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Abstract: This paper considers the scattering of a probe laser pulse by an intense light spring in
a QED vacuum. This new scattering configuration can be seen as the vacuum equivalent to the
process originally associated with the scattering of light by a rotating black hole, which is usually
called Penrose superradiance. Here, the rotating object is an intense laser beam containing two
different components of orbital angular momentum. Due to these two components having slightly
different frequencies, the energy profile of the intense laser beam rotates with an angular velocity that
depends on the frequency difference. The nonlinear properties of a quantum vacuum are described
by a first-order Euler-Heisenberg Lagrangian. It is shown that in such a configuration, nonlinear
photon—photon coupling leads to scattered radiation with frequency shift and angular dispersion.
These two distinct properties, of frequency and propagation direction, could eventually be favorable
for possible experimental observations. In principle, this new scattering configuration can also be

reproduced in a nonlinear optical medium.

Keywords: laser QED; scattering; nonlinear quantum vacuum

1. Introduction

The recent development of intense laser systems at the peta-watt level [1] opens the
opportunity for a possible exploration of the quantum vacuum and its nonlinear optical prop-
erties. This has been discussed in several recent review papers (see, for instance, [2—4]). Many
different physical geometries have been proposed for possible experiments with intense lasers
in vacuum, especially those associated with photon—photon scattering, vacuum birefringence,
four-wave mixing, photon reflection and acceleration, among others [5-9].

Most of these processes take place with moderately high electromagnetic radiation, not
involving the creation of real electron—positron pairs, but simply the excitation of virtual
pairs which can be seen as the components of a virtual plasma state. This state can be
excited using field amplitudes that are very large when compared with common laser
beams but stay well below the critical field [10], which is known as the Schwinger field.
Vacuum optical processes in this moderately high regime can be described with the lowest
order Heisenberg—Euler Lagrangian theory [11,12].

Due to the smallness of such vacuum quantum effects, several strategies have been
proposed to increase these effects. Recent proposals include the photon—photon scatter-
ing of high-harmonic laser pulses and vacuum superradiance [13,14]. Here, we propose
another possible configuration, which is directly inspired by traditional optical exper-
iments using rotating mirrors, and that more recently was recreated in a gravitational
context. This new context was first explored by Penrose [15], Zeldovich [16] and oth-
ers as a way to extract energy from a rotating black hole, and it is sometimes called
Penrose superradiance [17,18]. Recent observations of similar phenomena were claimed in
nonlinear optics [19], in acoustics [20], and in hydrodynamics [21].

In previous papers, it was shown that vortex structures containing two or more
internal modes with different frequency and helicity, called light springs, can be used for
particle acceleration in plasmas [22,23]. Although somewhat surprising, the name “light
spring” becomes obvious near a plasma cutoff when these optical structures behave like
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a mechanical spring [24]. Here, we consider the possible use of similar structures in
a pure vacuum. The energy density of such structures rotates around the propagation
direction with an angular velocity that depends on the frequency difference of their internal
modes. At high intensities, they can be used as a nonlinear scattering object for a probe
beam propagating in the perpendicular direction. Here, we study the corresponding
scattering process.

We describe the vacuum properties using the Euler-Heisenberg Lagrangian. The
optical nonlinearity associated with an intense light spring is described in Section 2. The
nonlinear quantum currents resulting from the interaction of this structure with a probe
beam are described in Sections 3, and the properties of the scattered radiation resulting from
this interaction are detailed in Section 4. The field amplitude, frequency and wavevector
spectrum of the scattered radiation are given, and simple order of magnitude estimates are
established. Finally, in Section 5, we state some conclusions.

