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Energy-angle differential and total probabilities of positron creation in slow supercritical collisions of
two identical heavy nuclei are calculated beyond the monopole approximation. The time-dependent Dirac
equation (TDDE) for positrons is solved using the generalized pseudospectral method in modified prolate
spheroidal coordinates, which are well suited for description of close collisions in two-center quantum
systems. In the frame of reference where the quasimolecular axis is fixed, the rotational coupling term is
added to the Hamiltonian. Unlike our previous calculations, we do not discard this term and retain it when
solving the TDDE. Both three-dimensional angle-resolved and angle-integrated energy distributions of
outgoing positrons are obtained. Three-dimensional angle-resolved distributions exhibit a high degree of
isotropy. For the collision energies in the interval 6 to 8 MeV /u, the influence of the rotational coupling on
the distributions and total positron creation probabilities is quite small.
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I. INTRODUCTION

Slow collisions of heavy nuclei provide a valuable tool for
exploring the nonperturbative regime of quantum electro-
dynamics (QED) in a strong electromagnetic field. In
Ref. [1], where properties of hydrogenlike ions depending
on nuclear charge number Z were studied, it was demon-
strated that at a certain critical Z, the 1s state reaches the
negative-energy electron continuum. Subsequent studies by
Soviet and German physicists [2—13] have shown that for
Z > 173 the initially unoccupied 1s state dives into the
negative continuum as a resonance, decaying with some
probability with emission of one or two electron-positron
pairs. Since it is currently impossible to produce such
heavy nuclei, heavy ion collisions with the charge numbers
Z,+Zy > Z, are considered instead. When sufficiently
heavy nuclei approach each other within a critical distance
R, the quasimolecular level 1so, dives into the electron
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negative-energy continuum for a short period (on the order
of 107! s), leading to spontaneous vacuum decay into
charged vacuum and positrons, which can escape the nuclei
and be detected. This process, known as spontaneous
vacuum decay in heavy-ion collisions, is discussed in more
detail in, e.g., Refs. [13,14] and references therein. A major
challenge in the experimental and theoretical study of this
phenomenon is that the spontaneous pair-creation mecha-
nism is strongly masked by dynamic process arising from the
time-dependent variation of the electromagnetic potential of
the nuclei.

Numerous theoretical studies have been conducted on
the subject over the years. In static approximation the
calculations of pair production were carried out in
Refs. [15-17]. The supercritical resonances were examined
in Refs. [18-23]. The dynamics of the pair production in
collisions of heavy nuclei was extensively studied by the
Frankfurt group (see, e.g., [12—-14,24-29]). In the monop-
ole approximation spontaneous and dynamic channels of
the pair production have been evaluated in Refs. [30-34],
and beyond the monopole approximation in Refs. [35-39].
The QED-vacuum polarization effects in the supercritical
Coulomb field have been examined in Refs. [40,41]. In
Ref. [42], the relativistic semiclassical approach was
applied to study the instability of electron-positron vacuum.

Recently, our research group proposed a method to
distinguish the subcritical pair-production process from
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the supercritical one [32,33]. This approach uses a specific
type of nuclear trajectories characterized by the minimal
internuclear distance R,;, and scaled energy parameter
e>1,

EZE/Eov (1)

where E is the collision energy and E, is the head-on
collision energy. Along trajectories with fixed R,
and various &, the nuclei produce the same field strength.
As ¢ decreases, the duration of the supercritical regime
increases, enhancing the contribution of spontaneous
mechanism, while the nuclei velocity and the dynamical
channel are reduced. Thus, an increase in pair-creation
probability as e approaches 1 is a signature of the
supercritical regime. This signature was observed in
one-center calculations within [32,33] and beyond [38]
the monopole approximation. The same behavior was
confirmed in two-center calculations in Ref. [39].

