
Gravitational waves from high-power twisted light

Eduard Atonga ,1,* Killian Martineau,2,† Ramy Aboushelbaya,1,‡ Aurélien Barrau,2 Marko von der Leyen,1,3
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Recent advances in high-energy and high-peak-power laser systems have opened up new possibilities for
fundamental physics research. In this work, the potential of twisted light for the generation of gravitational
waves in the high frequency regime is explored for the first time. Focusing on Bessel beams, novel analytic
expressions and numerical computations for the generated metric perturbations and associated powers are
presented. The gravitational peak intensity is shown to reach 1.44 × 10−5 Wm−2 close to the source, and
1.01 × 10−19 Wm−2 ten meters away. Compelling evidence is provided that the properties of the generated
gravitational waves, such as frequency, polarization states, and direction of emission, are controllable by
the laser pulse parameters and optical arrangements.
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I. INTRODUCTION

The importance of laboratory control of gravitational
fields was first outlined by Weber [1] in 1960. Indeed, the
successful generation and detection of terrestrially con-
trolled gravitational waves (e.g., via mechanical or electro-
magnetic experimental schemes [1–9]) would undoubtedly
usher in major advances in scientific research, in the same
manner as the control of electromagnetic radiation. In
addition, it is intriguing to note that, even though the
action of gravity on light is well known and has been
extensively studied over the past century, the converse—
i.e., the way light acts as a source of gravity—remains, to a
large extent, unexplored.
Of course, the idea of studying gravitational properties of

electromagnetic fields is not an entirely new subject of
investigation. Already in the early 1930s, Tolman et al. [10]

showed that parallel beams of light do not interact
gravitationally, whereas antiparallel beams do interact with
twice the naive Newtonian force. Following that pioneering
study, it has become clear that subtle effects are to be
expected. In 1962, as another example, Gertsenshtein
posited that it was possible to convert electromagnetic
and gravitational waves into each other via the wave
resonance mechanism in a static magnetic field [11].
Then, just over a decade later, in 1975, Grishchuk and
Sazhin proposed an elegant method to generate standing
gravitational waves using excitations of an alternating
electromagnetic field located inside a toroidal electromag-
netic resonator [4]. It has been demonstrated in recent
literature that confining electromagnetic fields within
electromagnetic cavities and waves guides are able to
excite transverse gravitational waves. Gravitational strains
ranging between 10−44 and 10−42 have been estimated to be
generated by Fabry-Perot cavities and toroidal transverse
magnetic or transverse electric cavities, respectively, for an
electric field strength of 106 V=m [9,12]. However, there is
limited potential for strain improvement due to optical
damage thresholds and dielectric strength of materials,
which constrain the electric field strength to approxi-
mately 10 MV=m within electromagnetic waveguides
and cavities. This limitation does not exist for electric
fields in vacuum.
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Since the turn of the new millennium, there has been a
large number of both high-energy and high-peak-power
lasers being commissioned around the world [13]. Access
to these facilities, along with advances in smaller-scale,
ultrashort pulse laser systems, has enabled expertise in both
the classical and quantum properties of light to increase
dramatically. These extraordinary advances in both the
quantum optics and high-energy density regimes make the
current situation a conducive one in which to reexamine
outstanding questions linking electromagnetic and gravi-
tational concepts. High-energy lasers, in particular, provide
an attractive platform to study gravitational aspects of light
in laboratory settings, as the properties of the gravitational
waves they generate are potentially controllable by specific
optical arrangements and pulse properties.
The goal of this paper is to provide a new, first-principles

calculation of gravitational waves associated with laser
pulses that are generated by current and next generation
high-energy laser facilities.
Previous investigations have predominantly examined

the gravitational effects of light modes characterized by
radial extents negligible compared to their longitudinal
dimensions, treating the electromagnetic wave as a spatially
one dimensional object [10,14–16]. However, contempo-
rary investigations have ventured into the realm of light
modes with nontrivial transverse profiles. Particularly,
research has been directed towards the gravitational proper-
ties of Gaussian and Bessel modes [17,18]. However, these
studies have remained focused on relatively simple zeroth-
order transverse modes. Thus, the examination of the full
effects of transverse field structures, particularly phase
structures, remains incomplete. As such, we have focused
our attention on the higher-order Bessel modes endowed
with orbital angular momentum (OAM) [19,20] within the
framework of gravitational wave emission. The effects of
different optical parameters on the gravitational wave
amplitudes as well as on the associated radiated power
are presented. The angular distributions of these quantities
around the source are also studied in detail.
Before delving more deeply into the calculations, it is

emphasized here that the very concept of gravitational wave
generation exhibits many nonintuitive effects as soon as
one steps aside from usually considered astrophysical
sources. Many subtle—and often implicit—hypotheses
have to be made to unambiguously extract the wave part
from the static part, keeping in mind that some steps remain
somehow arbitrary [21]. Those conceptual issues will not
be further discussed in this work but it is worth underlying
that the whole reasoning raises complicated questions, in
particular about energy which, in gravity, can only be
defined in some specific regimes.
The article is organized as follows. In Sec. II, an

introduction to the mathematical formulation for gravita-
tional wave generation is provided. A discussion then
follows, in Sec. III, on the properties of Bessel beams as

a source of gravitational waves, broken down into different
subsections highlighting: the proposed experimental
setup (A); the electromagnetic mode properties of Bessel
beams (B); the spacetime deformations induced by Bessel
pulses (C). There follows in Sec. IV further experimental
considerations. In Sec. V, the results of numerical calcu-
lations are presented for current and future inertial confine-
ment fusion facilities, including the limiting case of Bessel
beams with no orbital angular momentum and finally
specific cases where the Bessel beam does have orbital
angular momentum. The implications of those results are
then further discussed in Sec. VI. Section VII then
summarizes and concludes this paper.

II. FORMALISM

The purpose of this section is to introduce readers
unfamiliar with gravitational physics to the main concepts
and equations that will be used to compute gravitational
waves emitted by stress-energy distributions composed
entirely of electromagnetic radiation.
The linearized Einstein field equations allow the

description of weak gravitational fields in a perturbative
approach and play a critical role in the study of gravita-
tional waves [22–24].
The Einstein field equations without cosmological con-

stant are given by

Rμν −
1

2
gμνR ¼ −κTμν; ð1Þ

gμν being the metric tensor, Tμν the stress-energy tensor,
and Rμν and R being respectively the Ricci tensor and
scalar, which can be written in terms of second deriva-
tives of gμν. As usual fμ; νg indices range from 0 to 3.
The smallness (compared to unity) of the prefactor
κ ¼ 8πGc−4 ∼ 10−43 N−1 underlines how difficult it is to
significantly bend spacetime.
Because of the magnitude of the prefactor κ, any

terrestrial stress-energy distribution necessitates only minor
perturbations around flat spacetime. Thus, we may write

gμν ¼ ημν þ hμν; jhμνj ≪ 1; ð2Þ

with ημν ¼ diagð1;−1;−1;−1Þ.
The linearized Ricci tensor is thus given by

Rμν ¼
1

2
ð∂μ∂νhþ□hμν − ∂μ∂ρh

ρ
ν − ∂ν∂ρh

ρ
μÞ þOðh2Þ; ð3Þ

where□≡∂μ∂
μ¼c−2∂2=∂t2−∇2 denotes the d’Alembertian

operator. The linearized Ricci scalar is further obtained by
contraction of the previous tensor:

R ¼ □h − ∂ρ∂μhμρ þOðh2Þ: ð4Þ
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One useful quantity for simplifying the writing of the
linearized Einstein field equations is the trace-reversed
metric perturbation h̄μν:

h̄μν ≡ hμν −
1

2
ημνhαα: ð5Þ

Substituting Eqs. (3)–(5) into Eq. (1) leads to the
following linearization of Einstein’s set of equations:

□h̄μν þ ημν∂σ∂ρh̄σρ − ∂ν∂ρh̄
ρ
μ − ∂μ∂ρh̄

ρ
ν ¼ −2κTμν: ð6Þ

Further simplifications can be performed by noticing
that, under infinitesimal general coordinate transformations
x0μ ¼ xμ þ ζμðxÞ, where ζμðxÞ are four arbitrary functions
of the position satisfying j∂μζνj ≪ 1, the quantity ∂ρhμρ

transforms as ∂ρh0μρ ¼ ∂ρhμρ −□ζμ. It is therefore possible
to choose the functions ζμðxÞ such that ∂ρhμρ ¼ □ζμ,
leading to the Lorenz (or harmonic) gauge condition:

∂μh̄μν ¼ 0; ð7Þ

where the prime has been removed for clarity and under
which previous equations simplify considerably. They
reduce to

□h̄μν ¼ −2κTμν: ð8Þ

In block matrix form, the stress-energy tensor for a generic
electromagnetic source is given by

Tμν ¼
�

u N⃗=c

N⃗=c −σi;j

�
; ð9Þ

with u, N⃗, and σij being respectively the electromagnetic
field energy density, the associated Poynting vector, and the
rank 2 Maxwell tensor, whose expressions are given by

u ¼ ϵ0c
2

ðE2 þ c2B2Þ; ð10Þ

N⃗ ¼ E⃗ × B⃗
μ0

; ð11Þ

σij ¼ ϵ0cðEiEj þ c2BiBjÞ − uδi;j: ð12Þ

Taking care to consider sources of finite dimensions,
Eq. (8) can be solved using the standard Green’s function
method [24–26] and thus the metric perturbation h̄μν
outside the source takes the form

h̄μνðt; x⃗Þ ¼ 4G
c4

Z
V

Tμνðt − jx⃗−x⃗0j
c ; x⃗0Þ

jx⃗ − x⃗0j d3x0; ð13Þ

where V corresponds to the volume of the source, x0
!

denotes the spatial coordinates of any source point, and

jx⃗ − x⃗0j therefore corresponds to the distance between a
certain point of the source and the location at which the
field hμν is evaluated.
One assumes the compact source approximation, i.e., at a

distance r from a source of characteristic length L such that
r ≫ L. Introducing x⃗≡ rn̂, one can therefore approximate
jx⃗ − x⃗0j ¼ r − x⃗0 · n̂þOððLrÞ2Þ, leading to

h̄μνðt; x⃗Þ ¼ 1

r
4G
c4

Z
V
Tμν

�
t −

r
c
þ x⃗0 · n̂

c
; x0
!�

d3x0; ð14Þ

at first order in L=r. In Eq. (14), n̂ is a unit vector
connecting the center of the source to any coordinate point
in the far field.
The reader’s attention is drawn to a very well-known

problem: The symmetric metric perturbation hμν contains
10 degrees of freedom which, in the treatment provided
here, have been reduced to 6 using the Lorenz gauge
condition ∂μh