2. Light Spring in Vacuum

We consider an intense laser pulse propagating in vacuum with orbital angular mo-
mentum (OAM). We assume that the pulse propagates along some arbitrary z-direction,
and it is made of a superposition of two OAM modes, with different frequencies w; and wy,
and different helicity characterized by the topological charges, or poloidal quantum num-
bers, 1 and ¢;. This pulse configuration is sometimes called a light spring [23,25]. Using
cylindrical coordinates, r = (7, 6, z), we can write the total electric field of the pulse as

Eo(r, t) = Z E,F, (r,0) exp(ikyz — iwyt) + c.c., 1)
v=1,2

where v = 1,2 represent the two different helicity components. The transverse beam profile
of each component is described by a Laguerre—Gauss function F,(r,0), and each value of v
represents two quantum numbers (p, £), where p characterizes the number of zeros in the
radial direction, and ¢ defines the poloidal mode structure, as given by

Fo(r,0) = CpeX 12111 (X) exp (ieve - % T iqo(;> . )

Here, Lf, are the Laguerre-Gauss functions of the dimensionless variable X = r2/w?,

where the laser beam waist w slowly varies in the z direction. Due to propagation in
vacuum, we necessarily have k, = wy /c. In this expression, we have included the Guoy
phase, which is defined as

¢c = (14+2p+|¢|) arctan(z/Lg), 3)

where L is the Rayleigh length, defining the size of the focal region. This phase only plays
a minor role in the present problem and can be ignored. The light spring intensity is
determined by the following expression

|Eo|* = Y |Ey*F(r)* 4+ 2(E; - Eo)Fy (r) Fa(r) exp(Akz + ALY — Awt), (4)
v=1,2

where we have used the notation F, (r) = F,(r,6) exp(—iff) and defined the differences
N=0 -4, MAw=w—wy, Ak=Aw/c, (5)

between the two internal modes of the light spring. This expression is very interesting
because it shows that the maximum intensity of the light spring follows a helical curve
defined by [23]

(w1 — w))

0(z,t) = (z—ct)A—k = (z—ct)m,

AL ©)
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For a given scattering position, z = constant, it therefore defines the angular rotation of
a purely electromagnetic object moving in vacuum. Of particular interest for experimental
purposes is the case where A¢ ~ 1 < ¢, and Aw < wy, such that the radial field distribu-
tions of the two OAM modes nearly superpose. An intense light spring can then locally
excite electron—positron (e-p) virtual states, thus leading to the scattering of a probe pulse
propagating in a perpendicular direction. The geometry of our problem is represented in
Figure 1.

(©) ) (A)

©

(B)

Figure 1. Geometry of Penrose scattering in vacuum: (A)—an intense light spring propagates in the
z direction, with frequencies w; and wj, its intensity rotates around the z axis; (B) a probe pulse with
frequency w; propagates along the (negative) x direction and collides perpendicularly with the light
spring; (C) scattered signals are emitted with frequencies w+ and an angular spread dictated by the
light spring structure.

We describe quantum vacuum using the lowest order Euler-Heisenberg Lagrangian [11].
This is valid for field amplitudes that stay constant on a time scale much longer than the
Compton time, ¢ = h/ mec? ~ 1.3 x 10721 5, and amplitudes that are well below the
Schwinger limit, Es = m2c®/he ~ 10'® V/cm, when real e-p pairs are absent, and QED
vacuum effects are dominated by virtual pairs. This is the appropriate regime for possible
experiments with the existing high-intensity laser systems.

In this approach, the electromagnetic vacuum response is determined by the po-
larization and magnetization vectors, P and M, which are given by the two symmetric
expressions

P=-20(4FE—7cGB), M= —20c*(4FB+7cGE/c). @)

Here, E and B are the electric and magnetic field amplitudes, and F and G are the two
invariant quantities
_Liom —
J-"_E(chE), G =c(E-B). ®)

We have also used the nonlinear quantum parameter ¢, which determines the strength
of the quantum vacuum nonlinearity, which is defined as

e%h3 ¢?
N = ——
45m4c5’ 2eghc’

(=2 ©)
where €9 = 1/c?p is the vacuum permittivity, i = h/27 is Planck’s constant divided

by 27, m is the electron mass, and « ~ 1/137 is the fine structure constant. As already
mentioned, such a description is valid for weak fields, E < Eg, where the Schwinger field
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is Eg = m?c3/eh ~ 1.32 x 10!8 V/m. In order to describe the properties of the scattered
signal, we use the wave equation valid for a disturbed quantum vacuum, of the form

1 02 B

where the nonlinear current J is

JoP
J==+VxM, (11)
ot
In the next section, we calculate the currents responsible for the emission of scattered

radiation.