With new opportunities for experimental research on
heavy ion collisions at upcoming facilities [43—46], it is
important to investigate not only the total pair-creation
probabilities but also angle-resolved energy distributions.
In Ref. [39], two-dimensional angular-energy positron
distributions in the collision plane were analyzed, demon-
strating that the distributions are nearly spherically sym-
metric with a high degree of isotropy. These calculations
were performed without including the rotational term (see,
e.g., [47]), as it was previously argued that the effect of the
rotation coupling on the total pair creation should be small
[48-50]. However, further investigation is needed to assess
the impact of the rotational term on the angle-resolved
probability distributions.

This work aims to study the impact of the rotational term
on the total pair-creation probabilities, as well as on the
angle-integrated and angle-resolved positron energy dis-
tributions, in slow collisions of heavy nuclei. The time-
dependent Dirac equation is solved using the generalized
pseudospectral method in modified prolate spheroidal
coordinates, with the rotational term included in the
Hamiltonian. To obtain angle-resolved energy distributions
the plane wave decomposition approach is employed. The
three-dimensional angle-resolved energy distributions of
positrons are analyzed.

In this study, we do not take into account the effect of the
magnetic field of the moving nuclei. In the absence of the
magnetic field, the energy levels of an electron moving in
the static electric field of the nuclei are degenerate with
respect to the spin projection onto the internuclear axis. The
influence of the magnetic field on the various processes
which take place in low-energy heavy-ion collisions was
studied in Refs. [51-54]. In Ref. [51], it was found that the
magnetic field of the moving nuclei can cause a consid-
erable splitting of the energy levels in U-U collisions for the
collision energies close to the Coulomb barrier, which, in
particular, introduces a difference in the critical value of the

internuclear distance between the spin-up and spin-down
states. However, the calculations of Ref. [54], performed
within the monopole approximation for Pb-Pb collisions,
revealed that the magnetic field had a negligibly small
influence on the creation of positrons. Definitely, the effect
of the magnetic field of the moving nuclei on the total and
differential probabilities of the positron creation requires
further investigation which is, however, beyond the scope
of the present paper.

Atomic units (2 = |e| = m, = 1) are used throughout
the paper unless specified otherwise.

II. METHODS

Theoretical methods which we use to treat the problem
were described in detail in our previous paper [39]. Here,
we recall the basic expressions with the emphasis on the
rotational coupling term in the Hamiltonian, which was
discarded in the previous calculations [38,39]. Making use
of Dirac’s hole picture [13,19], we start with the time-
dependent Dirac equation (TDDE) for a positron in the
field of two colliding bare nuclei in the center-of-mass
frame of reference

i%‘l‘(r, 0 = HW(r 1), 2)

where ¥(r,t) is a four-component wave function of the
positron, and the Hamiltonian H is written as

H=c(ap)+p+U,(r—a(n)) +U,(Ir+a@))). (3)

In Eq. (3), ¢ is the speed of light, p is the momentum
operator, @ and f are the Dirac matrices. The function
U, (r) represents a spherically symmetric nuclear potential
within the extended nucleus model. We adopt the Fermi
model of the nuclear charge distribution [55], and the root-
mean-square radii of the nuclei are taken from Ref. [56].
The vectors ta(t) define the instantaneous positions of the
nuclei during the collision, so 2a(t) = R(¢) where R(t) is
the internuclear distance. We note that the nuclear motion is
described by classical mechanics. This is a good approxi-
mation for treating collisions of heavy nuclei at the energies
close to the Coulomb barrier where the velocities of the
nuclei are about 0.1¢ [13,57,58]. In the course of collision,
both the absolute value and direction of the vector a vary
with time. We assume that the internuclear axis of the
quasimolecule is initially directed along the axis, which we
denote as z, axis, and the collision takes place in the z, — x
plane. During the collision the internuclear axis is rotated
about the y axis which is perpendicular to the collision
plane. Upon the unitary transformation of the wave
function,

¥(r, 1) = exp [—i;(Jy]‘P<’) (r,1), (4)
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where y is the rotation angle of the internuclear axis
(x = 0ast — —oo) and J, is the total angular momentum
projection operator onto the y axis, equal to the sum of
the orbital and spin angular momentum projection oper-
ators Ly, and S,