μν ¼ 0. The residual gauge freedoms have
caused a lot of confusion in the early days of the field. In a
1922 paper [27], Eddington stated that “Weyl has classified
plane gravitational waves into three types: (1) longitudinal-
longitudinal modes, (2) longitudinal-transverse modes, and
(3) transverse-transverse modes.” Those modes correspond
to the 6 remaining degrees of freedom of the metric
perturbation in the Lorenz gauge. It was shown that only
the transverse-transverse modes are radiative1 [27,28]. In
general, the pure gauge modes are not associated with a
spacetime curvature and thus cannot be measured by any
apparatus. A general treatment of the classification of
metric perturbations was later conducted by Liftshitz in
1946 [29], while more modern treatments of this topic can
be found in [28,30]. The physical components of a metric
perturbation are extracted by transforming the perturbation
into the so-called transverse-traceless (TT) gauge [25]. To
do so, one can use the lambda projector tensor [24,25]:

Λðn̂Þij;kl ¼ PikPjl − PijPkl; ð15Þ

Pij ¼ δij − ninj; ð16Þ

with indices fi; jg running from 1 to 3, such that

h̄TTij ¼ Λðn̂Þij;klh̄kl: ð17Þ

It should be emphasized here that solutions to the
linearized Einstein field equations, presented in (13) or
(14), give the form of the trace-reversed metric h̄μν which

1This is in line with Eddington’s result, where he demonstrated
that waves of the first and second types do not possess fixed
velocities at which they propagate through space [27].
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differs a priori from the spacetime deformation hμν that one
was initially interested in. However, if hμμ ¼ 0, as in the TT
gauge, then h̄μν ¼ hμν. The quantities h̄TTμν and hTTμν are
therefore equal. We note that a similar argument utilizing
the vanishing trace property of the stress-energy tensor
Tμ
μ ¼ 0 ⇒ hμμ ¼ 0 yields the same result, h̄μν ¼ hμν.
The writing of perturbations in the TT gauge is highly

advantageous as it allows for the retention of solely the
physical degrees of freedom, i.e. the two allowable polari-
zation states. In this gauge the linearized Riemann curva-
ture tensor Rμναβ is linked to hTTμν such that

Ri0j0 ¼ −
1

2

∂
2hTTij
∂t2

: ð18Þ

In vacuum, all other nonzero components of the
Riemann tensor can be deduced from Ri0j0 by the mean
of its symmetries and Bianchi identities. It should be noted
that by vacuum, we are referring to a region of space where
there is only electromagnetic radiation. Moreover, in the
linearized theory, the linearized Riemann tensor is invariant
under residual gauge (i.e., coordinate) transformations.
As presented in [24,25], a gravitational wave stress-

energy tensor is defined from the Riemann tensor at
quadratic order in h, leading to the following expression
for the power per unit solid angle:

dP
dΩ

¼ r2c3

32πG

�
∂hTTij
∂t

∂hij;TT

∂t

�
; ð19Þ

where the average is performed over many reduced wave-
lengths ƛ ∼ h=∂h and r denotes the radial distance to the
source. This quantity corresponds to the radiation flux
measurable by an observer located along any radial
direction with respect to the center of the source.
Interestingly, this quantity scales with the square of the
gravitational wave frequency, which is of importance when
studying optical frequency gravitational waves from laser
fields.

III. BESSEL PULSES AS SOURCES
OF GRAVITATIONAL WAVES

Now that the general formalism has been established, it
is now possible to consider the generation of gravitational
waves from so-called twisted light. This is a type of laser
mode which has attracted considerable interest over the past
couple of decades due to its ability to carry orbital angular
momentum (OAM) in addition to the well-known spin
angular momentum caused by their polarization [31]. The
two most well studied twisted light modes are the Laguerre-
Gaussian [32,33] and Bessel modes [34–36]. They are
characterized by an azimuthal phase dependence in the
transverse profile of their field, EðxμÞ ∝ eilϕ, where l∈Z is
the topological index which quantizes the OAM state. This

can be seen by calculating the total angular momentum of
the electromagnetic fields of these modes, defined as

J⃗ ¼
ZZ

J⃗ dS; ð20Þ

J⃗ ¼ r⃗ × ðE⃗ × B⃗Þ; ð21Þ

where J⃗ is the total angular momentum of the electromag-
netic field and J⃗ is its angular momentum density [26]. The
latter can be rigorously derived by the standard method
of applying Noether’s theorem to the electromagnetic
Lagrangian density and considering the conserved quan-
tities due to its rotational invariance. It can then be readily
shown that, for example, the time-averaged total angular
momentum of a Laguerre-Gaussian mode is [37]

hJ⃗i ∝ ðlþ σÞẑ; ð22Þ

where ẑ is the unit vector of the direction of propagation of
the mode, l is the aforementioned azimuthal topological
index, quantifying the contribution to the angular momen-
tum from its orbital component, and σ ¼ f0;�1g charac-
terizes the spin component and depends on the polarization
of the mode, be it linear, left- or right circular. It should be
noted that, unlike the convention in atomic physics, l does
not denote the total OAM but represents its projection along
the propagation direction of the laser pulse.
Since they were first characterized, twisted light modes

have found applications in various fields spanning from
nonlinear vacuum and high-power laser-plasma interactions
[38–42] to quantum and classical communication technol-
ogies [43–45]. Consequently, scientists have devoted efforts
to push the development of techniques enabling their gen-
eration and control [46–48].Ourmotivation for analyzing the
spacetime perturbations caused by these modes is that this
additional OAMmay be used to generate gravitationalwaves
and control their characteristics.
Although most investigations of the effects of orbital

angular momentum consider Laguerre-Gaussian modes,
within the paraxial approximation these modes fail to
induce transverse gravitational waves along the optical
axis in vacuum due to the nearly parallel propagation of the
constituent rays of the Laguerre-Gaussian mode [49]. As
such, our focus will be directed towards exploring Bessel
modes as a source of gravitational waves.

A. Bessel modes

The interest in Bessel modes as solutions to the electro-
magnetic wave equation started mainly due to one specific
feature that attracted a lot of attention, their “nondiffractive”
propagation [34]. In essence, unlike Laguerre-Gaussian
modes whose transverse spatial profile changes as they
propagate, Bessel modes maintain a constant spatial profile,
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thereby maintaining a constant peak intensity. Additionally,
they are “self-healing,” their transverse spatial profile will
reestablish itself after any partial obstruction. These incred-
ible properties havemade themvery attractive for a variety of
use cases in optics and laser-matter interactions.
The original formulation of Bessel modes relied on

solving the scalar version of the electromagnetic wave
equation in cylindrical coordinates [34]. However, one can
achieve exact vector solutions that have the same properties
by considering a particular linear superposition of plane
wave solutions: specifically, the infinite superposition of
plane waves whose wave vectors lie tangent to surface of a
cone of half-angle (see Figs. 1 and 2), and are arranged
around the circular base of that cone:

E⃗ðxμ;ψÞ ¼ ilE0eiðkμðψÞx
μþlψÞn̂ðψÞ; ð23Þ

where l is the azimuthal mode number whose significance
will become apparent later on, kμðψÞ ¼ ðω=c; k⃗ðψÞÞ and
xμ ¼ ðct; x⃗Þ denote the wave and position four-vectors
respectively, and ψ is a dummy variable, that parametrizes
the azimuthal position of the wave vector on the conical
surface. The wave four-vector and polarization unit vector
are given by

k⃗ðψÞ ¼ −k0 sinðαÞm̂ðψÞ þ k0 cosðαÞẑ; ð24Þ

n̂ðϕÞ ¼ −Ψ̂; ð25Þ

where m̂ðψÞ¼cosðψÞx̂þsinðψÞŷ, Ψ̂¼−sinðψÞx̂þcosðψÞŷ,
and x̂, ŷ, and ẑ are the standard Cartesian unit vectors. It can
be easily checked that the spatial components of kμðψÞ
always satisfy the transverse propagation condition
n̂ðψÞ · k⃗ðψÞ ¼ 0. The electric field of a vector Bessel beam
can thus be written as [38,50,51]

E⃗ðx⃗; tÞ ¼ 1

2π

Z
2π

0

E⃗ðxμ;ψÞdψ : ð26Þ

The corresponding magnetic field is computed from the
Maxwell-Faraday equation (∇ × E⃗ ¼ −∂B⃗=∂t) [26]. The
components of both fields are

Ex ¼
E0

2
½Jlþ1ðβρÞ sinðωt − kzzþ ðlþ 1ÞϕÞ

− Jl−1ðβρÞ sinðωt − kzzþ ðl − 1ÞϕÞ�; ð27Þ

Ey ¼ −
E0

2
½Jlþ1ðβρÞ cosðωt − kzzþ ðlþ 1ÞϕÞ

þ Jl−1ðβρÞ cosðωt − kzzþ ðl − 1ÞϕÞ�; ð28Þ

Ez ¼ 0; ð29Þ

Bx ¼ cosðαÞE0

2c
½Jlþ1ðβρÞ cosðωt − kzzþ ðlþ 1ÞϕÞ

þ Jl−1ðβρÞ cosðωt − kzzþ ðl − 1ÞϕÞ�; ð30Þ

By ¼ cosðαÞE0

2c
½Jlþ1ðβρÞ sinðωt − kzzþ ðlþ 1ÞϕÞ

− Jl−1ðβρÞ sinðωt − kzzþ ðl − 1ÞϕÞ�; ð31Þ

Bz ¼ sinðαÞE0

c
JlðβρÞ cosðωt − kzzþ lϕÞ; ð32Þ

where ρ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ y2

p
denote the radial distance in

cylindrical coordinates, ϕ ¼ arctanðy=xÞ is the azimuthal

FIG. 1. Schematic example of Bessel pulse generation. W0

characterizes the incident beam radius, Zmax denotes the depth of
focus, and α the half-cone angle.

FIG. 2. Cylindrical integration region.
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position in cylindrical coordinates, kz ¼ k0 cosðαÞ is the
propagation constant, and β ¼ k0 sinðαÞ is the transverse
wave vector which characterizes the beam’s “waist.” The
latter two satisfy the dispersion relation ω2 ¼ c2ðβ2 þ k2zÞ.
The functions of the form JnðτÞ; n∈Z are the nth order
Bessel functions of the first kind. From the mathematical
expression of the spatial distribution of the fields, it is clear
that the transverse profile of the Bessel modes is invariant
along their propagation direction since the transverse wave
vector β is completely independent from the longitudinal z
coordinate.
One calculates the angular momentum density of these

fields using Eq. (21), for which the explicit expression of
the angular momentum density is given by

hJ⃗ i ¼ ϵ0E0

c

�
l
k0

J2l ðβρÞẑ −
lz sinðαÞ

βρ
J2l ðβρÞρ̂

− ρ cosðαÞ J
2
lþ1ðβρÞ − J2l−1ðβρÞ

2
ϕ̂

�
: ð33Þ

By integrating formula (33) over the transverse profile of
the mode, the radial and azimuthal components integrate to
0 and the total angular momentum is thus quantized by the
azimuthal mode number l and lies along the propagation
direction ẑ. As in the case of the Laguerre-Gaussian modes,
this observation shows that the electromagnetic field
distribution’s orbital angular momentum (OAM) is indeed
described by the topological index l.

