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Angular momentum transfer in multinucleon transfer channels of '*0Q 4+ *’Np
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The angular momentum of a primary excited compound nucleus produced in multinucleon transfer reaction
is an important quantity to evaluate cross sections to synthesize neutron-rich heavy-element nuclei as well as
for surrogate reaction studies. The mechanism is, however, not enough understood due to the lack of detailed
experimental data. In the present study, we determined the angular momentum of primary excited nuclei,
37238239\, 238:239.240py and 2324024l Am, produced in the multinucleon transfer channels of the 80 + *"Np
reaction. With this aim, angular distributions of fission fragments with respect to the axis perpendicular to the
reaction plane were measured for each compound nucleus. The distributions show an anisotropy exhibiting
an enhanced yield on the reaction plane. They are well reproduced by a saddle-point model, from which the
average angular momentum is derived in the model framework. The angular momentum increases with the
compound-nucleus mass, thus the number of nucleons exchanged, but shows a saturating trend toward heavier
compound nuclei. These results are the first ones to point to the dependence of the angular momentum on the

transfer channels.
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Recently, multinucleon transfer (MNT) reactions in heavy-
ion collisions have attracted considerable interest in the
nuclear physics community. These reactions have the poten-
tial to produce neutron-rich nuclei in the superheavy element
(SHE) region that cannot be approached with fusion reac-
tions using available ion beams and targets [1-7]. In MNT
reactions, there is a larger probability for the transfer of
neutrons than of protons from the projectile to the target,
resulting in the production of neutron-rich compound nuclei.
Accordingly, heavy-element nuclei produced as evaporation
residues can also be neutron-rich. In contrast with the pro-
duction of elements lighter than lead [8-10], in the region
of actinides, fission becomes a competing decay channel,
thus reducing significantly their production cross section. As
the survival probability sensitively decreases with excitation
energy and angular momentum of the primary compound
nucleus, their population mechanism should be understood
in order to accurately predict the cross sections of neutron-
rich superheavy nuclei. The excitation-energy distribution of
the primary products in the MNT process can be obtained
from the measurement of the kinetic energy of the ejectile
nuclei [10-16].

In general, the angular momentum can be determined by
observing the angular correlation of decay products with
respect to a space-fixed axis. The detection of fission-
fragments is one of the possible experimental approaches. In
the statistical transition state model (TSM) [17], by defin-
ing an axis of angular momentum, which mostly originates
from the rotational motion of nucleus, fission fragments are
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emitted preferentially in the direction perpendicular to the
axis, i.e., on the reaction plane defined by the direction of
the beam and the recoil. This behavior is amplified when
larger angular momentum is stored in the nucleus, causing
larger fission-fragment angular anisotropy. The TSM ade-
quately describes the measured angular distributions in the
fission of compound nuclei produced by fusion [18-21]. In
the framework of the TSM, angular-momentum transfer was
studied in the deep-inelastic scattering of $Kr + 2 Bi [22,23]
by adopting a formula derived in Refs. [24,25]. In their study
of 8Kr 4 2%Bi, the angular momentum of target-like products
is found to change with the total excitation energy of the exit
channel, but the dependence of the angular momentum on the
number of transferred protons is not so evident due to large
errors. Fission-fragment angular anisotropies were reported
in the study of the MNT reaction of '°0+ 2**Th [25], in
which different transfer channels were separated using silicon
AE-E telescope detectors. The variation of angular momen-
tum with respect to the mass of the transferred nucleons,
however, is poorly understood due to insufficient data points
in the angular distributions. In the present study, we report
the measurement of fission-fragment angular distributions for
each MNT channel of the '30 4 2*’Np reaction, from which
the average angular momentum for each transfer channel was
quantified using the TSM. This measurement is also important
for the study of surrogate reactions [26,27]. In this method,
single- and multinucleon transfer reactions are used to evalu-
ate neutron-capture and/or fission cross sections by populating
the same compound nucleus of interest and measuring y -ray
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FIG. 1. Geometry of the experiment.

transition or fission probability. As the Weisskopf-Ewing limit
is not applicable in general [26], the decay probability, thus
the derived cross sections, sensitively depends on the spins of
the compound nucleus. Using experimental data to evaluate
the spins for each transfer channel is also required.