Jy=L,+S,, (5)
we arrive at the equation for the wave function ¥ (r, 1)

(r)
Y00 (e p) @B, + Ul — alr)ec)

ot
+ Uy(Ir + a(r)e])] ¥ (. 1). (6)

where e, is a unit vector along the internuclear axis, which
is rotated by the angle y from z, axis. We will term the
transformation (4) a transition to the rotating frame of
reference and W) (r, f) the wave function in the rotating
frame of reference, respectively, although Eq. (6) differs
slightly from the equation in the relativistic rotating frame
of reference (for details, see Ref. [47]).

In the rotating frame of reference, the nuclei are located
on the z axis at all times, but the rotational coupling term
—xJ, is introduced in the TDDE. This operator couples the
states if their angular momentum projections onto the
internuclear (z) axis differ by 1. In our previous works
[38,39] the rotational coupling term was discarded, since it
was argued in Refs. [48-50] that the influence of this term
on the total production of positrons in slow collisions of
heavy nuclei is negligible. In the present study, we retain
the rotational coupling term in Eq. (6) and assess its
influence on the total positron creation probabilities as
well as distributions of outgoing positrons with respect to
their energies and emission angles.

It is convenient to perform an additional unitary trans-
formation of the wave function in Eq. (6)

1 0 0 0
0 exp(ip) O 0

) — , 7
o o i o v U
0 0 0 iexp(ip)

where the angle ¢ describes rotation about the z axis. Upon
this transformation, the positron state with the angular
momentum projection m + % onto the z axis is described by
the wave function (") exp(img) where all four compo-
nents of the function ") depend on the time as well as
cylindrical coordinates p and z but not on ¢. In the general
case, the wave function y (r, 1) is represented by the series
expansion

Zu/

m=—oo

(. 2. 1) exp(img), (8)

and the time-dependent equation for the function y(r, 1) is
recast in a set of coupled equations for the angular
momentum projection components (")

.0 Z ){Jmm m)‘ (9)

m) __ m m
ldtw( ) = Hmy,(m) _ /
m'=m=1

Except the rotational coupling term, the Dirac Hamiltonian
in Eq. (6) is invariant under rotation about the z axis and
diagonal in the angular momentum projection representa-
tion. Thus the Hamiltonians H™ in Eq. (9) include the
kinetic and rest energy as well as interaction with the nuclei
for the states with the angular momentum projection m + %
The states with different angular momentum projections are
coupled by the rotational coupling operator J,, which is
modified from the conventional definition in Eq. (5) due to
the transformation (7)

J=L,+8,. (10)
0000
L, 0100 -
=L, —Zsin ,
?To 0o 0 o
000 1
P
L, =—icos¢p z——p P + —sm(p—, (12)
000 0
i 100 0
S, = Lexp(—i
v =3P 0 o o
0010
0100
i 0000
— Lexpl(i 13
] IS BRE)
0000

We use cylindrical coordinates in Egs. (11)—(13). Two-
center quantum systems, however, are naturally described
with prolate spheroidal coordinates; for close collisions in
such systems, prolate spheroidal coordinates can be slightly
modified to make a smooth transition to a one-center
system in the united-atom limit. Our modified prolate
spheroidal coordinates 4 and # are related to the cylindrical
coordinates p and z as follows [39]:

p= 6+ ay -1 =)
z=(A+a)y
0<A<oo,—-1<y<l). (14)

The azimuthal angle ¢ has the same definition in both
coordinate systems. In the limit a — 0O, the coordinate 4
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becomes the spherical radial coordinate r, and the coor-
dinate 7 is equal to cos & where & is the polar angle in the
spherical coordinate system with the axis z directed along
the internuclear axis.