3. Quantum Currents

Let us then assume an incident probe field propagating in the perpendicular direction,
as described by
Ei(r,t) = E;exp(ik; - r —iwjt), (12)

where k; = —k;ey (see Figure 1). If we ignore nonlinear dispersion corrections due to the
light spring, we can write k; = w;/c. Our aim is to calculate the field scattered by the
rotating nonlinear structure described by the field Eg, defined in Equation (1). The total
field of our problem can therefore be written as

E=Ey+E +E, B=By+B,+B,, (13)

where E; and B; are the probe fields, and E; and B; are the second-order scattered fields.
Notice that the magnetic field associated with the light spring is given by

By(r,t) = Y ByF(r,0)exp(ik, -z —iwyt) +c.c., (14)
v=1,2
where E k 14 1 oF
_ Sv| X e . 29
B]/ - c |:( wv X ev) + ( " €y + FV ar eg)] . (15)

In the particular case of k, = k,e, mentioned earlier, and assuming that the two light
spring components are linearly polarized at an angle 6, relative the the x axis, we obtain

(kvc X ev> = —ep. (16)

Wy

According to Equations (10) and (13), the wave equation for the scattered radiation is
given by
1 02 J
2 _ s 2
where the source terms are independent of the second-order fields and are therefore
s =Js(Ey, E;) and P; = Ps(E,, E;). In order to calculate these terms, we start with the
invariants (8). They can be approximately written as

1 * * .
Fo=3 Z(&BV .B; — E! - Ei> F,(r) exp(igy) + c.c., (18)

v

and
gs = cZ(El’j -B; + E;-B})E,(r)exp(igy) + c.c., (19)

v

with the phase
Pv = —4y0 + (ki - kv) r— (wi - Wv)t~ (20)
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In these expressions, we have used the equality (c?B? — E?) = 0. We also assumed
that (c?B2 — E2) ~ 0, which corresponds to neglecting the second term in Equation (15).
This term would lead to corrections of order 1/k,w, where w is the beam waist, which
are assumed to be much smaller than one. Notice that in the above expressions, the
other neglected contributions are second-order corrections to the dispersion relation of
the scattered field. These simplifying assumptions do not significantly contribute to the
final result.

The above invariants can be used to calculate the quantities J; and Ps, where only
terms of the form (E} E,E;) contribute to the scattered radiation for frequencies determined
by wi+ = (w; £ Aw), as shown next. We first write the nonlinear polarization P; and
magnetization M; as

After a straightforward calculation, we obtain

Ps = —20 ) ps(E E,E;)F,Fyexp(igy) . (22)
v
and
M, = —2c7 Y my(ESE, B;)F,Fyexp(igy,) . (23)
v

where we have used the auxiliary phase functions
o = (o = 0,10+ (I — Ky + 1) - ¥ — (@5 — @y + )t (24)
and the auxiliary polarization and magnetization vectors
ps =2(b) -b; —e,-e;)e, —7(e; -e;+ b -e)b,, (25)

and
m; =2(b; -b; —e,-e;))b, +7(e; - e +by-e)ey, (26)

The unit vectors e = E/|E| and b = B/|B|, with appropriate subscripts, were also
used. Of particular interest is the case considered here, where the two components of the
light spring propagate along the z-axis, with k, = ke, and the probe propagates along
the x-axis, in the negative direction, with k; = —k;e,. To simplify, we also use e, = ey. In
this case, we can write the auxiliary polarization vectors in a much simpler form as

Ps = Z(b;j : bi)ev’ - 7(b: ’ ei)bv/ 7 (27)

