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Abstract: Proton-induced scattering of **U nuclei, with spheroidal deformations at beam energies above 100 MeV,

is simulated using an improved quantum molecular dynamics model. The angular distribution of the deflected pro-

tons is highly sensitive to the orientation of the symmetrical long axis of the target nuclei with respect to the beam

direction. As a result, in reverse kinematic reactions, an orientation dichroism effect is predicted, implying that the

absorption rate of the U beam by a proton target discerns between the parallel and perpendicular orientations of the

deformed ~*U nuclei.
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1 Introduction

The scattering of light or particles by an object of ar-
bitrary shape is of significant importance in many fields
in physics. In optics, the anisotropic structure of micro-
scopic particles causes birefringence, which alters the po-
larization state of the passing light, leading to improve-
ments in polarization microscopy for extensive applica-
tions [1-4]. In astrophysics, the discrete dipole approxim-
ation (DDA) method has been developed to compute the
extinction and scattering of star light by interstellar
grains, which are not necessarily spherical in shape [5, 6].
In nanoscience, large local-field enhancement and light-
scattering efficiencies have been demonstrated for nanor-
ods and compared to those for metal nanosphere particles,
making the former interesting for optical applications [7].

In nuclear physics, experiments involving the scatter-
ing of protons and alpha particles on even-even nuclei
were conducted in 1970s, leading to the discovery of the
large multipole deformation of various even-even nuclei
on the 0" ground state [8—10]. For reactions induced by
very exotic nuclei, it has been found that the deformation
causes the extension of matter distribution and enhances
the total reaction cross section in the Glauber model ana-
lysis [11]. Very recently, the deformability of **U has re-
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ceived increasing attention. In the synthesis of super
heavy elements (SHEs) via multi-nucleon transfer mech-
anisms in 233U+238U, the number of transferred nucleons
and the survival probability of the giant system that is
formed depend sensitively on the geometric configura-
tions of the projectile and the target, according to the pre-
dictions by time-dependent Hartree-Fock (TDHF) theory
[12] and the improved quantum molecular dynamics (Im-
QMD) model [13]. Very recently, the significant orienta-
tion effect of the octupole deformed nuclei in fusion reac-
tions has been demonstrated by calculations based on
transport models [14]. In relativistic heavy ion collisions
(HICs) at RHIC energies, the deformation and orienta-
tion effect of the colliding nuclei has also been noticed. It
has been shown that the tip-tip configuration of Pu+stu
collisions is favorable for achieving the largest stopping,
while the body-body collisions make it possible to study
the initial geometry effect of the flow formation [15-19].
Moreover, the STAR collaboration has succeeded in se-
lecting different overlap geometry configurations of
U+ Uin extremely central collisions [20].

On the other hand, the idea of utilizing the deformed
nuclei for producing highly compressed nuclear matter or
enhancing the probability of synthesizing SHEs will
likely be compromised unless the orientation of U can
be determined before the collision occurs. For such even-
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even nuclei at ground state, however, the spin is zero and
the conventional way to polarize the nuclei using a mag-
netic field cannot work effectively. Thus, before one can
take advantage of the deformed nuclei, further research
on the deformation and orientation effect of the reactions
involving deformed nuclei is required.

In this letter, we revisit the scattering process in-
volving the deformed nucleus. Instead of the reactions in-
volving the deformation of the projectile and the target,
our motivation is to study the peripheral scattering of a
light particle by a deformed nucleus to discern the de-
formation and orientation effect of the latter owing to the
scattering. It is expected that, because of the small mass,
the projectile will be deflected easily with the deflection
behavior depending sensitively on the deformation and
orientation of the target nuclei. If this scenario is true, the
deflected light projectile will carry clear information con-
cerning the orientation of the deformed nucleus and po-
tentially lead to novel implications in the usage of de-
formed nuclei. In contrast to extremely central collisions,
peripheral scattering has an additional benefit: neither
partners of the colliding system is disintegrated.

In order to circumvent the complication brought by
the structure of the beam nucleus, the proton induced
scattering of PUis investigated. We use the convention-
al definition of the coordinator system. The incident dir-
ection of the projectile is defined as the z axis and the re-
action plane is in the x-z plane in the laboratory. Figure 1
depicts schematically three typical configurations for the
scattering of protons by 2**U. The symmetrical long axis
of **U is parallel to the x, y, and z axes, marked by C,,
C,, and C,, respectively. The shape of the U nucleus is
represented by its density distribution projected onto the
x-z plane with quadrupole deformation B, =0.236 (see
text later). It can be viewed that, at a given impact para-
meter of peripheral scattering, the flight path length Ly of
the proton experiencing the field of **U is different in the
configurations of C,, C,, and C;. For the specific impact
parameter b =9 fm, as shown in Fig. 1, the L; in C, is
moderate and the proton penetrates farthest into the tar-
get, while the L¢ in C,, is the shortest and the proton just

grazes the target. Different paths lead to different deflec-
tions of the projectile in these special cases, as shown
later.

