxima and minima known as double- or triple-humped
fission-barrier profile, see, e.g., Fig. 2 of Ref. [7].

Up until now, information on the fission barrier profile in
actinide nuclei has been derived using neutron-induced fission
and nucleon-transfer reactions with light projectiles, such as
, p) [8-10], (¢, p) [9,11], and (3He, d) [12] reactions. In
these methods, the fission probability is usually measured as a
function of excitation energy of the fissioning nucleus. The
height of the fission barrier is then equal to the excitation
energy of the nucleus, corresponding to the half-maximum of
the fission probability curve for the first chance fission [13].
However, such methods require the use of stable or long-lived
target nuclei, which limits the range of accessible nuclei along
the B-stability line, and thus the number of the isotopes which
can serve as targets for such kind of studies. This explains
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the relative scarcity of the available experimental data on
the fission barrier profile: to our knowledge, there are fission
barrier data available on just 33 nuclei in the best-studied
actinide region [14,15], out of a few hundred known between
uranium and californium.

Recently, we have demonstrated that reliable fission data,
e.g., fission fragment mass and kinetic-energy distributions,
can be assessed via multinucleon transfer (MNT) reactions
of an '80 beam interacting with actinide targets, such as
22T, 238U, etc. [16,17]. Due to a large number of MNT
channels accessible in reactions with an 80 beam, low-energy
fission data for about 12 nuclides can be simultaneously taken
in a single experiment. For instance, the study [17] reports
on the fission fragment mass distributions (FFMDs) for 12
isotopes of uranium, neptunium, and plutonium measured in
the 80 + 28U reaction.

The present article deals with the extension of the MNT
method for determining the fission-barrier height. For a given
excitation energy, due to the use of a relatively heavy projec-
tile ('80), the excited states populated in the fissioning nucleus
can be different in terms of spin and parity compared to those
created in traditional neutron-induced or one- or two-nucleon
transfer reactions with light projectiles, such as *He. This may
result in a different fission probability, and thus may affect
the fission-barrier height. Therefore, it becomes important to
benchmark the MNT technique by comparing the data on
fission probabilities and barriers with available literature data.

II. EXPERIMENT AND DATA ANALYSIS

A. Experiment

The fission of nuclei produced in the MNT channels of
the 80 4 2¥’Np reaction was studied by using the '*O beam
with an energy of 162 MeV and an intensity of 0.5 pnA,
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FIG. 1. Schematic representation of the experimental setup.
(a) shows the arrangement of the four MWPCs surrounding the
BTNp(+Ni) target used to detect the fission fragments, and the AE-E
telescope used to identify the ejectiles. (b) gives the expanded view
of the AE-E detector.

supplied by the JAEA tandem accelerator in Tokai, Japan. The
target was made by electrodeposition of the 2*’Np material
with a thickness of 76.3 j1g cm™2 on a natural nickel backing
(300 11g cm~2). To quantify the contribution from the backing
(i.e., interaction of '80 with "™Ni) to the measured data,
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a dummy "Ni target (300 ug cm™2 thick) was used with
identical beam and geometry conditions.

The detection system was composed of four multiwire
proportional counters [MWPCs, cf. Fig. 1(a)] and of a seg-
mented silicon AE-E telescope placing at forward angles [cf.
Fig. 1(b)]; a more detailed description of the experimental
setup can be found in [16]. The MWPC detectors serve for
the detection of fission events, whereas the AE-E telescope
measures specific energy loss and total kinetic energy of the
ejectiles. A combination of the AE and E signals allows for
the ejectile to be unambiguously identified (cf. Fig. 2), as
well as for the excitation energy, E*, of the exit channel to
be determined, as explained in [16]. It was shown that this
setup can measure E* to a precision of 0.9 MeV (FWHM,
[16]), with the major source coming from the uncertainty on
the ejectile kinetic-energy measurement. The mass and proton
numbers of the fissioning nucleus produced in a specific
MNT channel are obtained from the identified ejectile and the
reaction mass/charge balance, by assuming a binary reaction
process which is appropriate at the low-excitation energies
considered in this work.