B. Proposed experimental setup

Ideal Bessel beams with infinite extent are obviously
nonphysical as they carry infinite energy. Realistic Bessel
beams can however be generated over a finite region of
space by a variety of methods, see, e.g., [46,47]. In practice
in the context of high-power laser systems, it is important to
consider the laser-induced damage threshold of transmis-
sion optics. Transmissive optics under the passage of a
high-power laser pulse are prone to optical damage. In
order to overcome the limitations associated with optical
damage in transmission optics, the generation of Bessel
beams can be effectively achieved by employing reflective
axicon optics [46,52,53], for which optical damage can be
mitigated with the use of suitably sized laser beams.
Reflective axicons, by crossing the wavefront of the
incident Laguerre-Gaussian laser pulse over a conical
volume, produce an interference pattern that results in a
Bessel mode over a conical region of space. Such a setup is
depicted in Fig. 1, for which the curve inside the conical
region created by the crossed wave fronts is a graphical
illustration of the emergent Bessel mode. In this figure, z, ρ,
and ϕ are the usual cylindrical coordinates.
The depth of focus Zmax is defined as the region of space

over which the beam waist is assumed to remain constant. It
can be expressed as

Zmax ¼
W0

2 sinðαÞ ; ð34Þ

where W0 is the incident beam radius (that can reach
1 meter [13]) and α is the half-cone angle appearing in
Fig. 1. Unlike their Laguerre-Gaussian counterparts whose
energy distributions are localized to the central lobe, Bessel
modes are able to propagate without diffraction due to their
delocalized energy distribution [54]. Bessel modes depth
of field can therefore exceed the Rayleigh range of a
Laguerre-Gaussian mode [32–35,49].
The radial extent of this cylinder is normally not constant

along the entire propagation path. However, to facilitate the
computation of the characteristics of the emitted gravita-
tional wave radiation, it is assumed that the Bessel mode is
confined within a cylindrical subset of the conical volume
over which the Bessel mode is normally defined. An
explicit depiction of the cylindrical approximation of the
source volume V generated by a Laguerre-Gaussian laser
pulse on a reflective axicon whose inner surface is inclined
at an angle γ is given in Fig. 2:

V ≔ ðρ;ϕ; zÞ∈ ½0; D=2� × ½0; 2π� × ½−L=2; L=2�:

The axicon base angle γ has been incorporated into Fig. 2,
as it is occasionally mentioned in the literature [46,55]. It is
related to the half-cone angle by α ¼ 2γ, however in the
context of this article it will not be used. The interaction
length L is bounded such that L ≤ Zmax. As an example, for
W0 ¼ 1 m and α ¼ 0.6, the corresponding Zmax is around
1.77 m, for which the interaction length L must satisfy
L ≤ 1.77 m. The cylinder diameter can then be deduced
geometrically from L and α to be D ¼ ðZmax − LÞ tanðαÞ.
Importantly, the confinement of the Bessel mode within the
cylindrical region introduces an additional constraint,
namelyZmax < cτp, τp being the temporalwidth of the pulse.
The presence of the constraint on Zmax allows for the

existence of a period of time during which the conical region
containing the Bessel mode can be completely filled. This
simplification greatly reduces the computational complexity
since the motion of the pulse envelope no longer needs to be
considered. Within this particular setup, the duration of the
gravitational wave signal τs can be approximated by the time
duration over which the laser pulse completely fills the
conical region of space generated by the crossed wave fronts
of the reflective axicon, such that

τs ≈ τp −
L
c
: ð35Þ

It is important to acknowledge that Bessel modes are not
limited to propagating along null paths in spacetime, as
they can exhibit both subluminal and superluminal speeds.
It should be noted that the superluminal speeds of the
Bessel mode do not violate causality, but are instead a
consequence of the contact point of the crossing wave
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fronts created by the axicon optic having an effective
velocity that can exceed the speed of light. This is
analogous to the “scissor paradox.” This characteristic
allows these modes to radiate throughout their entire
propagation path [14]. For the considered setup, effects
on the generated gravitational wave signal due to the
motion of the temporal envelope of a Bessel mode, such
as the Doppler effect, cannot be investigated. Nonetheless,
the outcomes of this work are expected to hold true when
considering velocities well below the speed of light.
Specifically, because the strain of gravitational waves is

dependant on the energy contained within the source, we
expect that the estimated strain amplitude of a gravitational
wave generated by a laser pulse whose energy is indepen-
dent of its frequency to be independent of the velocity of the
pulse envelope. The effect of the pulse envelope velocity of
a Bessel mode with arbitrary velocity is of theoretical
interest and remains to be addressed in future research
endeavors.

C. Analytical calculation of spacetime deformations
induced by Bessel pulses

1. The stress-energy tensor

Interestingly, when dealing with relativistic sources, the
energy density is not the only relevant quantity for the
generation of gravitational waves. All components of the
stress-energy tensor can a priori contribute equivalently
and stresses must also be taken into account. To compute
the expected spacetime deformations, one first fixes a frame
and computes the expression of Tμν in this frame. One
chooses the frame in which the expressions of the Bessel
modes’ E⃗ and B⃗ fields given in Eqs. (27)–(32) are
expressed, i.e., the frame represented in Fig. 2, whose
origin is located at the center of the domain
z∈ ½−L=2; L=2� over which the electromagnetic field dis-
tribution is defined. The z axis is aligned with the Gaussian
pulse direction of propagation anterior to the reflective
axicon, and the x and y axes point respectively vertically
and towards the reader. This frame is denoted as the
“laboratory frame (LF).” In the following, the physical
quantities are expressed by default in this frame, unless
stated otherwise. This convention will be of particular
importance when computing the induced spacetime defor-
mations, as the form of hμν depends explicitly on the
chosen frame.
Plugging Eqs. (27)–(32) into the form of the stress-

energy tensor presented in Eq. (9) permits the computation
of Tμν. To do so, the following functions are introduced:

ξ0 ≡ JlðβρÞ cos ½ωt − kzzþ lϕ�; ð36Þ

ξþ ≡ Jlþ1ðβρÞ cos ½ωt − kzzþ ðlþ 1Þϕ�
þ Jl−1ðβρÞ cos ½ωt − kzzþ ðl − 1Þϕ�; ð37Þ

ξ− ≡ Jlþ1ðβρÞ sin½ωt − kzzþ ðlþ 1Þϕ�
− Jl−1ðβρÞ sin½ωt − kzzþ ðl − 1Þϕ�; ð38Þ

such that the energy density takes the form

T00¼
ϵ0c
2

E2
0

�	
1þ cosðαÞ2



ðξ2þþξ2−Þþ sinðαÞ2ξ20

�
: ð39Þ

Because of Bessel function properties, an increase of the
orbital angular momentum parameter l leads to a decrease
of the energy density of the individual lobes of T00. This
does not mean that the total energy is decreased. Indeed the
number of the “lobes” increases with l, such that the total
energy is conserved.
The previous energy density can be written as the sum of

a static and an oscillating component. The static one reads

TStat
00 ¼ ϵ0c

2
E2
0

�	
1þ cosðαÞ2


	
Jl−1ðβρÞ2 þ Jlþ1ðβρÞ2




þ 1

2
sinðαÞ2JlðβρÞ2

�
: ð40Þ

Once integrated over the source volume, it corresponds
to an effective mass on the order ofmeff ∼ E=c2 ≃ 10−11 kg
for a 1 MJ laser, E being the energy of the laser pulse. This
is a tiny value, several orders of magnitude below the
Planck mass. This is the reason why the chances to detect a
gravitational effect due to light directly as a Newtonian
force or as tidal effect seem extremely low, which motivates
the focus on gravitational waves.
The oscillating component of the electromagnetic field

energy density is given by

TOsc
00 ¼ ϵ0c

2
E2
0

�	
1þ cosðαÞ2



Jlþ1ðβρÞJl−1ðβρÞ

þ 1

4
sin2ðαÞJlðβρÞ2

�
cos½2ωt − 2kzzþ 2lϕ�: ð41Þ

The T0i components are not of any significance for this
study since, as enhanced by Eq. (17), they do not contribute
to the form of h̄TTμν expressed in the traceless-transverse
gauge. Even so, the expression of the Poynting vector is
provided for the interested reader:

T0j ¼ ϵ0cE2
0 cosðαÞ

0
B@

ξþξ0
ξ−ξ0

ξ2þ þ ξ2−

1
CA: ð42Þ

The Tij components are given by the Maxwell tensor
ones σij, which can be expressed as

Tij ¼ σij ≡ σDij þ σZZij þ σþij þ σ×ij þ σXZij þ σYZij ; ð43Þ

GRAVITATIONAL WAVES FROM HIGH-POWER TWISTED LIGHT PHYS. REV. D 110, 044023 (2024)

044023-7



with

σDij ¼
ϵ0cE2

0

2
sin2ðαÞ

0
B@

−ξ20 0 0

0 −ξ20 0

0 0 ξ20

1
CA; ð44Þ

σZZij ¼ −
ϵ0cE2

0

2
½1þ cos2ðαÞ�

0
B@

0 0 0

0 0 0

0 0 ξ2þ þ ξ2−

1
CA; ð45Þ

σþij ¼
ϵ0cE2

0

2
sin2ðαÞ

0
B@

ξ2þ − ξ2− 0 0

0 −ξ2þ þ ξ2− 0

0 0 0

1
CA; ð46Þ

σ×ij ¼ ϵ0cE2
0 sin

2ðαÞ

0
B@

0 ξþξ− 0

ξþξ− 0 0

0 0 0

1
CA; ð47Þ

σXZij ¼ ϵ0cE2
0

2
sin2ðαÞ

0
B@

0 0 ξ0ξþ
0 0 0

ξ0ξþ 0 0

1
CA; ð48Þ

σYZij ¼ ϵ0cE2
0

2
sin2ðαÞ

0
B@

0 0 0

0 0 ξ0ξ−

0 ξ0ξ− 0

1
CA: ð49Þ

The Maxwell tensor has been subdivided into three
groups:

(i) fσDij; σZZij g, which coefficients depend on l;
(ii) fσþij; σ×ijg, which coefficients depend on l� 1; and

(iii) fσXZij ; σYZij g, which coefficients depend on 2l� 1.
This decomposition is not arbitrary. As it will be made

clear in the subsequent analysis, the value of the OAM
parameter l dictates which of these groups dominates in
Tμν. Contributions coming from elements of the two other
groups will be neglected.
From these expressions it can be ensured that ∂μTμν ¼ 0,

thus that the solution Eq. (13) satisfies the harmonic gauge
condition [25].