Since the coordinate transformation (14) is time-
dependent through the parameter a(t), the set of equa-
tions (9) is further modified

.0 a
) = [HO =25, [y G

ot
ST RN (e, (15)

m'=m=+1
with the scaling operator S, defined as

ono o

S, =ia—— _——. 16
a +la6a0n (16)

a0

In Eq. (16), the partial derivatives of 4 and 5 with respect to
a are calculated from the Eq. (14) at fixed p and z.

To solve the final set of the time-dependent equa-
tions (15), we employ the generalized pseudospectral
(GPS) method, proved to be accurate and efficient for both
nonrelativistic and relativistic problems [59—62]. Upon the
GPS discretization, the operators on the right-hand side of
(15) are transformed to a block-structure matrix. The
diagonal blocks are formed by the H") and S, matrices
while the off-diagonal blocks are due to the rotational

coupling J"". The linear dimension of each block is
equal to 4 x N; x N, with N; and N, being the numbers of
grid points for the coordinates A and 7, respectively. In the
present calculations, we use N, = 320, N, = 20 and retain
the angular momentum projections m from —1 to 1. Thus
the linear dimension of the total matrix in the set (15) is
equal to 76800. The box size for the pseudoradial coor-
dinate A is chosen as 60/Z a.u. where Z is the nuclear
charge number. For the time propagation, we adopt the
Crank—Nicolson algorithm [63] with a nonuniform time
step where the smallest time step corresponds to the closest
approach of the nuclei. The total number of time steps is
equal to 2048.

To obtain energy—angle distributions of outgoing posi-
trons, the unbound positron wave packet at the end of the
time propagation is projected onto the relativistic plane
waves. The relativistic plane wave functions ‘I’,il) and lI’k2
with the momentum k, corresponding to the spin projection
% and — %, respectively, onto the z axis in the rest frame of
the positron can be written as [64]

\/ Ek+2C2

1{;(1) _ 0 exp[i(k-r)—iEkt] (17)
, VE; cos 9, (272)3/2\/2E, +2c%

VEsind exp(ipy)

0
g _ | VEcT2explion) | explilk-r) — iEy]
g VEsin 9, (212)2\/2E; 1 28
—VE;cos I exp(igpy)

(18)

In Egs. (17) and (18), 9, and ¢, are the angles which define
the direction of the momentum vector k in the spherical
coordinate system, and E; is the positron kinetic energy
related to the momentum k as follows:

k:%,/E,{(Eﬁz&). (19)

The differential probabilities of positron creation in the

states ‘P,(Cl) and ‘I’,((z) are given by the following equations:

ap

1
dEdQ & EW(Ey+22) (E+ )2 [¥O) P, (20)
4dprP®? 1 ,
dEdQ & Ed(Ey+2¢2) (B + ) |(F7 92, (21)

where W(¢) is the unbound wave packet which is calculated
by projecting the positron wave function at the end of the
time propagation onto the positive-energy continuum. In
the frames of reference other than the rest frame of the
positron, the spin projection is not a good quantum number,
and the positron creation differential probability without
the spin selection is obtained as a sum of the differential
probabilities (20) and (21)

dP apV)  dp®
dEdQ  dE,dQ * dEdQ’

(22)