2 Theoretical model description

The ImQMD model is an extended version of the
quantum molecular dynamics model with improvements
that make it suitable for describing the transport process
for light-particle-induced reactions as well as for HICs in
a wide energy range. The model has been applied in nuc-
leon-induced [21, 22] and deuteron-induced reactions
[23, 24], leading to the prediction of the isovector orienta-
tion effect of polarized deuteron scattering. For the de-
tails of the ImQMD model, we refer to the literature
[25—-27]. As in the above studies, the calculations per-
formed in this study only consider beam energies above
100 MeV, at which the de Broglie wavelength of the
beam is much smaller than the radius of the target nucle-
us, and hence, the effects of target granularity (including
its size, shape, surface, etc.) are exhibited. In addition, the
validity of the transport model as a semi-classic approach
is retained. The maximum energy considered here is 300
MeV, above which the inelastic channels of NN scatter-
ing are open and contribute increasingly.

The initialization of the projectile and target is im-
portant to stabilize the properties of the two nuclei in sim-
ulating the reaction process. In particular, the aim of this
work is to study the orientation effect of deformed heavy
nuclei in proton-induced scattering; therefore, special at-
tention should be paid to the shape and orientation of the
initial nuclei. For this purpose, the nuclei are sampled ac-
cording to the density distribution with deformed Fermi
form, which reads

-RO\|™"
p(r,0) = po 1+eXP(r a( ))} ) (1
where a = 0.54 fm and
R(0) = Ro[1 +B2Y20(0) +B4Y40(0)], 2

where Y(6) are the spherical harmonics. Ry = 1.1424'/3—

Fig. 1. (color online) Schematic view of three typical configurations, Cy, C, and C. in the x-z plane for the scattering of p+238U. The

contour depicts the density distribution of 'y projected onto the x-z plane.
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0.60 fm for the proton distribution, and Ry is multiplied
by a factor 0.93(N/Z)'/? for the neutron distribution to ob-
tain a reasonable neutron skin. Only the quadrupole de-
formation is considered in this work. The quadrupole de-
formation parameter is taken as S, = 0.236 for 2%U. In
this scheme, the symmetrical long axis of the sampled
nuclei is parallel to the z axis initially. To initiate a scat-
tering event, the nucleus can be rotated around its center
of mass to set the symmetrical long axis parallel to the x
axis, y axis, or a random direction. In Fig. 1, the initial
density distributions of the nucleons projected onto the x-
z plane of **U simulated by the ImQMD model for the
C:, C,, and C, configurations are presented. The shape
and the density distribution are examined up to 200 fin/c,
and it is found that they remain sufficiently stable to sat-
isfy the investigation request because the incident proton
departs the nuclear field of the target sufficiently far after
200 fm/c in the peripheral scattering at a 100 MeV incid-
ent energy.

3 Results and discussions

To visualize the geometry effect of the >y target
nuclei, we first fix the impact parameter in the simula-
tions. The incident proton is in the x-z plane with the tar-
get fixed at the origin point and the impact parameter
b = x when the proton crosses the x-axis, while the orient-
ation of the long axis of U can be varied to investigate
the geometrical effect of the scattering. First, the orienta-
tion of 23U target is fixed in the laboratory frame by
hand. Figure 2 presents the angular distribution of the
scattered proton at the impact parameter b =9 fm for the
three geometrical configurations C,, C,, and C. in
p+23¥Uat 200 MeV beam energy. Nuclear attraction dom-

inates at this impact parameter since the scattering angles
are negative, as shown in Fig. 1. To ensure that only
elastic or quasi-elastic scattering occurs, the total multi-
plicity M, =2 is required, and one of the outgoing
particles must be proton with an energy close to the beam
energy. For comparison, the case where the deformed tar-
get nucleus is randomly orientated is also calculated, as
indicated by rand in Fig. 2 and elsewhere in the paper.
Generally, it is shown that the scattering angle decreases
with the beam energy. More interestingly, it is com-
monly shown that, at all beam energies, the angular de-
flection distributions exhibit obvious differences between
the C,, C,, and C. configurations. The smallest deflec-
tion is seen in C, i.e., the proton passes near to the waist
of the target, with the symmetrical long axis perpendicu-
lar to the beam direction, while the largest deflection oc-
curs for the C, configuration, where the proton traverses
the tip of the target and experiences the strongest nuclear
attraction. The angular deflection distribution for the C,
configuration is situated between those for C, and C, and
is similar to the rand case, in which the direction of the
symmetrical long axis of the target is randomly aligned in
the laboratory. The difference between the peak of the an-
gular distributions for the C, and C, cases is larger than
10°, which is a large measurable quantity.