2. Spacetime deformations

Considering the symmetries of the system, one writes
n̂≡ ðsinðθÞ; 0; cosðθÞÞ. The variable θ introduced here
denotes the angle in the z-x plane between the optical axis
z and the propagation direction of the emitted gravita-
tional waves.
Solutions to the Einstein field equations in the far-field

region are obtained following Eq. (14) and performing the
integration in cylindrical coordinates over the cylindrical
source volume V depicted in Fig. 2. Unlike, e.g., the
seminal paper [10], this analysis does not focus on the total

gravitational action of the laser pulse, but only on the
associated waves. Any static component can therefore be
safely ignored.
In the following, subsequent definitions will be used:

h0ðrÞ≡ 4πϵ0cE2
0GL

β2c5r
; ð50Þ

ψqðt; rÞ≡ 2ωðt − r=cÞ þ 2qðϕ − π=2Þ; ð51Þ

ΓqðθÞ≡
Z Dβ

2

0

τJ2qðτÞJ2q
�
ωτ

cβ
sinðθÞ

�
dτ; ð52Þ

Λ�
s ðθÞ≡

Z Dβ
2

0

τJlðτÞJl�1ðτÞJs
�
ωτ

cβ
sinðθÞ

�
dτ ð53Þ

ηðθÞ≡ ωL
c

½cosðθÞ − cosðαÞ�; ð54Þ

with q∈ fl; Qg, where Q∈ f2; l� 1g, and s∈ f1; 2l� 1g.
The ΓqðθÞ and Λ�

s ðθÞ represent the radial integrals of the
Green’s function solutions in the far field over a planar
circular aperture of diameter D, for which the substitution
τ≡ βρ has been used.
For clarity, only the dependencies upon the coordinates

ft; r; θg are written down explicitly, and not those related to
optical parameters such as β, ω, etc. Previous definitions
then allow one to introduce the terms:

hD ≡ 1

2
h0ðrÞ sin2ðαÞΓlðθÞSinc½ηðθÞ� sinðψqÞ; ð55Þ

hZZ ≡ 2h0ðrÞ½1þ cos2ðαÞ�ΓlðθÞSinc½ηðθÞ�
× cosðψqÞ; ð56Þ

hðQÞ
þ ≡ h0ðrÞ sin2ðαÞΓQðθÞSinc½ηðθÞ� cosðψqÞ; ð57Þ

hðQÞ
× ≡ h0ðrÞ sin2ðαÞΓQðθÞSinc½ηðθÞ� sinðψqÞ; ð58Þ

h�;ðsÞ
XZ ≡ 1

4
h0ðrÞ sinð2αÞΛ�

s ðθÞSinc½ηðθÞ� cosðψqÞ; ð59Þ

h�;ðsÞ
YZ ≡ 1

4
h0ðrÞ sinð2αÞΛ�

s ðθÞSinc½ηðθÞ� sinðψqÞ; ð60Þ

hN ≡ 2h0ðrÞ cosðαÞΓlðθÞSinc½ηðθÞ� cosðψqÞ: ð61Þ

Introducing the following expressions,

hþ ≡ 2hð2Þþ þ hðlþ1Þ
þ þ hðl−1Þþ ; ð62Þ

h× ≡ 2hð2Þ× þ hðlþ1Þ
× þ hðl−1Þ× ; ð63Þ

hXZ ≡ hþ;ð1Þ
XZ þ h−;ð1ÞXZ þ hþ;ð2lþ1Þ

XZ þ h−;ð2l−1ÞXZ ; ð64Þ

hYZ ≡ hþ;ð1Þ
YZ − h−;ð1ÞYZ þ hþ;ð2lþ1Þ

YZ − h−;ð2l−1ÞYZ ; ð65Þ
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the μν components of the oscillating metric perturbation in
the laboratory frame finally read

hμν¼

0
BBB@
hD−hZZ hXZ hYZ hN

hXZ hþ−hD h× hXZ
hYZ h× −hþ−hD hYZ
hN hXZ hYZ hZZþhD

1
CCCA: ð66Þ

The expressions (62)–(65) and in turn Eq. (66) can be
simplified after a deeper analysis of the ΓqðθÞ and Λ�

s ðθÞ
functions. For this purpose the parameter ζD is introduced:

ζD ≡ ωD
c

: ð67Þ

This parameter corresponds to the maximal value of the
argument of the second Bessel function appearing in
Eq. (52), since τ=β ¼ ρ ≤ D. It depends on the frequency
of the laser pulse ω as well as on the diameter of the source
cylindrical volume D. Typical values of D range from
1 m [13] to the diffraction limit (corresponding to half
a wavelength), typically of the order of 10−7 m [49].
Considering ω ≃ 1015 Hz, the associated values of ζD
therefore range from unity up to 107.
The dominant function is always the one with q ¼ 0,

whatever the value of ζD. Thus, in the subsequent analysis,
only cases where q ¼ 0 are considered as they correspond
to the main sources of gravitational waves (see Appendix A
for more information).
Since q∈ f2; l; l� 1g, the study is restricted to values of

the topological index such that l∈ f0;�1g. Higher values of
l lead toBessel functions of smaller amplitudes and therefore
to ΓqðθÞ also being smaller. As a consequence, dominant
contributions to the hþ and h× functions presented in

Eqs. (62) and (63) will come from hð0Þþ and hð0Þ× terms and

all the other hðnÞþ and hðnÞ× , n ≠ 0, can be disregarded.
Similar deductions can be made about the Λ�

s ðθÞ
functions. Since l∈Z it follows that s is a nonzero integer,

whatever the value of l. Subsequently, there will never be a
s ¼ 0 component in hXZ and hYZ and they can always be
neglected compared to fhD; hZZ; hþ; h×g.
After simplifications, spacetime perturbations take the

new form:

h̄μν≃

0
BBB@
hD−hZZ 0 0 hN

0 hþ−hD h× 0

0 h× −hþ−hD 0

h̄N 0 0 hZZþhD

1
CCCA; ð68Þ

in which the functions hþ and h× have also been simplified
such that

hþ ≃ hðlþ1Þ
þ þ hðl−1Þþ ; ð69Þ

h× ≃ hðlþ1Þ
× þ hðl−1Þ× : ð70Þ

It is now possible to extract the radiative, or physical,
components by projecting hij into the TT gauge associated
with any observer in the n̂ direction around the source. This
projection involves only the spatial components hij of the
hμν given Eq. (68). The temporal-temporal 00 and crossed
0i or i0 components never contribute to the expressions of
the perturbations in the TT gauge and, from now on, the hN
function will no longer play any role.
As previously stated, due to the symmetries of the system

this study is restricted to the z-x plane, the z axis
corresponding to the direction along which the pulse
propagates, such that n̂ ¼ ðsinðθÞ; 0; cosðθÞÞ. Using the
Lambda projector and following (17), the total metric
perturbation in the TT gauge is written as the sum of four
contributions:

hTTμν ¼ hD;TT
μν þ hZZ;TTμν þ hþ;TT

μν þ h×;TTμν : ð71Þ

The respective terms entering formula (71) are given by

hD;TT
μν ¼

0
BBB@

0 0 0 0

0 cos2ðθÞ½1 − cosð2θÞ� 0 cosðθÞ sinðθÞ½cosð2θÞ − 1�
0 0 cosð2θÞ − 1 0

0 cosðθÞ sinðθÞ½cosð2θÞ − 1� 0 sin2ðθÞ½1 − cosð2θÞ�

1
CCCAhD; ð72Þ

hZZ;TTμν ¼

0
BBB@

0 0 0 0

0 cos2ðθÞ½1 − cosð2θÞ� 0 cosðθÞ sinðθÞ½cosð2θÞ − 1�
0 0 cosð2θÞ − 1 0

0 cosðθÞ sinðθÞ½cosð2θÞ − 1� 0 sin2ðθÞ½1 − cosð2θÞ�

1
CCCAhZZ; ð73Þ
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hþ;TT
μν ¼

0
BBB@

0 0 0 0

0 1
2
cos2ðθÞ½cos2ðθÞ þ 1� 0 − 1

2
sinðθÞ cosðθÞ½cos2ðθÞ þ 1�

0 0 − 1
2
½1þ cos2ðθÞ� 0

0 − 1
2
sinðθÞ cosðθÞ½cos2ðθÞ þ 1� 0 1

2
sin2ðθÞ½cos2ðθÞ þ 1�

1
CCCAh̄þ; ð74Þ

h×;TTμν ¼

0
BBB@

0 0 0 0

0 0 cos2ðθÞ 0

0 cos2ðθÞ 0 − sinðθÞ cosðθÞ
0 0 − sinðθÞ cosðθÞ 0

1
CCCAh̄×: ð75Þ

By straightforward inspection it can be verified that
niHij ¼ 0, where Hij ∈ fhD;TT

ij ; hZZ;TTij ; hþ;TT
ij ; h×;TTij g. The

far-field metric perturbations in the TT gauge are indeed
transverse to the propagation direction of the gravitational
waves for all values of θ.
The detailed study of those perturbations will be per-

formed in the following sections, for different values of the
orbital angular momentum parameter l.
It might seem surprising to the reader that the matrices in

Eqs. (72) and (73) take the same form, as hD and hZZ
contribute in different ways to hμν in (66). However, it has
been previously demonstrated that the σDij term in the
Maxwell tensor gives rise to metric perturbations in which
spatial components exhibit the following form:

h̄Dij ¼ aðt; x⃗Þ

0
B@

1 0 0

0 1 0

0 0 0

1
CAþ bðt; x⃗Þ

0
B@

0 0 0

0 0 0

0 0 1

1
CA; ð76Þ

the functions aðt; x⃗Þ and bðt; x⃗Þ depending on spatial and
temporal coordinates xμ ¼ ðct; x⃗Þ. Neither of the modes
exhibited corresponds to the hþμν and h×μν polarizations
characteristic of standard general relativity, thus they are
not transverse along the z axis. However, both matrices of
Eq. (76) transform to matrices that have identical form in
the TT gauge and thus hDij transforms the same way as hZZij ;
with scaling factor that is a linear superposition of the
functions aðt; x⃗Þ and bðt; x⃗Þ.2 Therefore, when considering
the projection in the TT gauge of both terms entering
Eq. (76), only the second one matters, and this term is of the
same form as the metric perturbation generated by the
purely longitudinal source term σZZij .

IV. FURTHER EXPERIMENTAL
CONSIDERATIONS

A. Considered laser facilities

In the proposed experimental setup, the interaction
region remains stationary and thus the interaction length
L is a fraction of the laser pulse width. Since from Eq. (50)
h ∝ E2

0L=r, it would be expected that the strain correlates
solely with the laser pulse energy. However, due to the 1/r
dependence of the metric perturbation a short laser pulse
enables probing the spacetime perturbation closer to the
source, potentially yielding a higher observable strain.
Consequently, we thus introduce two types of laser systems
that are currently or expected to become operational in the
next decade [13].
The National Ignition Facility (NIF) is a mega-joule class

facility, designed for inertial confinement fusion (ICF) and
nuclear stockpile stewardship research, and allocates a
portion of its shot time to the academic community for
discovery science applications [58,59], currently composed
of 192 separate 3 to 20 ns pulse width kilojoule class beams,
with total energy of 1.6 MJ. However, recent advancements
in plasma optics and beam combiners [60–62] suggest that
NIF may soon be capable of generating a single beamline
with an energy up to 0.8 MJ in a single 3 to 20 ns pulse
at 351 nm.
We consider two different kilojoule class laser facilities;

The NIF Advanced Radiography Capability (ARC) facility
and the Station of Extreme Light (SEL) in Shanghai [63,64].
The NIF ARC facility was developed to enhance the
capabilities of high brightness x-ray probes for studying
high energy density conditions. NIF ARC employs four of
NIF’s 1053 nm laser beams (one quad), with each beam split
into two halves. This configuration enables the generation of
eight petawatt class beams, delivering energy ranging from
0.4 to 1.7 kJ, with pulse lengths ranging from 1.3 to 38 ps.
The SEL facility is expected to be commissioned later this
decade; the primary objective is to generate the most intense
laser pulses ever achieved on Earth. Specifically, the SEL
aims to produce a pulse with a power of 100 PW resulting
from a 1.5 kJ, 15 fs pulse.

