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Spin effect on the pair production under circularly polarized fields is investigated. Significantly different
from what momentum spirals caused by two counterrotating fields with a time delay, we find for the first
time that the spirals can also be induced due to the particle spin effect even if in a single field. We further
examine the bichromatic combinational fields. The inhomogeneous spiral structures can be observed in the
momentum spectrum; in particular, the spiral not only does exist in two cases of spin, but also is about 2
orders of magnitude amplified compared with that in the single field. Meanwhile, the spin asymmetry
degree on the momentum distributions is investigated, and it was found that the effect of spin flip exists
with an increased time delay between two fields. The spin asymmetry degree on the number density can
reach to 98% in certain conditions. These results indicate that the signatures of created particles, especially
the spiral structures, are strongly associated with information pertaining to the laser field as well as the
created particle spin, which can deepen the understanding of vacuum pair production.
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I. INTRODUCTION

In the presence of a strong background field, the
quantum electrodynamic (QED) vacuum becomes unstable
and decays into electron-positron pairs [1-8]. A great deal
of research has focused on the momentum distribution and
number density of created pairs for different external fields.
The momentum distribution exhibits a wealth of features
such as effective mass signatures [9], the self-bunching
effect [10], the ponderomotive force effect [11], the
multiple-slit interference effect [12], and node structures
[13], as well as recently discovered spiral structures [14—16].

Indeed, spiral structures have been widely investigated in
many areas in past years, for example, in atomic and
molecular ionization [17-22], nonlinear optics [23], type-II
superconductors [24], plasmas physics [25,26], atomic
condensates [27], and so on. Interestingly, recent inves-
tigations indicate that the momentum spirals have been
discovered in electron-positron pair production [14-16],
which are generated by two counterrotating fields with a
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time delay. It should be noted that the spirals with even and
odd numbers of arms are attributed to the fields by the same
color [14,15] and by the different colors [16], respectively.

On the other hand, it is known that the spin effect of
created particles plays a critical role in vacuum pair
production [28-31]. For example, Strobel et al. demon-
strated that the spin distribution of produced pairs is
generally not 1:1 in the Schwinger pair production by
the rotating electric fields depending on time [28]. Blinne
et al. pointed out that the pair production in different spin
states is unequal for a constant rotating field [29].
Interestingly, we found that, for a circularly polarized
(CP) field, the number density of created bosons is the
geometric mean, i.e., the square root of the spin-up number
density times that of spin-down [30], and that, for arbi-
trarily polarized fields with several periods, the degree of
spin polarization roughly increases with y, where y =
mawc/eEy (¢ =1) is the Keldysh adiabatic parameter
and m and —e denote electron mass and charge, respec-
tively. Recently, Kohlfiirst showed the power of the
photon absorption model by demonstrating how to identify
the imprint that the different spin states leave on the
electron-positron angular distribution, and obtained the
spin-dependent particle production amplitudes [31].
Moreover, spin or/and helicity resolved momentum dis-
tributions on pair production have been reported via
different approaches such as scattering matrix [32] and
quantum kinetic equations [33,34].
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To our knowledge, the previous momentum spirals are
caused by the opposite photons’ spin in two counterrotating
fields with a time delay [14—16]. However, whether the spin
of created particles can create a momentum spiral has not
yet been reported. Therefore, as this is an important
concern, we shall investigate the problem in this paper.
The focus is on considering the spin induced momentum
spiral by the single field, and the spiral structure as well as
the spin asymmetry degree under the bichromatic combi-
nation fields. For the single field, it is found that there is no
momentum spiral when the spin of created particles is
parallel to the direction of the laser field (s = +1).
Surprisingly, when the spin is antiparallel to the field
direction (s = —1), there exists an obvious spiral structure
in the momentum spectrum. And the spiral in the few
periods field is more remarkable than that in the several
periods field. On the other hand, for the bichromatic
combination fields, the spiral does exist whether the spin
is parallel (s = 1) or antiparallel (s = —1). Not only is the
unobserved spiral in a single field seen in the two fields, but
also the observed spiral in a single field is amplified about 2
orders of magnitude larger in the bichromatic fields.
Meanwhile, it is found that the larger the time delay
between the two fields, the more pronounced the spiral
structure. Finally, by adjusting appropriate field parame-
ters, we can also obtain a high spin asymmetry degree of
created particles.