III. RESULTS

We performed calculations of positron creation in slow
collisions of two identical bare nuclei with the charge
numbers Z =92 and Z = 96. Collisions with the scaled
energies ¢ = 1.0, 1.1, 1.2, 1.3 were studied. Since the
velocities of the nuclei are nonrelativistic, their motion
follows classical Rutherford trajectories. The time-
dependent Dirac equation is solved as described in
Sec. II for 6 initial discrete vacuum positron states with
the angular momentum projection J, = 1/2, lying most
closely to the onset of the positive-energy continuum.
Transitions from these states to the positive-energy con-
tinuum make a dominant contribution to the positron
creation. The initial states with J, = —1/2 contribute
equally, thus only the initial states with J, = 1/2 are
propagated, and the resulting positron creation probability
is multiplied by 2.
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To study the effect of the rotational coupling, two sets of
calculations were performed. In the first set, the rotational
coupling term —yJ, was discarded, thus the angular
momentum projection J, = 1/2 was conserved in the
rotating frame of reference. In the second set, we included
the states with J, = —1/2, 1/2 and 3/2. When the nuclei
approach each other during the collision, the adiabatic
potential curves of the quasimolecules may exhibit avoided
crossing leading to nonadiabatic transitions between the
adiabatic states. To account for this effect, the initial and
final internuclear separations were set at R,,, = 5.5/Z a.u.
since avoided crossings between the most important for the
positron creation adiabatic quasimolecular states 1ls;,,
2pi1/2, 28172, 3p1/2, and 35y, (notation refers to the united
atom limit) occur at smaller internuclear distances. As in
our previous works, we choose the minimum internuclear
separation R, equal to 17.5 fm. At this internuclear
distance, the highest-lying discrete positron states s, /, for
Z =92 and Z =96 are already supercritical resonances
deeply in the upper positron continuum.

A. Total and angular-momentum-resolved positron
creation probabilities

Table I presents the total positron creation probabilities
for collisions with the values of Z and & used in the present
calculations. The results without the rotational coupling
term (J, = 1/2) and with the rotational coupling term and
three angular momentum projections retained in the cal-
culations (J, = —1/2, 1/2, 3/2) are compared. The total
probabilities are obtained by summing the contributions
from the quasimolecular states with the respective angular
momentum projections J.. The table also lists the absolute
differences in probabilities between the two sets of the
calculations. As shown in the table, the relative difference
in the probabilities inserted by the —jJ, term is about 1073.

TABLE 1. Total positron creation probabilities in collisions of
two identical nuclei with R_;, = 17.5 fm. The initial angular
momentum projection of the positron states is J, = 1/2. Results
of the calculations without the rotational coupling term (J, = 1/2)
and with the rotational coupling term (J, = —1/2, 1/2, 3/2) are
given in the third and fourth column, respectively. The last column
shows the difference between the two calculations.

J,
z € 1/2 -1/2,1/2,3/2 Difference
92 1.0 1.132x 1072 1.132 x 1072 0
1.1 1.120 x 1072 1.121 x 1072 9.00 x 107
1.2 1.109 x 1072 1.109 x 1072 8.96 x 10~°
1.3 1.095 x 1072 1.096 x 1072 9.66 x 107°
9% 1.0 4.111x10? 4.111 x 1072 0
1.1 3.895x 1072 3.897 x 1072 1.32 x 1075
1.2 3729 x 1072 3.730 x 1072 1.52 x 1073
1.3 3.581 x 1072 3.582 x 1072 1.74 x 1073

For collisions of the nuclei with Z = 92, the relative
difference does not exceed 0.1%, while for Z = 96 it is
about 0.05%. For head-on collisions with ¢ = 1.0, tran-
sitions between the states with different angular momentum
projections do not occur, only the states with J, = 1/2 are
populated, so the calculations with and without the rota-
tional coupling term give identical results.

As one can see, the effect of rotational coupling is in a
slight increase of the total positron creation probability for
all € > 1.0 used in the calculations. A possible explanation
for this effect is that an increase of the number of channels
for possible transitions generally increases the total tran-
sition probability, that is depletion of the initial state. This
effect is particularly noticeable in collisions with Z = 96,
where higher collision energies (compared to the case of
Z =92) lead to a greater contribution from states with the
momentum projections different from the initial projection.
This is in agreement with increased rotation velocity of
the internuclear axis. For collisions with Z = 92, the effect
of the rotational coupling is smaller, and the calculation
inaccuracies make it difficult to clearly isolate an increase
of this effect with the collision energy. However, the
difference of the total positron creation probabilities due
to the rotational coupling for ¢ = 1.3 is larger than for
e = 1.1, suggesting a slight increase of the rotational
coupling influence at higher collision energies.