2The first term exhibits a form similar to polarization modes
known as “breathing” modes, which can be present in alternative
theories of gravity in which additional polarization states of
gravitational waves exist, such as Brans-Dicke or Horndeski
theories [56,57].
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B. Power normalization

In order to perform numerical simulations, the Bessel
modes power must first be normalized. Since ideal Bessel
beams partition their energy equally among the lobes of the
beam radial profile, setting the power P0 ¼ ϵ0cE2

0β
−2 adds

spurious energy to the system when a Bessel mode beam
waist β−1 is decreased at constantD. This is compensated for
by equating the power of the incident beam on the axicon
optic to the power of the generated Bessel mode, fixing the
energy content by conservation of energy [54], such that

N −1
B P0 ¼

ϵ0cE2
0

2β2
; ð77Þ

where the normalization factor N B is defined as

N B ¼ cosðαÞ
Z Dβ

2

0

τ½J2l−1ðτÞ þ J2lþ1ðτÞ�dτ: ð78Þ

C. Axicon optic

The functions hD, hZZ, hQþ, and hQ× presented in
Eqs. (55)–(58) give the amplitudes of the generated
gravitational waves. Their maximal values, corresponding
to the highest gravitational wave signal, depend, among
other parameters, on the half-cone angle α.
One considers a focused Bessel mode associated with

large values of α so that all previous but hZZ functions are
maximized. It is important to note that increasing the half-
cone angle cannot result in arbitrarily small beam waists.
This limitation stems from the diffraction limited nature of
Bessel modes. The diffraction limited spot size ΔD is given
in terms of the numerical aperture Na by [49,65]

ΔD ¼ λ

2Na
: ð79Þ

Equating the beam width β to the reciprocal of the
diffraction limit beam waist Δ−1

D leads to Na ¼ π sinðαÞ.
Axicon optics have demonstrated the ability to reach
numerical apertures of 0.75 [46]. Therefore, the maximum
achievable half-cone angle, beyond which the β−1 cannot
decrease further, is αmax:

αmax ¼ 0.24106 ≃
3

4π
rads: ð80Þ

We evaluate the far-field regime utilizing the Fraunhofer
distance [49]. Dependant on the value of α the longitudinal
extent of the Bessel mode is either larger or on the same
order as the radial extent of the mode. Therefore, we can
designate the Fraunhofer distance as

ϵF ¼ W2
0

2 sin2ðαÞλ : ð81Þ

To ensure the validity of the far-field approximation, we
constrain the distance from the center of the source by the
inequality r ≥ ϵF.

V. NUMERICAL ESTIMATES

This section is kept brief and numerical results of the
amplitude and angular distribution of the Bessel mode
generated gravitational wave are presented, for the case of
the topological index being zero and unity with minimal
comments. Further discussions are provided in Sec. VI.

A. Bessel pulses with no orbital angular
momentum: The l = 0 case

At first sight, one is tempted to claim that, without orbital
angular momentum carried by the laser pulse, no gravita-
tional waves are expected to be produced by the system.
Neglecting phase noise effects this statement appears to be
erroneous because, in addition to the twisting due to the
orbital angular momentum, an additional effect is in play.
It is true that when l ¼ 0, ξ2þ − ξ2− ¼ ξþξ− ¼ 0 and the

σþij [Eq. (46)] and σ×ij [Eq. (47)] contributions to the
Maxwell tensor both vanish. As a consequence hþ and
h× also completely vanish. In addition, it has been
demonstrated that the spacetime deformations generated
by the σXZij and σYZij components given in (48) and (49), i.e.,
hXZ and hYZ, can be neglected. Nevertheless, the hD and
hZZ deformations, generated by σDij from (44) and σZZij from
(45), remain.
This poses the question: If the pulse carries no orbital

angular momentum, what is the source of the gravitational
waves? Even when no orbital angular momentum is
present, longitudinal energy oscillations along the optical
axis within the volume of the cylindrical stress-energy
distribution can continue to persist, analogous to the
oscillations of a mass in a harmonic oscillator [24].
However, this is only the case if there exists a mismatch
between the group velocity and phase velocity of the
electromagnetic field distribution, which is precisely the
case for the proposed experimental scheme for which
the group velocity of the interference pattern (the Bessel
mode) is zero and the phase velocity is nonzero.
Thus, in the absence of orbital angular momentum,

radiative metric perturbations are therefore still expected
and their form in the n̂ oriented TT gauges are given by

hTTμν;l¼0 ≃ hD;TT
μν þ hZZ;TTμν : ð82Þ

Of course, it is possible that accumulated phase errors,
e.g., those associated with propagation of the laser light in
the amplifier media, might negate this effect. However, the
low B integrals normally associated with petawatt class
laser systems suggest that this is unlikely to manifest itself.
Similarly, numerical studies of phase errors of amplified
seed beams in Raman amplifiers also indicate that these are
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also unlikely to play a significant role in pulses associated
with beam combiners [66,67].

1. Frequencies (l = 0)

The generated gravitational wave frequency is obviously
a key parameter, especially regarding detection aspects. The
time dependence of the linearized Einstein field equation
solutions hD;TT

μν and hZZ;TTμν presented in (72) and (73) is
located in hD and hZZ. Those functions both oscillate in time
with a phase given by ψqðt; rÞ, defined in Eq. (51).
Gravitational waves generated by oscillations of the electro-
magnetic energy content therefore oscillate at twice the laser
frequency. This result was indeed already obvious from the
expression of the energy density shown in (39). For a NIF’s
351 nm laser pulse [60] this corresponds to

ωl¼0
g ¼ 2ω ≃ 1.07 × 1016 Hz: ð83Þ

2. Amplitudes (l = 0)

As the coefficients of thematrices equations (72) and (73)
involve only trigonometric functions that will mainly
impact the angular distributions of the waves and not their
maximal amplitude, the latter property is estimated by the
sum of the hD and hZZ functions established in (55)
and (56), respectively. Taking the half-cone angle to take
the diffraction limited value α ¼ 0.24106 discussed in
Sec. IV C, for W0 ¼ ΔD ¼ 0.234 μm, it follows that ϵF ¼
1.369 μm for a wavelength of 351 nm. Thus, we can
estimate the maximal value of this sum for a 1 PW laser
to be

h ∼ 1.90 × 10−36
�

P
1 PW

��
r

1.36 μm

�
−1
: ð84Þ

Strain estimates are explicitly given for the different laser
facilities [13,58,59,63,64,68] presented in Sec. IV in Fig. 3.
The plot includes data from four laser facilities, including a

potential next-generation high-gain ICF laser facility [69] is
denoted “Future-ICF” in the figure.
It might be that, in the future, one can try to detect

gravitational perturbations with detection systems placed at
very short distances, using, e.g., other laser systems such as
presented in [70].

3. Angular distributions (l = 0)

Now consider the angular distribution of the previous
metric deformations. In order to better visualize the
dependencies to the optical parameters, consider the laser
frequency to be variable and L fixed at L ¼ 1 mm. As long
as ζD < 1, Γ0ðθÞ is maximized in all directions and
therefore independent of θ; see Appendix A for more
details. The whole angular dependence is in this case due to
the Sinc½ηðθÞ� function. To better characterize its effect we
introduce

ζL ≡ ωL=c; ð85Þ

such that formula (54) becomes ηðθÞ ¼ ζL½cosðθÞ − cosðαÞ�.
Similarly to D, the length of the source cylinder can vary
roughly between 10−6 m (corresponding to a 10 femto-
second laser pulse [64,71]) and 1 m (corresponding to a 10
nanoseconds laser pulse [13,58,59]). Consequently ζL
varies, as ζD, between unity and 107 for ω ≃ 1015 Hz. The
angular distributions of the nonzero, radiative components of
hTTμν ¼ hD;TT

μν þ hZZ;TTμν for l ¼ 0 evaluated one meter away
from the source are shown in Figs. 4(a)–4(d), each time for
different values of ω and hence of ζL. The values of the
optical parameters have been chosen for the purpose of a
better visualization.
Figure 4 shows that, when l ¼ 0, no gravitational waves

are emitted along the optical axis. Indeed, in the absence of
orbital angular momentum, the energy distribution displays
azimuthal symmetry in the plane perpendicular to the
optical axis. Consequently, similarly to how oscillations
of a symmetric mass distribution fail to generate gravita-
tional waves, an observer positioned along the optical axis
would not detect any gravitational radiation.
Interestingly, when ζL ≥ 1, Sinc½ηðθÞ� is evaluated out-

side of its central peak, leading to a noticeable reduction of
the hD þ hZZ angular distribution width. To maximize the
signal, the condition ζL < 1 must be ensured. Even more
interestingly, those angular distributions exhibit a beaming
effect when ζL becomes greater than 1 towards the angles
θpeak ¼ �α, α being the half-cone angle introduced in
Fig. 1. A Bessel beam can be thought of as a linear
superposition of plane waves whose propagation directions
are inclined at the half-cone angle α with respect to the z
axis. It is therefore not surprising that such plane waves
generate metric perturbations whose amplitudes peak at
θpeak ¼ �α.

FIG. 3. Maximum gravitational wave amplitude at distance
r ¼ 1.369 μm, for the optical parameters l ¼ 0, L ¼ 0.49 μm,
and D ¼ 0.234 μm.
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4. Power emitted by gravitational waves (l = 0)

The power per unit solid angle given in Eq. (19) contains
all contractions of the radiative contributions and is a
suitable observable to study. For l ¼ 0 it takes the form

dPD

dΩ
¼ gDðθÞFðαÞN −2

B

�
ωl¼0
g

�
2πGL2P2

0

c7
Γ2
0ðθÞSinc½ηðθÞ�2;

ð86Þ

where P0 is the laser power and gDðθÞ and FðαÞ are,
respectively, given by

gDðθÞ≡ 1

16
½3 − 4 cosð2θÞ þ cosð4θÞ�; ð87Þ

FðαÞ≡ 2

�
1þ cos2ðαÞ þ 1

4
sin2ðαÞ

�
: ð88Þ

This quantity is represented in Fig. 5, for the case of the
NIF ARC facility. To improve graphical clarity in Fig. 5,
different values of ζL were used from that in Fig. 4. Indeed,
at constant laser power P0, Eq. (86) exhibits that
dPD=dΩ ∝ ω2

g. The higher the frequency, the bigger the
power radiated by gravitational waves (and the sizes of the
lobes). In any case this power loss is too tiny to have a
substantial impact on the dynamics of the system that
would permit an indirect measurement of the gravitational
radiation.
Also, and similarly to the hTTμν components represented in

Fig. 4, a beaming effect towards the half-cone angle occurs
for values of ω such that ζL > 1. The location at which the
greatest signal is expected depends on the pulse frequency.