B. Data analysis

Examples of particle identification plots (PID) with the
AE-E detector are given in Fig. 2. Panels (a) and (b) show
the registered ejectile data for the *’Np(+"*Ni) and dummy
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FIG. 2. Energy loss versus total energy obtained from the AE — E telescope. Panel (a) and (b) are obtained using *O + 2*’Np(+"*Ni)
and 80 + "*Ni, respectively, with a beam dose of 2.0 x 10° and 8.2x 10, respectively.
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"INj targets, respectively. The different (A, Z) lines associated
with specific ejectiles are well separated, making it possible
to identify specific reaction channels clearly. On each plot,
we applied banana-like gates, using a functional to select the
charge and mass of the ejectile in the AE-E telescope by
using the method outlined in [18]. For the interpretation of the
experimental data hereafter, we assume that all the excitation
energy in the exit channel is given to the compound nucleus.
This assumption is similar to our analysis in [17].

For every E* value, the fission probability Py can be
extracted from the recorded data with the help of the following
expression:

N{%Oin (E*)

P EY) = —9
7(ED) NS (E)e(E®)

ey

Here, Necj"irl is the number of the selected ejectiles in coinci-

dence with both fission fragments, N; © is the total number of
the selected ejectiles (=singles), and ¢ is the fission detection
efficiency.

Figure 3 demonstrates details of the analysis for the spe-
cific transfer channel 2’Np('30, °>N)**°Pu. A 0.8 MeV bin
size was used for the excitation energy in Fig. 3 which is a
compromise between the number of events (statistics) in each
bin and the uncertainty on the excitation energy. Figure 3(a)
shows a singles energy spectrum of the '°N ejectiles recorded
with the 2’Np(4+"!Ni) and dummy targets (blue rectangles
and yellow triangles, respectively), which are taken from the
corresponding data in Figs. 2(a) and 2(b). The difference be-
tween the two curves (red circles) is the net ejectile spectrum
related to the 2*’Np target. This subtraction was done after
normalization on the beam dose evaluated from the elastically
scattered peak of '80. Figure 3(b) gives the '°N data from
Fig. 3(a), coincident with fission events in the MWPCs (blue
rectangles). This part of the data can be affected by random
coincidences (black stars) with events from the different ori-
gin, included in the ejectile-fragment coincidence gate (2 us).
It should be noted that random coincidences are very sig-
nificant for the 1180 ejectiles, particularly at the excitation
energies of 0-5 MeV. This is due to the influence of events
from scattering (see the horizontal '®0 beam tail in Fig. 2),
which are not entirely suppressed by the fragment-fragment-
ejectile condition used in the data analysis. However, it can
be seen in Fig. 3(b) that the impact of random coincidences
on the remaining ejectile data is negligible. The red circles
in Fig. 3(b) show the result after subtracting the random
coincidence events from the coincidence spectrum.

By using Eq. (1) and the background subtracted data from
Fig. 3(a) and (b), the P;(**°Pu) distribution was obtained, as
shown in Fig. 3(c).

The efficiency, mainly determined by the solid angle cov-
ering by the MWPCs, is 7.5% after accounting for a 25%
of shadowing the two forward-placed MWPCs by the AE-E
telescope. Owing to the fact that the fission setup was able
to detect both fission fragments, the efficiency correction was
determined for each transfer channel according to the formula
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FIG. 3. Data for the Z"Np(‘®0, >N)***Pu reaction. (a) Singles
spectra for N as measured in the AE — E telescope, see main text
for details. (b) Spectra for °N events from the AE — E telescope
in coincidence with fission fragments detected by the MWPCs.
R.C.E stands for random coincidence events. (¢) Deduced fission-
probability (P) spectrum. The increase in P; at 6.50 MeV and
at ~14 MeV is due to the 1% and 2™ fission chances of 2*°Pu,
respectively.

where N; and N, stand for the number of ejectiles coincident
with both fission fragments (triple coincidence) and with frag-
ments detected by backward MWPC (double coincidence),
respectively. The dependence of & on the transfer channel
was found to be rather small: ¢ = 4.28(21)%, 4.82(24)%,
465(23)% for 237Np(180, 160)239Np, 237Np(180, 16N)239Pu,
and 2'Np(‘80, >N)**'Pu reactions, respectively. Similarly,
only a weak dependence of € on E*, not exceeding 5%, was
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FIG. 4. Fission probability as a function of excitation energy for
%Py (a), 2°Pu (b) and **’Np (c). Green solid line on each plot
shows the fit function from Eq. (3) applied to the sub-barrier and
first-chance fission parts of the data only.