Our considered electric field form is associated with
either a single field or a combination of two fields with a
little different strength and frequency between them.
For the single field, the form is given as

E<t) :El(t) _COSEI"II(L>

[cos(w;t)e, +&;sin(w;t)e,], (1)

or

B() = o) = s

72

+ 8y sin(wy (1 — Ty))e, . (2)

[cos(wy(t —Ty))e,

And for the combined field case, it is given by
E(1) = E (1) + Ex(2), (3)

where E;; = Ey; 02/ ,/1+5%.2 are the field strengths

(|612] = 1 are the CP degrees), w, , are the field frequen-
cies, 71, = N2z/w, , denote the pulse duration (N deter-
mines the number of periods in the individual pulse), and
T, = GT = G(z| + 1,) is the time delay between the two
pulses, where G is a dimensionless quantity. In our study,
the typical field parameters are set as E, = 0.1v/2E,,
(E,, = m?>c®/eh~1.3x10'° V/cm denotes Schwinger

critical field strength), Eyp = 0.07\/§Ecr, o, = -1,
0, =1, w; = 0.44, w, = 0.55. Note that throughout this
paper h = c =m =1 is used.

We employ the equal-time Dirac-Heisenberg-Wigner
(DHW) formalism [28,29,35-38], a relativistic phase-space
quantum kinetic approach, which has been widely applied
to study pair production in arbitrary electromagnetic fields
[10,39-46]. For the spatially homogeneous and time-
dependent electric field presented in our study, the com-
plete DHW equations of motion can be reduced to the
following form [14,29,46]:

.. eE-v

I="a

2 (eE-v)p

V=0 [(¢E - p)p — eEQ*(f — 1) RSy
—2p x a —2mt,

a=-2pxyv,

2

t=—[m*v+(p-v)pl, (4)
m

with initial conditions f(q,—o0) =0, v(q,—oc0)=

a(q, —0) = t(q,—o0) = 0, where f is the single-particle
momentum distribution function, v is associated with the
current density v, a denotes spin density, and the projection
of the t in the direction of momentum determines the

rate of change of the mass density [31,35,36]. Q=

\/m*+ (q — eA(t))? represents the total energy of par-
ticles, q is the canonical momentum related to the kinetic
momentum p(z) =q —eA(r), and A(r) is the vector
potential of the electric field E(z). By integrating f(q, ?)
over full momenta at r — -+o0, we can obtain the number
density of created particles:

3
0= lim / (‘2’733 Fla,1). (5)

t——+0o0

Note that the above f and n are the forms without
considering the spin of created particles. When considering
the spin, the single-particle momentum distribution func-
tion can be changed as [29,30]

(f + 50f ) (6)

N[ =

[s=

where s = £1,8f = L6f, + 2-5f,, is associated with the

€1
chiral asymmetry of, = ﬁp - @ and the magnetic moment
asymmetry 5f, =5 (ma, + (p x1),), e, = /m* + ¢,
Also the corresponding number density considering the spin
could be modified as n, = lim,_, , , [ (337?3 fs(q, 7).
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II. MOMENTUM DISTRIBUTION

The momentum spectra of created particles in the single
field E,(¢) and the bichromatic combination fields with
N = 0.5 are shown in Fig. 1. It is found that under the
E, (1), for f(q,, qy), there is no obvious spiral structure, but
the distribution presents a good symmetry in the ¢,
direction; see Fig. 1(a). The symmetry is related to the
fact that the electric field in the x direction is an even
function [13,15]. Meanwhile, one can see that f(q,. g,) is
mainly distributed in the lower half plane, where it
dominates the contribution to the pair production, which
is consistent with the results in terms of the turning points
by Q(q,7) =0 [47,48]. For f.(q,, qy), however, the
momentum distributions present a clear difference. We
find that the f (g, ¢,) shown in Fig. 1(b) is dominant. But
surprisingly, there exists a remarkable spiral structure in
f-(q,.qy) [see Fig. 1(c)], although it is about 2 orders of
magnitude weaker than f (g,, ¢,). Actually, we have done
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the results of E,() (patterns are not shown), which are
similar to the results of E;(¢), except that the momentum
distribution shifts from the lower half plane to the upper
half plane, and the spiral structures appear in f_ (q,.q,).
These are not surprising since the spin directions of the
fields E,(¢) and E,(¢) are opposite to each other.

