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ABSTRACT
Coherent motion of particles in a plasma can imprint itself on radiation. The recent advent of high-power lasers—allowing the nonlinear
inverse Compton-scattering regime to be reached—has opened the possibility of looking at collective effects in laser–plasma interactions.
Under certain conditions, the collective interaction of many electrons with a laser pulse can generate coherent radiation in the hard x-ray
regime. This perspective paper explains the limitations under which such a regime might be attained.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0174508

I. BACKGROUND
In the last few decades, the development of lasers has followed

two distinct directions. In one of these directions, scientists have
pushed the limit to reach multi-petawatt (1015 W) short laser pulses
on the basis of chirped-pulse amplification;1,2 in the other, efforts
are under way to shorten the wavelength of the emitted radiation
as much as possible.3,4 In his 2003 Nobel Prize speech, Ginzburg
identified the gamma-ray laser as one of the challenges of the 21st
century.5

II. COLLECTIVE RADIATION EMISSION
IN A STRONG LASER FIELD

One of the possible sources of high-frequency radiation is
emission by electrons interacting with a strong optical laser pulse
(nonlinear Compton scattering, NCS). For a single particle, the spec-
trum of this radiation is well known.6,7 Naively, the radiation of N
particles should simply be N times stronger. However, if the motion
of the particles is strongly correlated, i.e., if the initial conditions for
spatial location8,9 and velocity10 are close (meaning that the density
of the particles is high and the temperature is low), then the radiated
energy can be strongly enhanced due to coherency8 (see Fig. 1).

Indeed, the energy of the emitted radiation in an external field
at the classical limit is given by6

dEk

dk
= − j μ(k) j⋆μ (k)

4π2 , (1)

where k is the radiation wave vector and jμ is the Fourier transform
of the current 4-vector. For two emitting particles,

∣j μ∣2 = ∣ jμ
1 ∣2 + ∣ jμ

2 ∣2´¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¸¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¶
incoherent term

+ 2Re( jμ
1 j⋆μ2)

´¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¸¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¶
interference term

, (2)

and under certain conditions, the interference term can be as large
as the incoherent term, increasing the radiated power by a factor
of 2. These conditions for the particles’ initial displacement R were
established in Ref. 8: R is inversely proportional to the emitted fre-
quency ω, and it also depends on the particles’ initial energy and the
intensity of the laser.

For N particles, the number of incoherent terms scales as N,
while the number of interference terms scales as N2. This means that
the coherent enhancement of radiation for a macroscopic number
of particles can be huge. Since R ∼ 1/ω, the lower frequencies are
enhanced more strongly than the higher frequencies; i.e., the shape
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FIG. 1. Top: two electrons that are close to one another in a phase space and interact with a laser can radiate coherently. Bottom: spectrum of a large number (N) of electrons
colliding with a laser pulse for various densities of electron bunch. Dashed magenta curve: spectrum without accounting for coherency (N times the single-particle spectrum).
The dot-dashed red curve shows the dependence of the highest coherently enhanced frequency on the density. The surface combines coherent (to the left of the dashed red
curve) and incoherent (to the right) spectra. Laser intensity 1019 W/cm2, electron energy 50 MeV.

of the radiation spectrum (with respect to the single-particle spec-
trum) is substantially modified by the coherency (see Fig. 1). Note
that since the average distance between the particles is defined by
the density n, the spectrum is very sensitive to the density. This is
revealed in two particular ways: first, the enhancement factor for
each frequency is proportional to the density; second, the maximum

frequency ωcoh, which is enhanced due to coherency, scales as
ωcoh ∼ n1/3.

It is worth noting that despite “higher” frequencies being unaf-
fected by coherency, the threshold ωcoh of coherently enhanced
“low” frequencies can be quite high—up to tens (and in some condi-
tions even hundreds) of keV, depending on the laser intensity and
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the particles’ initial energy.8 In particular, for a 50-MeV electron
beam with a density of 1022 cm−3 and a laser intensity of 1019 W/cm2,
the coherency threshold exceeds 1 keV (see Fig. 1), while a 10-keV
coherency threshold is provided by an energy of 200 MeV and a solid
density of 1023 cm−3.8

Moreover, according to Ref. 8, the ratio of the energy of
the coherently enhanced radiation to that of the incoherent radi-
ation (for initially slow particles and a relativistically intense laser
a0 ≫ 1) is

Ecoh

Eincoh
∼ 1

64π3
nλ3

L

a2
0

, (3)

where a0 = eELλL/2πmc2 is the dimensionless laser amplitude (in
which EL and λL are the laser’s electric-field amplitude and wave-
length, −e and m are the electron charge and mass, and c is the
speed of light), meaning that the total energy of the coherent part of
the spectrum can be much higher than that of the incoherent part.
Indeed, for solid-density electrons and an optical laser pulse, the fac-
tor nλ3

L can be as high as 1011, and for a0 ∼ 102 (corresponding to an
intensity I ∼ 1022 W/cm2), one obtains Ecoh/Eincoh ∼ 104.

III. CHALLENGES AND PROSPECTS
Although the creation of a “graser” (gamma-ray laser) is not

imminent, it is clear that possibilities do exist for generating coher-
ent hard x-rays using collective effects in plasmas when interacting
with a short and ultra-intense laser pulses in the infrared regime.
Optimization of the interaction process allows the coherent and
incoherent contributions of the radiation generated by nonlinear
inverse Compton scattering to be influenced; partial control of the
coherency is thus possible.

Nevertheless, a number of important theoretical questions still
remain, and these need to be addressed in subsequent refined
research. First, the presented approach is purely classical, and for an
accurate investigation of the emission at high frequencies, one has
to develop a quantum approach with accounting for coherency. Sec-
ond, the effect of the temperature of the particle ensemble should
be taken into consideration. Third, when coherency is taken into
account, the particles can radiate so strongly [see Eq. (3) and the
discussion below] that even for a mildly relativistic bunch and a
moderately intense laser (I ≳ 1018 W/cm2) this will modify their
trajectories in the laser field (the radiation reaction effect6), which
will in turn affect the radiation emission. Finally, for a detailed
description of laser–electron-bunch collision—which is necessary
for planning and interpretation of experiments—numerical simu-
lations are required. Particle-in-cell simulations are very powerful
tools for investigation of the interaction of a plasma with a short
intense laser pulse. Developing an implementation of coherent pho-
ton emission in such simulations is a challenging but necessary step
toward employing coherent NCS for the creation of a hard x-ray
source.
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