B. Gravitational waves generated by a Bessel pulse
with orbital angular momentum: l = � 1

The initial purpose of this study was to characterize the
gravitational waves emitted by light carrying orbital angu-
lar momentum. To do so consider from now on nonzero
values of the OAM parameter l. As discussed earlier, one
can restrict the study to l∈ f�1g as higher values lead to
smaller amplitudes of the Γq function. Also, using the
following Bessel function identity J−nðxÞ ¼ ð−1ÞnJnðxÞ;
n∈Z; n ≥ 0, it can be shown that Γ−q ¼ Γq. Subsequent

(a) (b) (c) (d)

FIG. 4. Angular variation of the z axis propagating NIFARC pulse generated l ¼ 0, TT gauge metric perturbations (hD;TT
μν þ hZZ;TTμν ) in

the zx plane, at fixed r ¼ 1 m, L ¼ 1 mm, β−1 ¼ 1 μm, and D ¼ 10 μm, such that ζD ≤ 0.33. (a) hTT11 ðθÞ. (b) hTT22 ðθÞ. (c) hTT33 ðθÞ.
(d) hTT13 ðθÞ ¼ h̄TT31 ðθÞ.

FIG. 5. Angular distribution of the l ¼ 0, NIF ARC hD þ hZ
generated gravitational dPD=dΩ, for fixed values of L ¼ 1 mm,
D ¼ 100 μm, and β−1 ¼ 10 μm, where the laser pulse propa-
gates along the z axis.
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results are therefore invariant under this sign change of q.
Similarly to the l ¼ 0 case, gravitational waves described
by the hD and hZZ functions are still expected due to
oscillations of the energy content in the source region. For
l ¼ �1 this effect is however not dominant when compared
to a new one: the twisting of the energy distributions
described by the hþ and h× components. Indeed, when
l ¼ �1, both hD and hZZ contain Γ1 functions and are
therefore small compared to h̄þ and h× which contain Γ0

functions through the hl�1þ and hl�1
× contributions. The

metric perturbation in the TT gauge is now well approxi-
mated by the sum of two distinct polarizations:

hTTμν;l¼�1 ≃ hþ;TT
μν þ h×;TTμν : ð89Þ

1. Frequencies (l = � 1)

Similar to the case with no orbital angular momentum,
the frequency of the emitted gravitational waves is given by
the function ψq as it is the argument of the sinðψqÞ and
cosðψqÞ functions appearing in Eqs. (57) and (58). As for
l ¼ 0, gravitational waves are therefore emitted at twice the
frequency of the laser pulse:

ωl¼�1
g ¼ 2ω ≃ 1.07 × 1016 Hz; ð90Þ

for NIF’s 351 nm laser pulse [60]. The nontrivial equiv-
alence between ωl¼0

g and ωl¼�1
g will be further discussed

Sec. VI.

2. Amplitudes (l = � 1)

The amplitude of the associated gravitational waves is
well estimated [once again up to the trigonometric func-
tions entering the matrices in (74) and (75)] by the sum of
the hþ and h× functions. Their maximal values over the 2π
region in the z-x plane are identical, and thus we present the
estimates for one of them. As previously done, we present
estimated strain magnitudes for different facilities in Fig. 7.
Those spacetime deformations do not exceed the l ¼ 0 case
already presented in Fig. 3. Comparing those two figures, it
appears that the twisting effect generates weaker spacetime
deformations than the energy residual oscillations in the

(a) (b) (c) (d)

(e) (f)

FIG. 6. Angular variation of the z axis propagating NIFARC pulse generated l ¼ 1, TT gauge metric perturbations (hþ;TT
μν and h×;TTμν )

in the z-x plane, at fixed r ¼ 1 m, L ¼ 1 mm, β−1 ¼ 1 μm, and D ¼ 10 μm, such that ζD ≤ 0.33. (a) hþ;TT
11 ðθÞ. (b) hþ;TT

22 ðθÞ.
(c) hþ;TT

33 ðθÞ. (d) hþ;TT
13 ðθÞ ¼ hþ;TT

31 ðθÞ. (e) h×;TT12 ðθÞ ¼ h×;TT21 ðθÞ. (f) h×;TT23 ðθÞ ¼ h×;TT32 ðθÞ.

FIG. 7. Maximum gravitational wave amplitude at distance
r ¼ 1.369 μm, for the optical parameters l ¼ �1, L ¼ 0.49 μm,
and D ¼ 0.234 μm.
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source volume in the absence of OAM. This strangeness is
further discussed and justified in Appendix B. Similar to
the l ¼ 0 case, we give the strain estimate for a 1 PW laser
pulse

h ∼ 4.69 × 10−37
�

P
1 PW

��
r

1.36 μm

�
−1
: ð91Þ

Interestingly, naive estimations are recovered as an
equivalent system of rotating masses with effective masses
EL=c2 ≃ 10−11 kg (1 MJ laser) separated by β−1 ¼ 40 nm
and rotating at a frequency ω ¼ 5.37 × 1015 Hz would
produce a strain h ∼ 6.4 × 10−38 one meter away from the
source. This estimation is in very good agreement with
Fig. 7. Obviously, more complex and subtle phenomena
cannot be exhibited by this simple equivalence.

3. Angular distributions (l = � 1)

Figure 6 shows the angular distributions of the nonzero
hþ;TT
μν and h×;TTμν metric components one meter away from

the source.
One noticeable feature that differs from Fig. 4 is the

appearance of gravitational waves emitted along the optical
axis z. This discrepancy with respect to the previous l ¼ 0
case arises due to disruptions of the previous azimuthal
symmetry by the presence of a nonzero topological index,
giving rise to spiraling patterns in the energy density and
gravitational waves along the optical axis. It is stressed here
that this does not mean that those gravitational waves are
longitudinal, their polarizations remain in the plane trans-
verse to the direction of propagation.
As for all waves emitted in all but the direction

corresponding to θ ¼ α, those “optical axis gravitational
waves” are suppressed when ζL > 1 and the beaming effect
towards the half-cone angle takes place.

4. Power emitted by gravitational waves (l = � 1)

The full metric perturbation being a linear superposition
of independent þ and × polarizations, the power per unit
solid angle of equation takes the form

dP=dΩ ∝ ðgþðθÞhh2þi þ g×ðθÞhh2×iÞ; ð92Þ

with

gþðθÞ≡ sinðαÞ4
16

½19þ 12 cosð2θÞ þ cosð4θÞ�; ð93Þ

g×ðθÞ≡ sinðαÞ4½1þ cosð2θÞ�: ð94Þ

When l ¼ 1, the corresponding angular power distribu-
tions are

dPþ
dΩ

¼ gþðθÞN −2
B ðωl¼1

g Þ2 πGL
2P2

0

c7
Γ2
l−1ðθÞSinc½ηðθÞ�2;

ð95Þ

dP×

dΩ
¼g×ðθÞN −2

B ðωl¼1
g Þ2πGL

2P2
0

c7
Γ2
l−1ðθÞSinc½ηðθÞ�2: ð96Þ

Figure 8 represents the power per unit solid angle of the
þ polarized gravitational wave radiation. It is sufficient to
represent only one polarization mode as the angular
distributions of the gravitational wave radiation flux for
the þ and × polarizations are nearly identical, especially
when ζL > 1.

VI. DISCUSSION

What conclusions can be drawn from the results pre-
viously obtained: Twisted lasers: the brightest sources of
gravitational waves produced by humankind?
To know whether high energy lasers are the brightest

sources of gravitational wave currently generated by
humankind (or that could be generated in a near future)
or not it is interesting to compare the previous amplitudes to
the ones of gravitational waves emitted, e.g., by the orbital
accelerator of the Spinlaunch project,3 which we estimated
to be hSL ∼ 10−36 at the optimistic distance of 10 m to the

FIG. 8. Angular distribution of the l ¼ 1NIFARC hþ generated
gravitational dPD=dΩ, for fixed values of L ¼ 1 mm,
D ¼ 100 μm, and β−1 ¼ 10 m, where the laser pulse propagates
along the z axis.

3See https://www.spinlaunch.com/.
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source. This facility is probably among the biggest, if not
the biggest, source of terrestrial gravitational waves pro-
duced by rotating masses. Even a 5 MJ laser pulse remains
2 orders of magnitude below (when the gravitational wave
amplitude is evaluated at the same distance to the source). If
a laser system could be constructed with energy compa-
rable to the kinetic energy contained within the SpinLaunch
system mass (∼4.3 × 108 J), the amplitude of the gravita-
tional waves generated by Bessel modes would however
become slightly bigger, h ∼ 10−35, still at 10 m away from
the source.
Does it mean that the game is over for high-energy lasers

as sources of gravitational waves? Not necessarily, as their
interest is manifold:
(1) Beyond any possible technological application or

measurable effect, the question of the gravitational
field created by light is, in itself, fascinating and
largely unexplored. A lot remains to be understood.
This work provides new insights on the subtle
properties of spacetime vibrations induced by co-
herent and monochromatic light.

(2) The source volume is orders of magnitude smaller
than the suborbital accelerators of the Spinlaunch
project. As previously stated in this paper, it might
be that a detection system as the one proposed, e.g.,
in [70], can be put (very) close to the source. The
gravitational wave amplitude being ∝ 1=r, this
possibility might compensate the lacking orders of
magnitude.

(3) Twisted laser pulses allow for a better control of
the gravitational wave properties such as their
polarization states and directions of emission.
Thanks to a beam combiner it might even be
possible to control their frequencies over a wide
range. This possibility will be further explored in a
subsequent study.

(4) Twisted laser pulses may not be the highest sources
of gravitational strains h built by humankind, but
they definitely are the highest sources of power
radiated through gravitational waves, this quantity
scaling with the square of the gravitational wave
frequency: dPD=dΩ ∝ ω2

g. Within the far-field
approximation, the peak intensity of the SEL laser
system at a distance equal to the laser pulse width
and at 10 m from the source are 1.44 × 10−5 and
1.01 × 10−19 Wm−2, respectively, which is many
(18!) orders of magnitude greater than the estimated
intensity of the Spinlaunch generated gravitational
wave at the same distance of 10 m from the source:
ISL ∼ 1.1 × 10−35 Wm−2. Interestingly, the inten-
sity at the pulse boundary is 1 order of magnitude
greater than the 3.6 × 10−6 Wm−2 intensity of the
GW15094 signal [72] (measured at the detector
location on Earth).