It is observed that the discrimination among the three
configurations depends on the impact parameter. When
the impact parameter decreases, the collision becomes vi-
olent, and the competition between nuclear attraction and
Coulomb repulsion takes effect and changes the deflect-
ive behavior of the proton. Figure 3 presents the angular
deflection distribution at various impact parameters for
p+23%U at a 200 MeV beam energy. It is shown that the
cross section of the elastic or quasi-elastic scattering
events increases with the impact parameter b. At b=7

10° T T T T T T T T T T T T T E
(a) 100 MeV (b) 200 MeV (c) 300 MeV
p+" U b=9 fm ]

I

CZ rand.

ﬁﬂ 1111

0 20 40
eIab (0)

10 20
eIab (0)

Fig. 2. (color online) Angular distribution of the deflected proton in p+238U with b =9 fm at 100 (left), 200 (middle), and 300 (right)
MeV beam energies for the three configurations C,, C,, and C, respectively.

114103-3



Chinese Physics C  Vol. 44, No. 11 (2020) 114103

(@) b=7 fm
p+-°U 200 MeV

20 30
eIab (O)

Fig. 3.
ergy for the three configurations C,, C,, and C., respectively.

fm, there are far fewer total events because nucleons or
clusters may be dislodged from the target, leading to the
opening of inelastic scattering channels. Compared to
b =9 fm, as shown in Fig. 2, the peaks of the angular dis-
tribution at =8 fm for the C, and C. configurations
move to the right side and are situated close to the C, and
rand cases. This implies that the length of the interaction
path converges in these configurations, with the geomet-
ric effect disappearing as the impact parameter is re-
duced. This trend is even more pronounced for the smal-
ler impact parameter b =7 fm. On the contrary, when the
impact parameter increases to b = 10 fm, where the nucle-
ar interaction becomes weaker, the configuration of C,
clearly stands out as showing the largest deflection, while
the other configurations typically show much smaller de-
flections, peaking at very forward angles. This indicates
that at larger impact parameter values, the deflection de-
pends mainly on the length of the flight path in the field
of the target.

It must be pointed out that in real experiments, the
azimuth cannot be identified if only the inclusive proton
is recorded. We further investigated the effect of the ori-
entation of 23¥U in the transverse plane. Figure 4(a)
presents the angular distribution of the deflected proton
as a function of the azimuthal angle of the long axis of
2380 in the x-y plane. Here, ¢y indicates the angle of the
long axis of 238U relative to the x axis in the x-y plane. It
is seen that when ¢y increases from 0° to 90°, the peak of
the ), distribution moves to the left. When ¢y contin-
ues to increase from 90° to 180°, it returns to the right
side. More careful surveillance reveals that the width of
the distribution also changes. At ¢y =90°, the width of
the ), distribution is smaller than that at ¢y = 0°. Figure
4 (b) further presents the distribution of 6,,, by varying
the orientation of ~*U with respect to the beam direction

30

(color online) Angular distribution of the deflected proton in p+mU with b =7 (a), 8 (b), and 10 (c¢) fm at 200 MeV beam en-

in the x-z plane characterized by 6y as the angle of the
long axis of U relative to the z axis. As 6y increases,
the peak of the 6y, distribution first moves to the right
when 6y < 90° and then moves back toward the left when
6y > 90°. The largest deflection occurs at 6y = 90°.

The different behaviors of the 6y,, distribution reveal
that the deformation and orientation of p+238U scattering
affect the deflection of the incident nucleon depending on
the orientation of the symmetrical long axis of the de-
formed target nuclei. Combmmg all the effects of vary-
ing the orientation of **U and the impact parameter, it is
interesting to explore whether one can identify a certain
orientation of the target nuclei in the scattering when
measuring the scattered proton at certain angles coincid-
entally. Typical experimental convention is to select the
polar orlentatlon i.e., the polar angle of the symmetric
axis of U with respect to the beam. Thus, without
counting the azimuth, one shall integrate over the azi-
muthal angle. Figure 5 presents the percentage of two dif-
ferent configurations that are selected asa function of the
deflection angle of the proton in p+ *u summing over
7<b< 10 fm. At the initial state, the long symmetrical
axis of *U is randomly and isotropically oriented. Then,
after the scattering, the events corresponding to different
configurations are counted and plotted as the ordinate in
Fig. 5. Here C | denotes the events with the symmetrical
axis of 2*U being approximately perpendicular to the
beam direction with a cut n<10° (a) and <30° (b),
where 7 is the angle of the long axis of U with respect
to the x-y plane while C, denotes the events for which the
long axis of U corresponds to an angle of < 10° (a)
and 7 < 30° (b) with the beam axis. Thus, C, and C, can
be viewed as the parallel and perpendicular orientations
of 238U, respectively. It is evident from Fig. 5 that the
percentage of C | exhibits an increasing trend as a func-
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Fig. 4. (color online) 6y, distribution of the deflected proton in p+238U with »=9 fm at E, =200 MeV by rotating the long axis of 'y
in the x-y plane (a) and the x-z plane (b). The meaning of ¢y and 6y are clarified in the text.
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Fig. 5.
200 MeV p+>*U with b = 7-10 fm.