This allows us to write the nonlinear current as J; = Jo + J+, where the first term
corresponds to v = v/. Notice that Jy only contributes to elastic scattering, because it
evolves in space and time according to the phase ¢;. Elastic scattering is an interesting
process, which can be associated with vacuum birefringence and has been discussed in the
literature [26]. Here, we focus on the inelastic scattering term J ., that is associated with a
frequency shift and a different direction of propagation. This could be more favorable for
detection. We can write this term as

J+ = 2iR1p(r)|E1E2| Ei ) wjx exp(igs), (28)
+

where Ry, (r) = Fi(r)F(r) determines the radial structure, w+ = w; = Aw are the emitted
frequencies, and the phase functions become

@+ = A0+ Kkt -1 — w4t, (29)
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with k+ = (k; = Ak). Finally, we have used the auxiliary current vector
. kic
jo=ps+ (i x mi) (30)
W+

where m is defined below, p+ = ps(v =1,/ =2) and p_ = ps(v = 2,v/ = 1). Similarly,
for the nonlinear magnetization, we have My = Mg + M, where the terms contributing to
inelastic scattering are

M. = —2cRyp(r)¢|E1E2|B; ) _my exp(ig+), (31)
T
with
m; = 2(b} -b;)by +7(b] - &;)ea, (32)

and m_ is obtained by interchanging the subscripts 1 and 2. Notice that the quantities J
and My only give negligible nonlinear corrections to the refractive index of the incident
wave at frequency w;. Although they are not explicitly written, because they are not
relevant to inelastic scattering, they are of the same order of magnitude as J+ and M.

4. Scattered Radiation

Let us now go back to the wave equation for the scattered field, Equation (17), and
search for a solution of the form

Es(r,t) = Es(r, w) exp(—iwt) . (33)

The quantity E,(r, w+ ) is a solution of

<v2 N fj>Es<r;w> = ity [ @l(riw) explicon)at, (34)

Here, we only retain the dominant term (for a detailed discussion, see [27]). Using
Equation (28), we can write

2
w
(V2 + c2) Es(1;w) = 2wpoR12(7)C|E1E2|Ei L, (35)
with the integral
To = /wiji eXp(igOi)dt, (36)
From here, we can easily obtain
T = 27w+ j6(w — wy el Tkt (37)

Noting that the scattered field in Equation (35) has to satisfy the vacuum dispersion
relation k = w/c, we can write for the field amplitude

2w? 3 ikt
Es(r,w) = TV0€|E1E2|Ei(es Sj£)L(r)e™T, (38)

with the new integral
r . . ,
I(r)= / Ryp(r')etitt0pi(ke—K)r' gyt (39)

where e; is the unit polarization vector of the scattered field. At this point, it is important
to note that the wavevector k is not identical to k4, because it has to satisfy the vacuum
dispersion relation k = w/c. In contrast, the frequency of the scattering radiation is exactly
defined by w = w4 = w; + Aw. This leads to the relation k* = (k; &= Ak)2. On the other
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hand, given that k; and Ak are orthogonal, we immediately have k3 = k7 &+ Ak? and we
conclude that k # k.

Therefore, due to momentum conservation, the scattered radiation receives an addi-
tional amount of momentum, which is coming from the light spring structure described by
Rq2(r). This is an important aspect of the present scattering mechanism. To understand it
properly, we define k = —k;e, + Ake; + q, and assume that the additional amount of mo-
mentum is in the x direction: q = —gyey. Replacing this in Equation (39), and integrating
in z, we obtain

r . .
I(r) =21 [ Rip()e 0 ad |, (40)
where dr | = rdrd6f. From here, we can easily obtain

Z(r) = 2n)* Y w'Jp(gxw')5(¢ £ AL), (41)
Z/

where [, are Bessel functions of the first kind. The quantity @’ in this expression is nearly
equal to the light spring spot-size w, and it is more exactly defined by the equality

W (@) = [ Rua(r)Jr(gr) )

We see that this quantity is of order one, as illustrated in Figure 2. As a final step of
our calculation, we arrive at an expression for the scattered field amplitude of the form