A. Beaming

This study has revealed that gravitational waves emitted
by Bessel mode laser pulses give rise to a beaming effect.
The tilts and widths angular distributions presented, e.g.,
Figs. 4 or 6, depend significantly on the optical parameters,
specifically through ζD ≡ ωD=c and ζL ≡ ωL=c. When
those parameters become greater than unity a beaming
towards the half-cone angle α arises. This a priori non-
trivial effect reflects properties of the Bessel pulse energy
distributions function. If such waves could be detected one
day, varying the optical parameters such as the pulse
frequency or its time duration would have direct and
important consequences on the signal.
Interestingly, this effect arises due to the nonzero spatial

extension of the source. Indeed, when the laser pulse
approaches a point source, the ζL;D parameters decrease
to values for which the beaming does not occur anymore.

B. Gravitational wave frequencies

The gravitational waves explored in this paper are emitted
at twice the pulse frequency, roughly around 1015 Hz.
The equivalence between ωl¼0

g and ωl¼�1
g , respectively

givenbyEqs. (83) and (90),might not be obvious at first sight
as the sources of gravitational waves differ in both cases.
Indeed, in the absence of orbital angular momentum,

gravitational waves are emitted due to oscillations of the
energy content in the source region, oscillations whose
frequency is twice the frequency of the fields (the energy
simply being linked to the fields squared).
When l ¼ �1 the situation is different. Even though the

previous effect still exists, the dominant source of gravi-
tational waves is oscillations of the orbital angular momen-
tum induced spirals in the energy density of the
electromagnetic field. By examining the locations at which
sinðψqÞ and cosðψqÞ vanish, corresponding to ψq ¼ pπ and
ψq ¼ ð2pþ 1Þπ=2; p∈Z; p ≥ 0, respectively, it can be
inferred that the number of rotating lobes in the interval
ϕ∈ ½0; 2π� is twice the value of the topological index.
Moving on to the temporal evolution of a constant phase
point in a plane defined by z ¼ constant, it can be
demonstrated from ∂ψq=∂t ¼ 0 that the rotational fre-
quency of each lobe in a laser with frequency ω is ω=l.
Nevertheless, the frequency at which the system reproduces
identically is dictated by the multiplication of the individual
frequency and the number of lobes, yielding an exact
frequency of 2ω whatever the value of l. Notably, and
interestingly, ωg is independent of the topological index.
Those gravitational wave frequencies are orders of

magnitude above that of standard astrophysical sources
and even those predicted by beyond the standard model
physics [23,73–87]. Barring primordial black holes, those
sources hardly go above the 1012–1013 Hz, even in the most
extreme scenarios. Only light black holes of primordial
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origin could emit gravitational waves at frequencies com-
parable or even greater than laser-generated gravitational
waves.4

C. Detection

There is not yet a final word on the best way to search for
gravitational waves at very high frequencies. The most
promising possibility might not be by direct measurement
of their strain but through their interaction with (static)
electromagnetic fields [89].
The conversion into photons has been [89–91] and still

is [23,92,93] studied frequently: in cosmology [94–98], and
more recently in the context of haloscopes and resonant
cavities [99–104]. This method takes advantage of the high
values of the gravitational wave frequencies. As an exam-
ple, the effective current generated by the conversion of a
gravitational wave in a GHz resonant cavity scales with the
square of the gravitational wave frequency [99].
The experimental exploration of gravitational waves

around optical frequencies is mainly twofold. First, based
on the graviton-to-photon conversion expected in the
presence of magnetic fields, reinterpretation of data from
already existing experiments initially dedicated to the
search for weakly interacting slim particles such as
OSQAR [105] or CAST [106] has allowed to put con-
straints on the existence of a stochastic gravitational wave
background in the ½2.7–14�×1014Hz and ½5–12� × 1018 Hz
windows, with associated characteristic amplitudes of hc ≈
6 × 10−26 and hc ≈ 5 × 10−28, respectively [93]. Prospects
operated for the JURA follow-up [107] lower this bound to
hc ≈ 10−32 around 1018 Hz [93].
The possibility to use high-energy lasers as detectors for

1016 Hz gravitational waves has also recently been consid-
ered [70]. In this paper the authors have investigated the
feasibility of employing high-energy laser pulses as gravita-
tionalwave detectors, consideringa laser pulsewith an energy
of 1.8 MJ. In their most optimistic scenario, they determined
that a sensitivity level of h ∼ 10−27 could be attained.
The presented values, already impressive in themselves,

remain for the moment orders of magnitude above that
required to detect laser-produced gravitational waves.
Further explorations of those detection methods will be
performed as some advantages might be taken, e.g., of the
fact that laser pulses can be focused to incredibly small
spot sizes.

D. How to maximize the signal?

What optical parameters influence the maximal gravi-
tational wave amplitudes generated by a Bessel pulse?

Looking at Eqs. (55) and (56) and putting the trigono-
metric functions depending on ψq apart, four different
functions must a priori play a role: h̄0ðrÞ, the trigonometric
functions in the half-cone angle α, Γ0, and Sinc½ηðθÞ�.
At fixed distance r to the source, those functions depend

on the following optical parameters: the pulse energy E, its
frequency ω, its duration τP, its half-cone angle α, its
confinement diameter D, and its beam waist β.

1. Pulse energy E

As shown in Figs. 3 and 7, spacetime deformations
increase with the pulse energy. The intuitive scaling of the
gravitational effect with the energy is recovered: the greater
the energy, the bigger the maximal strain. The energy
appears in h̄0. Indeed, at fixed r and β, maximizing this
function is equivalent to maximize E2

0L=β
2, i.e., the pulse

power times its length, which is the pulse energy.
Higher energy pulses generate larger spacetime defor-

mations. Does this mean that the most energetic laser pulses
automatically are the most interesting sources from the
point of view of an observer trying to detect them? Not
necessarily as, ideally, for lower energy lasers such as the
SEL 1.5 kJ pulse, a detection system could be placed closer
to the source, depending on how close one can get to the
source, considering lower energy pulses might be favored.5

2. Pulse duration τP
In the expression for the peak gravitational wave strain it

is apparent that at fixed L=r that the strain scales with the
power of the laser. Thus, the minimization of the pulse
duration at constant pulse energy maximizes the peak strain
at the cost of the signal time. However, the pulse duration
cannot be decreased arbitrarily. Fundamentally, it is con-
strained to a single optical cycle, approximately on the
order of λ=c [109,110]. For a laser with a central wave-
length of 351 nm, the pulse width constrained by a single

4The upper bound on the frequency of gravitational waves
emitted during the inspiralling process can only be avoided in the
unlikely event of the observation of a system which is both
merging and losing mass [88].

5In most situations involving gravitation, the compactness
plays a central role. In the sense of [108], it is defined as C ¼
Gm=ðRc2Þ for a massm inside a region of size R. For black holes,
the compactness is C ¼ 1=2 and it can only be smaller for other
sources. In the case of an astrophysical binary system, the radius
of the innermost stable orbit scales as 1=C. In the case considered
in this work, the compactness is very small—typically of the
order of 10−31 for a 351 nm beamline on the NIF—which simply
reflects the fact that the beam is far from being inside its own
gravitational radius. Usually, for binary systems of masses, a
smaller compactness prevents the objects from getting very close
one from the other and, therefore, decreases the gravitational
wave strain (h ∝ C). The situation considered throughout this
work is different as the source here is not self-gravitating. If both
ω and the distance r at which the gravitational wave amplitude is
evaluated are fixed, a decrease of the compactness plays in the
opposite direction and increases the signal. As stated above, in an
ideal scenario, more compact sources could however allow a
detection system to be placed closer to the source, making them
potentially more relevant.

GRAVITATIONAL WAVES FROM HIGH-POWER TWISTED LIGHT PHYS. REV. D 110, 044023 (2024)

044023-17



optical cycle is 1.17 fs. However, the current minimum
duration of laser pulses in petawatt laser systems typically
ranges from a few tens to a few hundred femtoseconds
[64,71]. To enable the development of lasers operating in
the exawatt regime [58], various techniques have been
devised to compress laser pulses to the limit of a single
optical cycle [111–113]. A comprehensive review of these
techniques can be found in [64,71].

3. Confinement diameter D and beam waist β

The beam waist β does not exist as an independent
parameter. Rather, its value is intricately linked to both the
wavelength of light and the desired half-cone angle and is
constrained by the diffraction limit. On the other hand, the
confinement diameter D maintains its status as an inde-
pendent parameter. However, it must adhere to the con-
dition D ≥ ΔD.
As previously discussed and as shown in Fig. 9, maxðΓ0Þ

is independent of ζD ≡ ωD=c. Varying the diameter of the
source cylinder has no effect on the maximal value of Γ0, nor
does a variation in the pulse frequency ω. As shown in
Appendix A the angular distribution of Γ0 however depends
on ζD. Similarly to the Sinc function, for Γ0 to take its
maximal value whatever θ∈ ½0; 2π� the condition ζD < 1
must be fulfilled, i.e., D must be lower than λ=ð2πÞ ≃
55.9 nm for a NIF’s 351 nm beam. For a numerical aperture
of Na ¼ 0.75 [46], it follows that ζD ≥ 4.19.
The fact that β andDmust be decreased in order to boost

the signal is somehow counterintuitive when making an
analogy with massive binary systems, for which the
distance between the two bodies increases the lever arm
and thus the gravitational strain. The origin of this
discrepancy is mainly twofold. First, the expansion of
the retarded time to linear order accounts for the nonzero
size of the laser pulse. Second, both the amplitude and the
phase exhibit inherent variations at each point within the
laser pulse. The difference between gravitational waves
emitted by laser pulses and massive binary systems
becomes more and more pronounced as the values of ζD
and ζL increase above 1, for which the laser pulse
increasingly deviates from resembling a point source.

4. Half cone angle α

The effect of the half-cone angle is twofold. First, the
value of α cannot be fixed such that all four hD, hZZ, h

ðQÞ
þ ,

and hðQÞ
x equations [(55)–(58)] are simultaneously maxi-

mized. In order to maximize the highest number of them,
the half-cone angle should be maximized. At diffraction
limit, for a numerical aperture of Na ¼ 0.75 [46], αmax ¼
0.24 ≃ 3

4π rads. Second, the half-cone angle governs the
interaction length and thus ζL, which decreases as α
increases. Unlike the confinement diameter, the interaction
length can continue to decrease. For example, with α ¼
0.61 radians, we find ζL ¼ 3.65.