Note that when we consider the spin of created particles,
there are two ways for spin alignment in a pair of spin-1,/2
particles: parallel and antiparallel [31]. Since the propaga-
tion direction of our field [Eq. (1)] is along the z axis, for
the parallel whereby the spin directions of the electrons and
positrons are parallel to the field direction, the total spin is
S =1/2+ 1/2 =1, while for the antiparallel whereby the
direction of one of the particles is antiparallel to the field
direction, the total spin is S = 0. Obviously, it is found that
the distribution of created pairs for S = 1 is larger than that
for § = 0, as shown in Figs. 1(b) and 1(c), respectively,
which results in agreement with that in Ref. [31].
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FIG. 1. Momentum spectra of created particles in the (g,, ¢g,) plane [where g, = 0) under the single field E () (for (a)—(c)] and the
bichromatic combination fields for T; = 8T [for (d)—(f)] with N = 0.5. From top to bottom, each row (a) and (d), (b) and (e), (c) and (f)

corresponds to f(q..qy), f+(qy. qy), and f_(q,. q,) [refer to Eq. (6)], respectively. Other parameters are Ey; = 0.1V2E,, 6, = —1,

w, = 044, Ey, = 0.07V2E,,, 6, = 1, w, = 0.55.
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FIG. 2. The same as in Fig. 1 except that the distributions are in the (g, ¢) plane (where ¢, =

It should be emphasized that the momentum spirals in a
single field in our study mentioned above are induced by
the spin effect of created particles, which is different from
the previous findings [14—-16] that are caused by the
opposite photons’ spin in two counterrotating fields with
a time delay.

Under the bichromatic combination fields with 7; = 8T,
it is found that there is a remarkable spiral pattern in the
momentum spectra. For f(q,,q,), the spiral structure is
constituted of nine arms, and its distribution in the whole
plane is nonuniform with more strength in the lower half
plane; see Fig. 1(d). This phenomenon can be understood in
connection with the results of a single field. It is known that
the momentum spectra f(q,.q,) of E(¢) and E,() are
mainly distributed in the lower half plane and the upper half
plane, respectively. And since the field strength of E(¢) is
larger than that of E, (1), the f(q,. q,) for E|(z) is stronger
than that for E,(z). When the time delay is large, the two
fields E, () and E,(7) are almost independent, which leads
to the result under the combined fields being almost a
superposition of the ones under the two individual fields.

LTx10°77

.3x1077

e
©

.9x10°8

qz[m]
(=)
>

. 5x1078

<
w

.0
0 0.3 0.6 0.9

qx[m]

1.2

.6x10°8

.5x10°8

.0x1078

g2Am]

.5x10°8

.3x10°8

. 5x1078

.3x1078

qzlm]

. 2x1078

0 0.3

0.6 0.9 1.
qy[m]

0).

Therefore, for T, = 8T, the f(q,.q,) of the lower half
plane is stronger than that of the upper half plane.

For f(q,.q,), one can see that the spiral of f (q,.q,)
is mainly distributed in the lower half plane, as shown in
Fig. 1(e), while the result of f_(g,.q,) is opposite; see
Fig. 1(f). The results are also associated with the momen-
tum distributions in a single field. Specifically, let us first
understand the result of f,(g,.q,) in Fig. 1(e). In the
combined fields with a larger time delay, we can think that
f+(qyx. qy) consists of the f_ (¢, q,) of E;(¢) and E,(z). It
is known that the f (q,.q,) of E;(t) and E,(r) are
predominantly distributed in the lower half plane and the
upper half plane, respectively, and there exists an obvious
spiral structure in the f_ (q,.q,) of E,(¢). Meanwhile, the
f+(qx. qy) of E{(z) is about 2 orders of magnitude larger
than that of E, (7). When the E | (¢) and E, () are combined,
there should be f.(q,.q,) in the whole plane. But the
f+(4x.qy) of E;(r) mainly contributes to the position of
distribution, while £, (q,,g,) of E,(¢) mainly contributes
to the spiral structure. Therefore, these results ultimately
lead to £ (¢,. g,) in the combined fields mainly distributed
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FIG. 3. Momentum spectra f_(q,. ¢,) of created particles in the (g, ¢,) plane (where g, = 0) for the single field E (¢) with different
N. (a) and (b) correspond to N = 1 and N = 2, respectively. (c) is the amplified result of (b).

in the lower half plane and accompanied by a remarkable
spiral structure, where the spiral is about 2 orders of
magnitude greater than that in the single field. For the
results of f_(g,.q,) in the combined fields, a similar
understanding can be performed.