tion of 6,5, which is opposite to the decreasing trend for
C, but with much larger scattering cross section. This
suggests that if the scattered proton is measured in coin-
cidence, the scattering angle can be used to select statist-
ically, as opposed to event-by-event, the scattering events
with different weights of the two polar orientations of C |
and C,.

The deformation and orientation effect of the heavy
target leads to an orientation dichroism effect in reverse
kinetic scattering using U as the incident beam. After
the primary “*U beam with intensity Io(®;) passes

(color online) Percentage of various geometric configurations selected as a function of the deflection angle of the proton for

through a proton target with thickness ¢, the remaining in-
tensity 1(@,,1) of the U in the original beam direction
can be written independently of the model as

1(®4,1) = In(©,)[1 - a(Oy)pa(t)], 3)
where @ is the polar angle of the long symmetric axis of
U with respect to the beam direction. ®; ~ 0°(90°) de-
notes the parallel (perpendicular) orientation correspond-
ing to C, (C,) in Fig. 5, respectively. o(Qy) is the scatter-
ing cross section of p+ U, and p,(¢) is the areal number
density of the target nuclei. Since the scattering cross sec-
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Table 1. Elastic and quasi-elastic (inelastic) scattering cross sections
for 7 < b < 10 fm for different configurations.
n o[C.] /mb o[C,]/mb or[all] /mb
<10° 24.6 (8.4) 259 (112)
1527 (609)
<30° 212 (73.6) 748 (317)

tion of the parallel orientation is much less than that of
the perpendicular orlentatlon as summarized in Table 1 ,
the parallel- oriented “*U nuclei are absorbed relatlvely
less than for the perpendicular orientation, leading to an
orientation dichroism effect. It is expected that the ansatz
(3) is model-independent, and the orientation dichroism
effect is universal for the medium energy scattering in-
duced by deformed nuclei.

We note some points of caution here. The nucleons
are treated as Gaussian packages in the ImQMD model.
The spin of the incident proton is not taken into account
in the calculation, and the results do not contain the ef-
fect arising from the spin projection of the proton. In ad-
dition, the resonance scattering channels coupled to the
excited states of U are not included. Therefore, it is ne-
cessary to perform further theoretical calculation of the
elastic or quasi-elastic scattering of the proton on the de-
formed target within the framework based on quantum
mechanics in order to reproduce the novel effect pre-
dicted in our study, for instance, by the approach de-
veloped in [28]. From an experimental perspective, it is
feasible in principle to observe the deformation and ori-
entation effect in p+238U scattering, whereby the target
nuclei of **U are excited to the low- lying states of the
yrast rotational band for which the angular momentum is
nonzero. Thus, the angular correlation of the cascade vy-
rays from the rotational band contains the information of

the orientation of 28U If, as expected, the angular correl-
ation of the y-rays shows dependence on the laboratory
angle of the deﬂected proton, it will signify the orienta-
tion effect in p+ *u scattering.

4 Summary

In summary, the proton-induced scattering of de-
formed even-even >*U nuclei with spheroidal shape has
been simulated with the ImQMD model. By surveying
three special geometrical configurations Cy, C,, and C, it
has been found that the angular distribution of the deflec-
ted proton exhibits clear dependence on the orientation of
the deformed nucleus with various impact parameters.
Summing over all impact parameters in peripheral scat-
tering for the whole azimuth, the intensities of the deflec-
ted proton are spht between the parallel and perpendicu-
lar orientations of U as a function of scattering angle in
the laboratory. It is suggested that the polar orientation of
the deformed nucleus in the scattering can be character-
ized by imposing an angular condition on the deflected
proton. In reverse kinetics, the different scattering cross
section between the parallel and perpendicular configura-
tions causes an orientation dichroism effect, implying a
novel method to produce a polarized secondary beam of
deformed nuclei with nonzero spin, to which our method
of calculation can be extended without changing the con-
clusion.

We thank Prof. Hui Ma, Prof. Chunguang Du and
Prof. Pengfei Zhuang from Tsinghua University, Prof.
Zhuxia Li and Prof. Zhaochun Gao from CIAE for their
valuable discussions.
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