Table I also suggests that accounting for the rotational
coupling does not alter the previously found patterns in the
dependence of the total probability on the scaled collision
energy. In the supercritical regime, for collisions with Z = 92
and Z = 96, the total probability decreases with increasing &,
as expected. Such a behavior of the total positron creation
probability proves a significant contribution of the sponta-
neous pair creation mechanism at € — 1.

As an additional verification of the present results obtained
within two-center method in modified prolate spheroidal
coordinates, we also performed calculations within the one-
center approach beyond the monopole approximation, as
outlined in Ref. [38], with the rotational coupling term
included. The calculations were carried out for U%2+-U%2+
collisions at R,;, = 17.5 fm. These calculations confirm our
results described above in that the rotational coupling has no
significant effect on the total positron creation probabilities.

In Table II, we present the individual contributions of the
states with different angular momentum projections to the
total pair creation probability for the calculations with
the rotational coupling term retained and angular momen-
tum projections J, = —1/2, 1/2, and 3/2 included. The
column labeled y shows the ratio of the populations of the
continuum positron states with J, = —1/2 and J, = 1/2.
We note that these populations are obtained after the time
propagation, when the internuclear (z) axis is in its final
position rotated from the original direction by the angle
Xmax- The value y... can be obtained from solving the
classical Rutherford scattering problem
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TABLE II. Contributions of different angular momentum
projections J, to the total positron creation probabilities in
collisions of two identical nuclei with R, = 17.5 fm. The
initial angular momentum projection of the positron states is
J, =1/2. Here y is the ratio of the contributions of states with
J,=-1/2 and J, = 1/2 and v is the kinematically predicted
ratio.

JZ
Z e —-1/2 1/2 3/2 ¥ v
92 1.0 0 1.13 x 102 0 0.00 0.00
1.1 1.71x107% 3.90x 1073 1.63x10° 044 0.44
1.2 270%x 1073 2.84x1073 120x10° 0.95 0.96
1.3 332x107% 2.15x107% 1.16 x10°® 1.54 1.56
9 1.0 0 411 x 1072 0 0.00 0.00
1.1 592x107% 136x1072 198 x10°° 044 0.44
1.2 9.09%x 1073 956x 107 1.50x 107¢ 0.95 0.96
1.3 1.09%x1072 7.04x 107 1.45x107° 1.54 1.56

Ymax = 2arctan \/4e(e — 1).

As one can see, it depends only on the scaled collision
energy and does not depend on the masses or charges of
the colliding nuclei. Thus the same final rotation angles are
obtained in collisions of the nuclei with Z =92 and
Z = 96. They are as follows:

(23)

e=1.1 Fmax = 07.1°,
e=1.2 Kmax = 88.8°,
e=13 Ymax = 102.6°. (24)

We also note that the rotational coupling effect is different
in the inertial and rotating frames of reference. Even if in
the inertial frame the terms in the Hamiltonian which break
the rotational symmetry about initial direction of the
internuclear axis have negligible influence on the dynam-
ics, so the angular momentum projection on this fixed axis
is conserved, in the rotating frame the kinematic effect of
the rotational coupling term is not small. This kinematic
effect can be seen from the solution of a simple problem for
the quantum-mechanical system with the angular momen-
tum % If such a system is in the state with the angular
momentum projection + 1 on the initial z, axis, then in the
coordinate system rotated by the angle y,.. about the
y axis, the probabilities to find the system in the states with
the projections + % and — % on the rotated z axis are equal to
08 (3 ¥max) and sin® (3 ymax ), respectively [65]. Thus the
kinematically predicted ratio of the populations of the
continuum positron states with J, = —1/2 and J, = 1/2

must be equal to
5 (1
v = tan Exmax > (25)

if no transitions due to rotational coupling occur in the
inertial frame.

The value of v for different ¢ is listed in the last column
of Table II. As one can see for both Z = 92 and Z = 96, at
each e the numerically calculated value y is close to the
analytically predicted value of v.