Now let us see the momentum distributions in the (g,,
q.) plane (where g, =0) under the single or/and the
bichromatic combined fields with N = 0.5; the results
are shown in Fig. 2. Owing to the distributions being
symmetric about both g, = 0 and g, = 0, we only show a
quarter of the results here. Compared to the results in the
previous work [29] for the single field, our f_(g,,q.) is
similar to that £ of Fig. 5 in [29] since the field is opposite
to ours so that our f_ corresponds to their f,. However, our
f(qy. q.) and f(q,, q.) are different from them. We think
the differences may be attributed to the field of [29] being
for the several periods case, whereas ours is for the few
periods case. In [29] they emphasized that the pattern is a
typical interference effect; however, in our case here we
have observed a delicate relation of interference to the weak
spiral. For the combination fields, see the right column of
Fig. 2; similar to the results in the (q,, ¢,) plane of Fig. 1,
all momentum distributions have exhibited the interference
or/and weak spiral including the magnitude amplifier effect
[Fig. 2(f)] compared to that in the single field [Fig. 2(c)].

It is noted that the authors of Ref. [33] recently proposed
another approach to get the momentum distribution taking
into account the spin effect of created particles. We have
also computed the above results using this method;
compared with our results, we find that when ¢, =0,
Fig. 1 obtained by the two methods is completely con-
sistent. When ¢, # 0, Fig. 2 obtained by the two methods is
slightly different (maximum difference is within 37%): the
patterns and orders of magnitude are almost the same, and
only the distribution ranges are slightly different, which
does not affect the final results and conclusions.

As N increases from N =05to N=1and N = 2, we
take the results of f_(g,,q,) in the E(z) as an example
(see Fig. 3), and find that the distribution range of the spiral
becomes larger and the spiral arms become thinner as well
as longer, while the symmetry of the spiral becomes better
in both the g, and g, directions [To see more clearly, we

amplify the result of N =2 and show only the quarter
(upper right corner) of the result in Fig. 2(b), as shown in
Fig. 3(c)]. These phenomena are associated with the fact
that the pair production tends more and more to be the
multiphoton absorption process with increasing N.

III. SPIN ASYMMETRY DEGREE

For convenience, the spin asymmetry degree on the
momentum distributions f(g,, g,) was defined as

Kr = f+<qx’ qy) _f—(qx’ Qy)
/ f+(gx qy) + f_(qy» qy) )

(7)

Figure 4 shows the spin asymmetry degree k; in the
combined fields with different time delays, in which
there are the following three cases in general. (i) For
T,=0, f.(qyq,) and f_(gy.q,) are uniformly inter-
nested in the whole plane, and the fraction of two
distributions is almost 1:1. (ii) For the small time delay
T,=T, there is a preliminary separation between
f+(qx.qy) and f_(q..q,), but f_(q,.q,) is dominant.
(iii) For the large time delay T, = 8T, f(q,.q,) and
f-(qy.qy) are completely separated, in which the upper
half plane and the lower half plane are dominated by
f— (Qx’ Qy) and f+ (‘bc? qy)’ respectively.

First, for T; = 0, one can see that the distribution of x;
has a good symmetry in the ¢, direction [see Fig. 4(a)],
which is related to the symmetry of corresponding momen-
tum distributions. Moreover, it is found that f, (¢,. g,) and
f-(q,.q,) are uniformly internested in Fig. 4(a). This is
because the fraction of f, (., q,) and f_(q.,., q,) is almost
1:1. Second, as the time delay increases to 7, = T, the
symmetry of x; is destroyed; at the same time, a wide and
nonuniform spiral structure can be observed [see Fig. 4(b)].
In addition, there is a preliminary separation between
f+(4x.qy) and f_(q,.q,), where the lower half plane is
mainly dominated by f (g,,g,), while the results in the
upper half plane are opposite. However, in the entire plane,
f-(qy.qy) is dominant.