The angular-distribution data in this study were obtained
from the MNT experiment of 80+ 2*'Np, already reported
in Ref. [16] to discuss fission-fragment mass distributions.
The experimental method is described in Refs. [14—16], thus
only the essential information is given here. The experiment
was performed using a 162.0-MeV '8Q beam supplied by
the JAEA tandem accelerator in Tokai, Japan. A schematic
diagram describing how the fragments angular distribution is
measured is shown in Fig. 1. The setup consists of an array of
AE-E silicon telescope to detect ejectiles and four multiwire
proportional counters (MWPCs, 200 mm x 200 mm each), to
detect fission fragments (FFs). The MWPCs were placed at
450° and +130° with respect to the beam direction. Specific
particle-transfer channels were determined by identifying the
ejectiles using the AE-E telescope placed at a forward angle,
which cover the scattering angle Ocjecile from 16.7° to 31.0°
relative to the beam direction. Thus the compound nucleus
is identified on a event-by-event basis, assuming the binary
reaction. An ejectile passes through one of the 12AFE detectors
(75 pm thick) to give the energy-loss AE and is stopped in the
16-strip annular E detector (300 um thick) to give residual
energy E. The ejectile kinetic energy, Eejeciite = AE + Efes,
is used to deduce the excitation energy of the exit channel.
Figure 2 shows the projection of the AE-E plot along the
particle-identification curves for events in coincidence with
both fragments and corresponding to an excitation-energy
range of the compound nuclei between 10 and 20 MeV.
A good separation between different isotopes, thus different
compound nuclides, is achieved. Contamination from the ad-
jacent nuclei in the gating procedure is as small as 4.6% on
average. This probability was estimated from the overlapped
area of the Gaussian distributions that represent the produced
isotopes, shown by the blue curves in Fig. 2.

The reaction plane is defined by the AE-detector number.
The scattering angle Ogjecile and the ejectile energy Egjectile
define the recoil direction 6;q.ii. The emission angle of each
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FIG. 2. Identification of ejectile nuclei (labeled in blue) by the
silicon AE-E telescope (data collected in E* = 10-20 MeV) in
the study of the 80 + 2*’Np reaction. The corresponding fissioning
compound nuclei are shown in red. The light blue curves show the
results of the multi-Gaussian fitting, and the red curve is the sum of
them.

fission fragment, 6¢, is defined by the angle relative to the z
axis. In the data analysis, we used those events in which two
fragments are detected in coincidence. We assumed that the
angular momentum is fully aligned to the z direction. In this
case, there is no in-plane angular anisotropy. We thus show
the out-of-plane angular distribution, W (6¢), which does not
change with respect to the azimuthal angle ¢y, see Fig. 1. The
out-of-plane angular distribution, with respect to the z axis
for the nine compound nuclides (237’238’239Np, 238.239.240py
and 2%%249.241 Am) are shown in Fig. 3. The distributions are
obtained using fission events entering in the excitation-energy
range of E* = 10-20 MeV. In this region, the probability of
second- and higher-chance fission is small [15,28]. In Fig. 3,
the events in the range of 6y = 0°-15° and 6; = 165°-180°
were not determined due to the large uncertainty in estimating
the detection efficiency for fission fragments. Each distribu-
tion shows a pronounced peak at 6 = 90°. Itindicates a strong
angular anisotropy with an enhanced yield on the reaction
plane. It is found that the angular anisotropy of compound
nuclei produced by exchanging nucleons is far larger than the
inelastic channel (*’Np”). The large anisotropy is a direct
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FIG. 3. Experimental angular distributions of fission fragments (3*7-23%2¥Np, 238:239.240pyand 23924024l Am) from the MNT channels
of 180—1—237Np (Elp = 162 MeV) (red points). Results of the fits to Eq. (2) are shown by the solid line. The horizontal dash lines show

W(6:)/W(0°) = 1.

indication of sizable angular-momentum transfer carried by
the transferred nucleons.

In the TSM, the direction of the fission fragments is deter-
mined by the K quantum states at the saddle point, i.e., the
projection of the spin / on the symmetry axis of the nucleus
(fission direction) [29]. Thus the measured fission-fragment
angular distribution is regulated by the distribution of K quan-
tum states. The angular distribution of fission fragments with
respect to the z axis and from a nucleus having quantum
numbers /, M, and K is given by

Wi 0r) = 21 + D]dlye 0],

ey

where M is the projection of / on the z axis, and dj . (6r)
is the rotational wave function. Assuming that the angular
momentum aligns on the z axis, M = =/ holds. This results
in the expression [24,30]

K2
o + 1 2, %2
Q21 + Dld (6p)e >
W)=Y Fi) ) ) . @
1=0 K=—1I ;;1: e e

where F'(I) is the spin distribution of the compound nucleus,
given below. Here the distribution of the K quantum number
is assumed to be a Gaussian with the square of the standard

deviation, K3, defined by

K} = I T /2. (3)
Here, I is the effective moment of inertia and T =
(EX4qe/@)'? is the saddle-point nuclear temperature. The
level density of a compound nucleus of mass A, is taken to be
a = Ay /10 MeV 1. The excitation energy at the saddle point
E}qaie 18 given by EX . = Ecm. + O — B — Ey, where Q
is the Q value for the formation of the compound nucleus.
The spin-dependent fission barrier By, ground-state rotational
energy E.., and effective moment of inertia I.¢ are calculated
by using the model in Ref. [31].