Ey(r,w) = 237m%Ei’RZ—?(e;‘ ) Y (k! ) (g0 )8(¢ + AL), (43)
El

where ayp = eEg/mcw is the dimensionless field amplitude of the intense light spring, and
E; = E; = Ej is assumed, and the quantity R is the fundamental nonlinear parameter of
vacuum introduced in [27]. It is defined as

2
R oc(haq) ’ (44)

T 5\ m2

where « is the fine structure constant. Similarly, we can consider the case of the scattered
radiation with a small y component. For this purpose, we now use g, = 0 and assume
that q = gyey. This leads to a similar expression for the scattered field, where the quantity
Jor(qxw')8(¢' £ AL) is replaced by J (q,w') (i) 6(¢' F AL).

We arrive at the conclusion that the scattered radiation, with frequency w = w+,
spreads with nearly equal amplitude over a spot size of order w’ around the direction
defined by the wavevector k4 in both the x and the y-directions. This is due to the
additional amount of momentum imparted by the light spring structure. This additional
amount of momentum q is always of order Ak. The resulting scattered field amplitude can
then be written, in order of magnitude, as

«
E ~ 23n(kw)Ea% <

2
h“’;) ey (45)
mc w1

We notice the numerical factor 27t(a/45) ~ 1073. This amplitude is essentially
determined by the intensity of the light spring a3 and by the initial photon frequencies
w1 2. It is actually of the same order of magnitude as that of other wave-mixing processes
resulting from photon-photon scattering in vacuum, which is no surprise. The main
advantage of the present configuration is that the frequency of the scattered field can
be very different from the incident frequency, w # w;. In the same way, the direction of
propagation, k # k;, could provide a good experimental geometry. But the more interesting
property of the present scattering configuration is that the scattering direction is not only
determined by the wave vectors of the interacting waves but also the helical nature of
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the nonlinear object. Therefore, it provides a new and somewhat unexpected vacuum
configuration for what can be considered an analogue of the Penrose scattering.

Figure 2. Representation of the radial integral Z(r), for A¢ = 1, with J;(r) in red, R15(r) in dashed
red. We have used 1 = 14 and k = 1.

5. Conclusions

In this work, we have considered a new mechanism of photon—-photon scattering in a
quantum vacuum, which is inspired in the Penrose scattering process. In our model, the
scatterer is not a black hole but a rotating object made of purely electromagnetic radiation
with orbital angular momentum (OAM), which propagates in vacuum as a light spring.
This electromagnetic object is made of two twisted modes with different frequencies w;
and w, and different helicity states, {1 and ¢,. In recent years, intense laser beams have
been produced experimentally at the peta-watt intensity level, and the use of light springs
at these intensities is therefore conceivable [28,29]. It is also conceivable that the use of
peta-watt light springs, with intensity a3 >> 1 such that it compensates the small vacuum
parameter R in Equation (44), will bring the scattered field E; to a detectional level.

An incident probe pulse, with frequency wj, is scattered in two different directions,
which are determined by the light spring structure. As expected, the photon—photon
coupling efficiency associated with this new scattering process is not different from that of
the already known configurations [7,27]. However, it could represent some experimental
interest, because of the two symmetric frequency shifts, for signals propagating in two
symmetrically oriented scattered directions.This is important because it could improve the
signal-to-noise ratio, which imposes severe constraints in these kinds of experiments. In
our approach, the probe beam was described as a plane wave to simplify the equations. But
extension to a focused laser probe (for instance, a Gaussian laser beam) is straightforward,
using a standard Fourier analysis of the incident and scattered signals.

It should be added that the present model, although directly inspired by the Penrose
process of light scattering by a rotating black hole, is only partly related to this process. In
particular, we were not able to demonstrate the amplification of the incident signal, the
so-called Zel’dovich-Misner effect, which is a characteristic feature of the original model.
Here, we observe total energy conservation, which is typical of a nonlinear wave mixing
process. It is true that in previous nonlinear optics experiments [19,30], the same wave
mixing processes are operating but in a distinct physical configuration. The observed
amplification results from superfluid light phenomena (diffraction effects) that can occur
inside the pump beam and are ignored here.
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