A slight difference between y and v is observed at higher
collision energies, ¢ = 1.2 and € = 1.3. A possible reason
of this difference may be in the dynamic effect of the
rotational coupling at higher angular velocities of the
internuclear axis, not accounted for in the kinematic
formula (25). Table II shows that states with J, = —1/2
and 1/2 contribute most significantly to the total proba-
bility, while the contributions of states with J, = 3/2 are
3—4 orders of magnitude smaller. Since we did not perform
calculations with larger numerical parameters, we cannot
confirm that the numerical data for the J, = 3/2 contri-
butions are reliable. However, the uncertainties of our
calculations can be estimated as not exceeding those
probabilities for the states with J, = 3/2.

B. Angle-integrated energy distributions
of outgoing positrons

In the previous works [33,38,39], it was demonstrated
within the monopole approximation and beyond that, in the
supercritical regime, the maximum of the angle-integrated
energy distributions of outgoing positrons decreases as &
increases. In this section, we examine the positron energy
spectra obtained in the two-center calculations with the
rotational coupling included.

In Figs. 1 and 2, the positron energy spectra are shown
for collisions of two identical nuclei with the charge
numbers Z =92 and Z = 96, respectively, and scaled
energy parameters € = 1.0, 1.1, 1.2, 1.3. Angular momen-
tum projections J, = —1/2, 1/2 and 3/2 were included in
the time propagation of the initially selected 6 discrete
positron vacuum states with J, = 1/2, which make the
most significant contributions to the positron creation

«10-5 U92+_U92+
T 150 /50 o
Z 7! —— e
E} /// N\ e=11
= ,} —= =12
ES e N .
E 1.00 [ c=13
S I
= %
= 0.50 e
= &
b= e
D =
0.00 : , . ‘ : ‘ :
0 250 500 750 1000 1250 1500 1750 2000
Positron energy (keV)
FIG. 1. Energy spectra of positrons for symmetric collisions of

nuclei with Z =92 at R;, = 17.5 fmand ¢ = 1.0, 1.1, 1.2, 1.3.
Angular momentum projections J, = —1/2, 1/2, and 3/2 are
taken into account.
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FIG. 2. Energy spectra of positrons for symmetric collisions of
nuclei with Z =96 at R;;, = 17.5 fmand e = 1.0, 1.1, 1.2, 1.3.
Angular momentum projections J, = —1/2, 1/2, and 3/2 are
taken into account.

probability. From the energy spectra in Figs. 1 and 2 one
can conclude that taking the rotational coupling into
account when solving the TDDE does not alter qualitatively
the pattern already seen in our previous calculations with-
out the rotational coupling term [33,38,39]. In collisions
with both Z =92 and Z = 96, the maximum of the
distribution is the highest at £ = 1.0 and decreases as ¢
increases to 1.3. This observation is in a full agreement with
the works [33,38,39] and is consistent with the conclusion
made in the previous subsection that the influence of
rotational coupling on the total positron creation proba-
bilities is insignificant at the collision energies 6-8 MeV /u
studied in the present paper. We emphasize that this particular
dependence of the energy distribution peak on the scaled
collision energy signals about considerable contribution of
the spontaneous mechanism to the electron-positron pair
creation, as we discussed earlier [33,38,39]. Thus our present
analysis of the rotational coupling effect confirms validity of
our previously made observations about the signatures of the
spontaneous positron creation in the energy distributions of
outgoing positrons.