deduced. The insensitivity of the efficiency to the excitation
energy was also found in the comprehensive study [19].
Figure 4 presents fission probabilities (blue filled
symbols) for the np, 2np, and 2n transfer channels
for the 237Np(180, 16N)239Pu, 237Np(180, ISN)240PU, and
180, 1°0)?**Np reactions, respectively. The three isotopes are
of great interest for the nuclear power cycle which explains

the availability of a wealth of experimental data on their
fission probabilities and barriers, thus making them suitable
candidates for benchmarking the MNT method.

The uncertainties on the fission probabilities shown in
Fig. 4 are calculated according to the prescription given in
[19], but without taking into account the covariance terms:
even though it may lead to an overestimation of the uncer-
tainty by ~30% [19].

C. Fitting method

The selected bin of 0.8 MeV for the plots in Fig. 4 results in
just a few data points in the rising—and most important—part
of the fission probability (Py) curves. This rather poor energy
resolution excludes observation of any resonance (class-1I)
sub-barrier structures, which are sensitive to both the inner
and outer barrier heights [15]. On the other hand, it is well
known [20] that the use of a single-humped, Hill-Wheeler-
type approximation allows a consistent derivation of the
height of the barrier to be made, corresponding to the higher
one as determined by the models involving the two-humped
fission barrier description.

Consequently, in the present work, the fission barrier
heights were deduced from the P, curves from Fig. 4, fitted
with the Hill-Wheeler’s expression for the barrier penetration
[21]:

Pmax
> ) (3)
1 +exp (—2”(Bf £ ))

hw

Py(E*) =

where the three fitting parameters P, By, and fiw represent
the maximum fission probability reached by the first chance
fission, the fission barrier height, and its curvature, respec-
tively. The fitting was performed using CERN ROOT code
using a x -square method, over the range of the sub-barrier and
first-chance fission. The fitted curves are shown in Fig. 4 in
green, whereas the deduced By are compared to literature val-
ues in Table I. The obtained curvatures are in the range of 1-5
MeV, which in general is largely different from 1 MeV known
from the literature. However, the fission-barrier curvature
cannot be deduced in a correct way with this approach (simply
inverted parabola), which replaces the complex (in general,
two-humped) barrier structure in actinide nuclei. Therefore,
in the following, only Py and By will be considered.

III. RESULTS AND DISCUSSIONS

The fission barrier heights of the three nuclei **Np and
239.240py were determined to be B f(239Np) = 5.86(9) MeV,
B;(**°Pu) = 6.14(12) MeV, and B;(**°Pu) = 6.25(32) MeV.
Table I compares the obtained By values with the RIPL3
library [14] (evaluation from the neutron-induced cross sec-
tions), as well as with known data from several transfer
reactions using light projectiles, such as 2**Pu(z, p)**°Pu [11]
and 2*U(CHe, d )239Np [12]. We note that the cited literature
data [11,12,14] provide information on the first (inner) and the
second (outer) barrier height (cf. Table I).

It follows from the table that our By values agree well
with the maxima of the two barrier heights, i.e., with the
inner barrier height, for the studied nuclei. In particular, this
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TABLE L. Fission barrier heights B for 2*Np and *****°Pu isotopes from this work, in
comparison to the literature data.

Isotope Reference B(MeV )(inner, outer)
Np This work: (*Np(*20, 1°0)**Np) 5.86 + 0.09
RIPL3 [14] —
Z8U(CHe, d)*°Np [12] 5.85 4+ 0.30, 5.50 + 0.30
29py This work: (3*"Np(‘20, '*N)**Pu) 6.14 £0.12
RIPL3 [14] 6.20, 5.70
240py This work: (3*’Np(‘20, '*N)***Pu) 6.25+£0.32
RIPL3 [14] 6.05,5.15

Z8pu(r, p)**°Pu [11]

5.80 £0.20,5.45 +£0.20

agreement remains within a one-sigma interval with the
transfer-reaction results, carried out for actinide nuclei using
transfer reactions [10,11]. By using a statistical model in-
cluding the double-humped fission barrier concept to describe
the fission decay, peaks, and curvatures for two barriers were
determined for some cases, but only information for one of the
barriers is given for all other cases. As for the empirical data
from RIPL3 [14], their inner barrier heights are reproduced by
our results with high precision: within 1% for >*’Pu and 4%
for %Py,

Fission probabilities from Fig. 4 are of importance, from
the point of view of reaction rate calculations for given
conditions (reactor or stellar neutron spectra, for instance). In
this respect, it is worth noting to say that transfer reactions are
the only tool to access the low-energy part of the Py spectrum
(i.e., below the neutron-separation energy S,) in nuclei with
an even number of neutrons (i.e., for which By < S,,).