For the F (1) distribution, we assume a Gaussian-like shape
with the average value I and the standard deviation o = /I,.
The results of the fit with Eq. (2) by changing I are shown by
the solid curves in Fig. 3. The results reproduce the data rea-
sonably well. The obtained I, values and angular anisotropies
defined by W(90°)/W (0°) are given in Table I. In addition,
the dependence of Iy on A, is shown in Fig. 4. It is seen that
the average angular momentum increases with the number
of transferred nucleons, but tends to saturate at 15/4. The
present results are the first to clearly show the relation between
the transferred nucleon numbers and the angular momentum.

L021602-3



S. TANAKA et al.

PHYSICAL REVIEW C 105, L021602 (2022)

TABLE I. Fissioning nucleus and the number of transferred nu-
cleons from projectile to target, K, values, fission fragment angular
anisotropy W (90°)/W (0°), mean transferred angular momentum I,
and calculated orbital angular momentum /,, (with incident particle)
are tabulated.

Channel Ky  W(90°)/W(0°) I (h) Ly ()
BINp (0pon) ~ 9.57 133 £ 0.15 71 £ 15

Z8Np (0pln) 959 1924+ 023 11.0 £ 1.1

ZNp (0p2n) 961 256 +£031 134+ 1.0

Z8py (1p0n)  10.10  1.62 + 0.26 99 + 1.8 5(p)
pu (1pln) 1011 217 £ 063 127 £ 1.7  11(d)
20py (1p2n) 1013 272 £ 0.63 146 £ 1.8 19 (t)
Z9Am (2pOn) 1064  1.60 + 028 103 + 2.0

M0Am 2pln) 1065 206 £ 0.17 129 + 0.8 13 (He)
2Am (2p2n) 1064 227 £ 049  13.8 £2.0 21 (*He)

The magnitude of the angular momentum is consistent with
the one implied from the measured fission-fragment mass
distributions of the compound nuclei from the MNT reac-
tion [16]. In this work, the measured FFMDs are compared
with the Langevin calculation which takes into account mul-
tichance fission. The probability for each fission chance
depends sensitively on the spins introduced in the compound
nucleus and thus alters the shape of FFMDs at high excitation
energies. The measured FFMDs are explained in the calcula-
tion when the spins are less than 20%.

It is argued that the angular distribution is primarily
determined by the average value of the spins, Iy, and is
not very sensitive to how the spins are distributed around
Iy [22,24,25,32]. This was confirmed by using different types
of F (1), still keeping the same I, value. We examined two ad-
ditional types of F(I). One is the §-function F (1) = (I — 1),
the other is the F(I) = (21 + 1) ending at the maximum /.
As a result, the best fit I, value using three F(I) functions all
agree within 17.

To interpret the obtained angular momentum quantita-
tively, we made a simple classical calculation assuming that
the angular momentum is equal to the orbital angular momen-
tum /g that a bulk of several nucleons (cluster), contained
in the incident nucleus and transferred to the target nucleus,
have at the grazing collision. Here, the cluster should have
the same velocity as '0, and the coupled-channel calculation
using CCFUL [33] is adopted by treating '">*H and **He as
clusters. The results are shown in Table I and Fig. 4. It is found
that [y, increases with A, more rapidly than the experimental
data. For a fixed number of transferred nucleons, the calcu-
lation shows a sizable difference between neutron and proton
transfer (see the data points for ¢ and *He). This is in contrast
with the experimental data. Still, overall, the magnitude of the

25 T T T T
[ —e— Np
} —&— Pu
F —A— Am
20 p.dt
3,4He

10;— % }

Io (h)

0 i 1 1 1 1 1
237 238 239 240 241

Mass number (u)

FIG. 4. Average angular momenta obtained from the fission-
fragment angular distribution are shown by the different symbols for
different atomic number of compound nuclei. The dashed curve is
the calculated angular momentum (see text for detail) for impinging
clusters of “>3H (light blue dashed-curve) and **He (light green
dashed-line) at the grazing collision.

calculated angular momentum agrees within ~5/.

In this experiment, it is assumed that the fission fragments
are emitted isotropically in the reaction plane, because the
present setup has a relatively large uncertainty in evaluating
the detection efficiency as a function of ¢¢. In general, how-
ever, anisotropy also occurs in-plane [22,23]. This indicates
that the rotational axis is not fully polarized to the z axis
(I # M) but has a component on the x and/or y axis. In this
case, the angular momentum can have a larger value than
that in Table 1. Referring to the spin orientation discussed in
Ref. [23], the average angular momentum could increase by
approximately 37.

We determined the angular-momentum transferred to the
compound nucleus by measuring the fission-fragment an-
gular distribution with respect to the axis perpendicular to
the reaction plane. The MNT transfer channel, thus the fis-
sioning compound nucleus, is clearly identified by using the
AE-E telescope. The angular momentum increases with the
compound-nucleus mass, thus with the number of nucleons
exchanged, but exhibits a saturating trend at 157. These results
are the first to clearly show the dependence of the angu-
lar momentum on the transfer channels. We plan to further
investigate the angular-momentum transfer using also other
heavy-ion collisions.

We thank the crew of the tandem accelerator facility for
supplying the high-quality stable beam.
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