5. Pulse frequency ω

Since for photons E ¼ ℏω, we could expect a linear
increase of the gravitational strain with the photon fre-
quency.6 However, laser facilities deliver a fixed energy.
Writing E2

0 ∼ nℏω=ϵ0c, with n the photon number density,
varying the frequency ω by processes such as second
harmonic generation [114] results in diminishing the
photon number density n (or vice versa) so that the total
pulse energy remains unchanged. Therefore, once the pulse
energy is fixed and the conditions L < c=ω and D < c=ω
are satisfied, the pulse frequency plays no role in the
amplitudes of the emitted gravitational waves. However,
the power radiated by gravitational waves scales quickly
with ω, as dPD=dΩ ∝ ω2. Increasing the frequency is a
promising way to increase the gravitational wave power.
This effect is highly important as detection through the
inverse Gertsensthein effect relies on this power.
In summary, to maximize the gravitational waves signal

at fixed distance r to the source:
(i) The pulse energy needs to be maximized.
(ii) At fixed pulse energy, the pulse frequency does not

affect the strain, but its increase is of primary
importance for the gravitational wave power.

(iii) Shorter pulse duration maximizes the gravitational
wave strain at the cost of the signal time.

(iv) The confinement diameter and waist need to be
small enough such that D < λ=ð2πÞ. Once this
condition is fulfilled the confinement diameter no
longer matters.

(v) The half-cone angle α needs to be increased.
(vi) The parameters ζD and ζL, which determine the

beaming of the generated gravitational wave, need to
be minimized.

VII. CONCLUSION

The understanding of the detailed structure of the
gravitational field produced by light is still in its infancy.
In this work, the characteristics of gravitational waves
produced by Bessel pulses have been extensively inves-
tigated for the first time. Analytical formulations and
numerical evaluations of the spacetime deformations and
the associated power have been provided. The influence of
the different optical parameters on the signal has also been
discussed in detail. In addition, the parameters of interest
required to boost the signal amplitude have been made
explicit.
Notably, a deeply nonintuitive angular distribution of the

signal has been found, revealing fascinating subtleties of
spacetime deformations generated by high-power laser
pulses. This exemplifies how different laser-generated

6This differs from usual systems of masses in circular orbits
for which the kinetic energy, and hence the strain, is proportional
to ω2.
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gravitational waves are from textbook signals, e.g., those
generated in astrophysical binary systems of compact
objects. Most of the complex patterns found in this study
do not exist at all when considering basic rotating masses.
Many paths remain to be explored, among which are the

following:
(1) Laguerre-Gaussian pulses are another class of twisted

light pulses, often considered in applications. The
gravitational waves generated by this second class of
pulses with orbital angular momentum might reveal
new aspects of gravitational radiation physics.

(2) Multibeam interactions via beam combiners could
facilitate the generation of gravitational waves at the
beat frequency of the stress-energy distribution.
Theoretically, using modern optical techniques, this
could allow for the emission of gravitational waves in
the MHz to GHz range. This could be of high interest
for other detectionmethods, such as resonant cavities.

(3) A laboratory control of gravitational waves may also
be useful to probe parametric resonant effects that
require high levels of tuning. Notably, in [115], it has
been shown that gravitational waves can excite a
parametric resonant instability of the electromag-
netic field, improving graviton to photon conversion.
The inverse process, namely the exponential en-
hancement of the gravitational wave signal via
parametric resonance, can also occur for standing
electromagnetic waves in vacuum. This possibility is
currently under investigation.

(4) The group velocity of Bessel modes is not neces-
sarily equal to the speed of light. Subluminal Bessel
pulses may exhibit a Doppler effect in the generated
gravitational wave signal which has the potential to
influence its intensity, angular distribution, and time
duration.

All of those possibilities will be considered in subsequent
studies.
In addition, it should be kept in mind that most theories

beyond general relativity make specific predictions for
gravitational waves. In the usual interferometer setting,
generically, signal deviations are degenerated with
unknown astrophysical parameters describing the source.
Laboratory emission of gravitational waves should lead to
new constraints on the deformation parameters, although a
quantitative study is far beyond the scope of this work.
Beyond any mastering of laboratory controlled gravita-

tional waves, which would undoubtedly lead to a scientific
revolution, it is already remarkable in itself that the richness—
and complexity—of gravitational radiation physics that
extends past elementary situations slowly reveals itself in
its intricacy.
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APPENDIX A: ANGULAR DISTRIBUTION
OF ΓlðθÞ

To study the angular distribution of the emitted gravi-
tational waves, one first focuses on the study of the two
functions that impact a priori the direction of emission of
gravitational waves in the zx plane:

(i) Sinc½ηðθÞ�;
(ii) and ΓBP

q ðθÞ.
We first consider the effect of the topological index.

Figure 9 shows, for different values of the index q, the
maximal values of ΓqðθÞ obtained spanning θ∈ ½0; 2π�.
Whatever the value of ζD, the dominant function is always
the one with q ¼ 0. Thus, in the analysis conducted in the
main corpus, only cases where q ¼ 0 was considered as
they correspond to the main sources of gravitational waves.
The angular dependence of ΓBP

q ðθÞ is entirely governed
by the J2q½ωτ sinðθÞ=cβ� factor within Eq. (52).
In Fig. 9 we have stated that the dominant Γq function is

Γ0ðθÞ and that its maximal value, occurring along the
optical axis when θ ¼ 0, is independent of ζD, hence of the
cylinder diameter. Figure 10 represents the variation of
Γ0ðθÞ for θ∈ ½0; 2π�, keeping the size of the cylinder given
by L andD fixed, but varying the frequency (which induces
variations of ζD). For values of ζD > 1 a beaming effect
starts to appear along the direction of propagation of the

FIG. 9. Dependencies of Max½ΓqðθÞ� upon the ζD parameter
obtained varying the angle θ∈ ½0; 2π�. The values L ¼ 1 mm and
D ¼ 1 mm have been chosen for clarity.
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pulse. This beaming leads to a decrease of Γ0ðθÞ off of the z
axis, and thus a decrease of the emitted wave amplitudes off
of the optical axis. To prevent the emergence of this effect it
is preferable to work with ζD < 1. At fixed frequency, it
means considering a cylinder diameter such that D < c=ω.
An increase of ζD induces an increase of Γq≠0 functions,

as depicted in Fig. 9. Unlike Γ0, the maximal values of all
other Γq≠0 and the angles θ at which they occur depend on
ζD. Indeed, consider some threshold ζthD whose value
depends on q. For q ¼ 0, ζthD ≃ 1 but for q ≠ 0 the threshold
must be computed numerically. For all values ζD ≤ ζthD the
maxima of the Γq≠0 lie along the x axis. However, when
ζD > ζthD , the location of the maxima of Γq≠0 vary and need
to be evaluated numerically. As an example, the case of
q ¼ 1 has been depicted in Fig. 11.
Obviously Γ0 does not remain the dominant function for

all values of θ and ζD. For this function to remain
overwhelmingly dominant whatever the direction around
the source, rendering all the other generated Γq; q ≠ 0,
negligible, one needs to stay in the regime ζD < ζthD , for
which ζthD > 1 if q ≠ 0.
This effect arises due to the way the source volume is

defined. At fixed values of β and ω, increasing the cylinder
diameterD increases the number of lobes of the Bessel pulse
that act as sources of gravitational waves. Since for Bessel
pulses the energy is split equally between the lobes [34,35,54],
more lobes in the cylinder result in smaller peak intensity in
each lobe, thus in smaller gravitational wave amplitudes.

APPENDIX B: WHY IS TWISTING NOT
THE DOMINANT EFFECT GENERATING

GRAVITATIONAL WAVES IN BESSEL PULSES?

How is it that the twisting effect is not dominant in the
generation of gravitational waves? To better understand this
question, theMaxwell tensor is first discussed inmore detail.
The Maxwell tensor serves as a mathematical represen-

tation of the “pressure” and “shear stress” exerted on the
surrounding spacetime by electromagnetic waves.
In the case of a sole electromagnetic wave, these stresses

are aligned, when acting on a physical object, with the
momentum of the wave. For a single plane wave this
direction corresponds to its direction of propagation.
Without loss of generality and as we did, it is possible
to align the z axis along the propagation direction of the
plane wave. In this scenario, the only nonzero component
of the Maxwell tensor is σzz, indicating the presence of
pressure along the z axis.
To generate additional pressure and shear stress compo-

nents in the Maxwell tensor, the interaction of multiple
electromagnetic plane waves propagating at angles to each
other is necessary. When multiple plane waves interact, the
resulting electromagnetic field distribution can give rise to
nonzero components of the Maxwell tensor beyond σzz.
The electromagnetic wave field tensors of two plane

waves propagating at an angle 2Θ to each other in
the xz plane, described by the four-wave vectors Kμ

� ≡
½ω=c;�k sinðΘÞ; 0; k cosðΘÞ� are given by

FIG. 10. Angular variation of Γ0ðθÞ in the zx plane, for
θ∈ ½0; 2π� and for different values of the pulse frequency ω,
hence of ζD, with fixed value of D ¼ 0.1 mm.

FIG. 11. Angular variation of Γ1ðθÞ in the zx plane, for
θ∈ ½0; 2π� and for different values of the pulse frequency ω,
hence of ζD, with fixed value of D ¼ 0.1 mm.
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F μν
� ðΘÞ
C�

¼

0
BBB@

0 − cosðΘÞ 0 � sinðΘÞ
cosðΘÞ 0 0 1

0 0 0 0

∓ sinðΘÞ −1 0 0

1
CCCA; ðB1Þ

where C� ≡ ðE0=cÞ cosðK�
μ xμÞ. The Maxwell tensor

resulting from their interaction is

σxx ¼
1

2
ϵ0c3 sinðΘÞ2ðB2 − A2Þ; ðB2Þ

σyy ¼ −σxx; ðB3Þ

σzz ¼ −
1

2
ϵ0c3ðð1þ cosðΘÞ2ÞA2 þ sinðΘÞ2B2Þ; ðB4Þ

σxz ¼ −
1

2
ϵ0c3 sinð2ΘÞAB; ðB5Þ

σxy ¼ 0; ðB6Þ
σyz ¼ 0; ðB7Þ

whereA andB areCþ þ C− andCþ − C−, respectively. The
resulting amplitude of the oscillatory components σ̃xx and σ̃zz
of the Maxwell tensor for this system at x ¼ 0 are given by
σ̃xxðΘÞ¼ϵ0E2

0sin
2ðΘÞ and σ̃zz¼ϵ0ðE2

0=2Þð1−cosð2ΘÞ−4Þ,
respectively. Within the domain Θ∈ ½0; π=2�, jσ̃xxðΘÞj <
jσ̃zzðΘÞj. This reasoning can be generalized to the case of a
Bessel mode which is an infinite superposition of plane
waves. The difference for Bessel modes is that they can
exhibit a twist in the field such that it produces shear
stresses on the surrounding spacetime that give rise to h̄xy,
unlike the case of two interacting plane waves which only
produce outward pressure. Thus, in contrast to the σzz
component of the Maxwell tensor, the components σab,
a; b∈ fx; yg exhibit growth with increasing tilt angle
between the corresponding electromagnetic waves. Since
a Bessel mode can be regarded as an infinite superposition
of plane waves with a characteristic angle of inclination α
between them, the amplitude of the generated þ and ×
polarized gravitational waves is lower than that of the
gravitational waves generated by the σDab and σZZab terms of
the Maxwell tensor.
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