For the maximal values of the P; of the compound nu-
clei in Fig. 4, we observe some discrepancies between our
results and the literature data obtained using lighter ion
beams [11,12,22,23]. In particular, for 240py formed in the
8oy (12, 8Be) reaction [23] one obtains Py, = 0.6 at E* =
8 MeV, whereas our experiment delivers a somewhat lower
value of Pp,x = 0.4, at the same excitation energy. This dis-
crepancy increases for 22’ Np studied in the 2*U(*He, 1)***Np
reaction [22], where P, = 0.7 at E* = 6 MeV is signifi-
cantly larger than the present result of Py.x = 0.17 (E* =
7 MeV). Finally, the >*®Pu(d, p)**°Pu reaction delivers P, =
0.5 at E* = 7 MeV [12] for >*Pu, in contrast to our value of
Pnax = 0.9.

Concerning the latter case, it is well established [8] that
results from a (d, p) reaction should be corrected for the
deuteron breakup, which creates protons as ejectiles and leads
to an overestimation of the event number in the singles spec-
trum and, consequently, to an underestimation of the fission
probabilities.

Our lower P; values for **Np and **°Pu nuclei can be
explained by the difference in the geometry between the
present and the mentioned experiments (the ejectile detector
angle relative to the beam axis), which makes the final results
sensitive to the induced angular momentum effect, which
alters level densities that affect fission probability sensitively.

The above conjecture is strongly supported by our exper-
imental data. In particular, one observes that the magnitude

of the fission probability is sensitive to the angle of the
registered ejectile, given by the ring of the AE-E telescope,
with respect to the beam direction. For example, in the
ZINp(*80, 1°0)**Np reaction, the P, value can be changed
by a factor of two. The P, dependence on the ejectile angle
was also observed in the 2*U(d, p) reaction, though the effect
was found to be smaller [8]. The magnitude of the effect is
expected to be linked to the projectile mass ('O in the present
study and *He in [8]); this topic makes a subject for dedicated
further study.

IV. CONCLUSIONS

The demonstrated agreement of the B results obtained in
the present study with known fission-barrier data from dif-
ferent neutron (RIPL3) and particle-transfer [(¢, p), CHe, d)]
reactions allows one to extend the validity of the transfer-
reaction technique for the fission-barrier studies to the '*0
beam.

In the present work, the fission barrier heights of
29Np, 23%2%Py nuclei were deduced by using MNT-induced
fission reactions. A good agreement between the previously
known data, originating from neutron-induced and particle-
induced reactions, was demonstrated. This fact allows one to
confirm the validity of the MNT method.

We find that the MNT-technique with a heavy ion beam,
e.g., 80 as in this case, allows for a variety of compound
nuclei to be created and simultaneously investigated for fis-
sion properties. In particular, the 30 + 2*’Np MNT reactions
producing oxygen, nitrogen, and carbon isotopes as ejectiles
can be used for determination of the fission-barrier, as they
produce fissioning isotopes at sufficiently low excitation en-
ergies. In contrast to this, the compound nuclei of curium,
berkelium, and californium corresponding to light ejectiles
such as boron, beryllium, and lithium, respectively, are poorly
produced at the excitation energies comparable with, or below,
the fission-barrier height. This reduced the number of the
MNT channels suitable for fission-barrier studies. However,
the fission barriers of heavier nuclei can be accessed by using
MNT reactions on heavier and more exotic target nuclei, such
as 244Pll, 243Am, 249CIn7 249Bk, 249Cf.

In summary, direct-kinematics MNT reactions using 'O as
a projectile are a useful tool for a simultaneous determination
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of fission-barrier heights for a wide range of nuclei in the
actinide region.
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