C. Angle-resolved energy distributions
of outgoing positrons

In Figs. 3 and 4, three-dimensional angle-resolved
energy distributions of outgoing positrons are shown for
collisions of two identical nuclei with the charge numbers
Z =92 and Z =96, respectively, and scaled energy
parameters ¢ = 1.0, 1.1, 1.2, 1.3. Angular momentum
projections J, = —1/2, 1/2 and 3/2 were included in
the calculations. The angle-resolved differential positron
creation probabilities were calculated according to Eq. (22)
at the end of the time propagation in the rotating frame and
then transformed to the initial center-of-mass frame of
reference, thus the momentum components in Figs. 3 and 4
refer to the momentum space associated with the initial
direction of the coordinate axes. In the figures, only a half
of the three-dimensional distribution is presented as a

e=1.1

134%x10°

0

k

FIG. 3. Pseudocolor plot of the angle-resolved differential

probabilities of positron creation corresponding to the positron
momentum components k,, k,, and k,. The spectra are presented
for collisions of the nuclei with Z =92 and e = 1.0, 1.1, 1.2, 1.3
at Ry, = 17.5 fm. Angular momentum projections J, = —1/2,
1/2, and 3/2 are taken into account. For more details, please see
the text.

441107

FIG. 4. Pseudocolor plot of the angle-resolved differential
probabilities of positron creation corresponding to the positron
momentum components k,, k,, and k,. The spectra are presented
for collisions of the nuclei with Z = 96 and & = 1.0,1.1,1.2,1.3
at Ry, = 17.5 fm. Angular momentum projections J, = —1/2,
1/2, and 3/2 are taken into account. For more details, please see
the text.
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hemisphere to provide a more detailed view of the region
where the distribution has its maximum. Two-dimensional
slices of the three-dimensional distribution are shown on
the k, —k,, k. —k, and k. —k, planes, each passing
through the center of the three-dimensional distribution
and parallel to the respective plane.

The angle-resolved energy distributions of outgoing
positrons in Figs. 3 and 4 do not manifest any significant
anisotropy. In Ref. [39], two-center calculations without the
rotational coupling term demonstrated that the two-
dimensional energy—angle distributions obtained by inte-
gration over the azimuthal ¢, angle are nearly spherically
symmetric. In the present study, we calculated three-
dimensional distributions, which account for the rotational
coupling. Comparing the present and previous results, we
can conclude that the rotational coupling at the collision
energies 68 MeV /u currently under consideration does
not break the isotropy of the angular distributions of
emitted positrons. The brightness of the pseudocolor plots,
which reflects the value of the differential probability,
decreases with increasing ¢ for both Z = 92 and Z = 96,
indicating a decrease of the differential probability. This
observation is consistent with the behavior seen in the
supercritical collision regime for the total probabilities and
angle-integrated energy distributions.

IV. CONCLUSION

In the present work, the positron production in slow
collisions of heavy nuclei has been studied within the two-
center approach with the rotational coupling taken into
account. The time-depended Dirac equation for positrons
has been solved with the help of the generalized pseudo-
spectral method in modified prolate spheroidal coordinates.
The rotational coupling term, which emerges in the time-
dependent Dirac equation after transformation to the
rotating frame of reference and causes transitions between
the states with different angular momentum projections, is
explicitly included in the calculations. The total pair-
creation probabilities as well as the angle-integrated energy
distributions of outgoing positrons are obtained. We have

also calculated three-dimensional angle-resolved energy
distributions of the positrons by projecting the wave packet
of emitted positrons on the relativistic plane waves. The
impact of the rotational coupling on the total positron
creation probabilities, as well as angle-integrated and
angle-resolved energy distributions is assessed. The results
of our calculations show little influence of the rotational
coupling for the collision energies under consideration
(6-8 MeV/u). The rotational coupling does not alter the
signatures of the supercritical regime in positron production
for all the total probabilities, angle-integrated and angle-
resolved energy distributions either.

In this paper, we did not consider the magnetic field
effect of the moving nuclei on the positron distributions and
total positron creation probabilities. The magnetic field
coupling, like the rotational coupling, causes transitions
between the states with different angular momentum
projections. Although the calculations of Ref. [54] showed
a negligibly small influence of the magnetic field on the
creation of positrons, the final conclusion on this cannot be
made unless more elaborated calculations including the
magnetic field coupling beyond the monopole approxima-
tion are carried out. We think that our method can be
extended to account for the interaction with the magnetic
field, which can be a subject of the future research.
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