Third, as T, further increases to T, = 8T, the
distribution of k, is approximately symmetric in the
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FIG. 4. Spin asymmetry degree on the momentum spectra in the (g,, ¢,) plane (where g, = 0) under the combination fields for
different time delays with N = 0.5. (a), (b) and (c) correspond to Ty, =0, T, = T, and T, = 8T, respectively. The gray line denotes

Kf =0.

q, direction, and we can observe the thin and uniform
spiral fringes; see Fig. 4(c). Moreover, it is found that
there exists a clear dividing line in this distribution,
where the lower half plane and the upper half plane are
primarily dominated by f. .(q..q,) and f_(q.q,),
respectively, which are associated with the ones of
Figs. 1(e) and 1(f). This clear dividing phenomenon
may be attributed to the fact that when E;(#) and E,(¢)
are combined, as we described above, the result with a
large time delay is almost caused by the superposition
of the results in two individual fields.

The spin asymmetry degree on the number density of
created particles in the combined fields with different time
delays is shown in Fig. 5, where we define the spin
asymmetry degree as k, = k) — k2 with «} =n, /(n, +
n_) and k2 = n_/(n, + n_). From Fig. 5(a), we find that
for T, = 0, k), is smaller than «2, i.e., the n_ is dominant.
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As T, increases, a crossing point between x, and k2 occurs,
which is located in the range of T;, = 1 ~ 2T. It indicates
that there exists a spin-flip effect in this range. When
T, > 2T, k) is larger than «2, i.e., n, is dominant. Based on
the above results, we can expect to control the momentum
spectrum by changing the time delay; for example, if we
want to obtain a momentum spectrum dominated by
f_(qx,qy), we can set the time delay 7, to be smaller,
and if we want to get the spectrum dominated by
f+(4x. qy), the T, needs to be extended. Moreover, one
can see that with the increase of 7'y, the «, first increases
and then remains unchanged as 12%. In order to obtain a
higher spin asymmetry degree, we have performed some
other simulations, for example the result shown in Fig. 5(b).
It is found that x,, monotonically decreases with increasing
T ; specifically, it decreases from —50% at T, =0 and
eventually reaches —98% at T, = 8T.
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FIG. 5.

Spin asymmetry degree on the number density of created particle dependence on time delays by the combinational fields.

(a) for N = 0.5. (b) for N = 2, Eyp = 0.05v/2E,,, and @, = 1.2. Other parameters are the same as in Fig. 1.
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IV. DISCUSSION

Different from the previous studies [14,15], we found
that the spin can induce the momentum spirals in a single
field. The bichromatic combined fields lead to an inho-
mogeneous spiral structures of the momentum, especially,
the spiral pattern does exist in both f, and f_, and it is
about 2 orders of magnitude larger than the single field. It
seems that one field creates spiral “seed” for a certain spin
type, while the other field plays a role as the “amplifier” to
this spiral. For the opposite spin case, the roles of “seed”
and “amplifier” played by the fields are exchangeable.

It is known that the purely time-dependent electric field
actually consists of two counter-propagating waves [49],
and they are focused on the narrow regime of original
electron Compton scales, i.e., a dipole approximation is
met. For our single field, it is equivalent to a combination of
a left-handed wave and a right-handed wave, and the two
counterpropagating waves are attributing for most of the
interaction time at the focusing spatial scale. So this is very
similar to the case of combined fields that consist of two
counterrotating pulses. This is maybe a reason why the
spiral can exist even if the single field is present.

These results suggest that the spin effect of created
particles plays an important role in momentum spiral on

pair production. It not only can induce the momentum
spiral in a single field, but can also contribute to the
formation of the spiral in the bichromatic combinational
fields as well as the appearance of the spin-flip effect.
Moreover, the momentum spiral due to the spin is
sensitive to the field parameters. It is found that either
the larger the time delay or the smaller the number of
periods, the more pronounced the momentum spiral,
which provides a flexible way to control the spiral
features. While we have only considered the simple case
of CP fields, we speculate that more delicate spin effects
exist in different cases of fields, and further features
associated with the momentum patterns on pair production
are expected.
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