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Nonlinear Compton scattering of an ultraintense laser pulse in a plasma
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Laser pulses traveling through a plasma can feature group velocities significantly differing from the speed
of light in vacuum. This modifies the well-known Volkov states of an electron inside a strong laser-field from
the vacuum case and, consequently, all quantum electrodynamical effects triggered by the electron. Here we
present an in-depth study of the basic process of photon emission by an electron scattered from an intense
short laser pulse inside a plasma, labeled nonlinear Compton scattering, based on modified Volkov solutions
derived from first principles. Consequences of the nonlinear, plasma-dressed laser dispersion on the Compton
spectra of emitted photons and implications for high-intensity laser-plasma experiments are pointed out. From a
quantitative numerical evaluation we find the plasma to effectively suppress emission of low-frequency photons,
whereas the emission of high-frequency photons is enhanced. The emission’s angular distribution, on the other
hand, is found to remain qualitatively unchanged with respect to the vacuum case.
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I. INTRODUCTION

Exposing matter to lasers of highest electromagnetic field
strengths [1] holds promises ranging from technological ap-
plications such as compact particle accelerators [2–5] or
radiation sources [6–13] to groundbreaking studies of non-
linear quantum electrodynamics (QED) effects. In vacuum,
the scattering of an electron (mass m and charge e < 0)
with initial four-momentum pμ = ε(1, βn)/c, where β is
the electron’s velocity in units of the speed of light in
vacuum c, from a plane wave with electric field amplitude E
and wave vector kμ

L = ωL(1, nL )/c becomes nonlinear in the
regime ξ = |e|E/cmωL � 1, and quantum effects dominate
for χ = [(pμkμ

L )/mcωL]E/Ecr � 1, where Ecr = m2c3/h̄|e| is
the critical field of QED [14]. Such nonlinear QED effects
are conventionally accounted for by including them in nu-
merical simulations of laser-matter interactions. While many
theoretical efforts continue to further improve these QED-
laser-plasma simulation schemes [15–17], they are all based
on approximating the QED rates by incoherent single-particle
rates in a constant plane wave, since for high particle energies
and laser intensities any electromagnetic field can be approx-
imated by a plane wave, constant on the short timescales of
QED processes [14,18]. The corresponding QED calculations,
however, assume the plane wave to propagate through vac-
uum, i.e., its group velocity to be c. In a realistic experiment
on ultraintense laser-matter interaction, on the other hand,
there will be a background of massive particles present,
quickly ionized to a plasma of density ne, introducing the
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plasma frequency ωp =
√

4πnee2/mγL with γL =
√

1 + ξ 2/2
as new timescale. It is, however, not known what precise
plasma conditions will be present at the exact QED interaction
points of plasma electrons and a high-intensity laser. Albeit,
it was shown that part of the plasma electron population re-
mains in the paths of high-intensity lasers propagating through
the plasma and trigger indisputable QED effects [19,20].
The present manuscript explores how an unperturbed plasma
would change photon emission dynamics, as one of the major
QED effects in laser-plasma interactions and indicates that the
effect of the background plasma cannot always be neglected.
In underdense plasmas ωp � ωL ultrashort laser pulses prop-
agate over macroscopic distances [2] almost entirely within
the plasma and trigger rich dynamics in it only on timescales
longer than the pulse duration [21,22]. Also the theory of
plasmon provides a straightforward example of a massive
Yang-Mills vector boson with the plasma frequency being
equivalent to its mass, as argued by P. W. Anderson [23].

The most basic nonlinear QED effect conventionally con-
sidered in ultraintense laser-matter interactions is the emis-
sion of quantized radiation or Compton scattering. Linear
Compton scattering, i.e., the absorption and emission of only
one photon by an electron has been studied in the presence
of a plasma background already some time ago [24,25].
However, novel laser pulses feature unprecedentedly high
photon fluxes (ξ � 1), leading to an altered effect, labeled
nonlinear Compton scattering, commonly approximated as
an incoherent sequence of emissions of single high-energy
photons on coherent absorption of photon from a laser propa-
gating through vacuum [26]. This process can no longer be
described by conventional linear QED, indicating the need
for a nonlinear theory of laser-electron interactions. In the
presence of a background plasma such a theory is thus far
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missing. On the other hand, the importance of understanding
the emission originating from the interaction of intense laser
pulses with the electron population of a dilute plasma is
also signified by earlier, classical analyses of nonlinear laser-
driven particle dynamics [27], later refined to also include
the emitted power spectrum [28]. Preliminary studies of this
influence were performed at low laser intensities in a classical
framework [29], similarly to studies of laser-driven electrons
in vacuum [30,31], however, with no QED effects taken into
account.

In this work, we provide a first-order or leading-order
analysis of the impact of a nonlinear photon dispersion on
nonlinear Compton scattering in a QED framework. This
study’s main goal is to investigate the validity of the hitherto
used QED phenomenology model based on scatterings in
vacuum. Due to the complexity of the underlying nonpertur-
bative QED framework, we perform a leading-order analysis
of the plasma’s influence. By identifying deviations of the cor-
responding perturbative plasma effects from the vacuum the-
ory, we put bounds on the latter’s applicability. We thus do not
take into account detailed plasma dynamics such as instability
excitations. Much rather, we make the simplifying assumption
of the background plasma to be cold and collisionless. This
assumption was demonstrated to be reasonable for relativistic
laser-matter interactions [32] provided ion motion is negligi-
ble and the electron temperature Te is small compared to the
energy gain from the laser field mc2ξ � kBTe, where kB is the
Boltzmann constant [33]. The plasma ions (mass mi � m),
however, can be heated only on timescales corresponding to
several ion plasma periods ti = 2π/ωp,i ∝ ω−1

p (m → mi ) �
ω−1

p which we ensured to be much longer than the laser pulse
durations considered in our work, indicating that the ions also
remain cold. As a result, we neglect finite-temperature effects
of the plasma and our calculations will be independent of its
thermal distribution function, which only extends to energies
well below typical laser-driven energy scales and is hence
approximated as a δ peak at zero temperature. Consequently,
the plasma’s effect on the particle dynamics is negligible and
its impact on the electromagnetic fields can be treated by
a mean-field approximation, yielding a nonlinear dispersion
relation. In accordance with most ultrahigh field facilities op-
erating in the optical regime, we assume the laser pulse to have
an optical carrier frequency ωL connected to the laser’s wave-
length λL via ωLλL = 2πρc, where the background plasma
acts as a refractive index ρ ≡ ρ(ωL ) = [1 − (ωp/ωL )2]1/2 �=
1, resulting in a changed wave vector kμ

L = ωL(1, ρnL )/c with
k2

L �= 0 [34]. Since, on the other hand, when scattered from
an ultraintense laser pulse (ξ � 1) an electron mainly emits
photons of frequencies ω1 ∼ ξ 3ωL � ωL, i.e., high-energy
harmonics of the laser’s base frequency, we may assume the
plasma’s refractive index experienced by the emitted photons
to be ρ(ω1) = [1 − (ωp/ω1)2]1/2 ≈ 1 to leading order and,
consequently, model the emitted photons to be unaffected by
the background plasma. The basis for nonperturbative QED
are solutions of the Dirac equation in the field under consider-
ation, which, for a laser propagating through a medium with
nonlinear dispersion relation, have been a long-standing issue
and several solutions were communicated [35–40], discrimi-
nating between lightlike and spacelike photon fields. Many of
these solutions, however, were of exploratory nature [41,42]

until recently a more quantitative study was put forward [40].
It was shown that in scattering problems involving energy
scales far above any binding barrier, such as studied here, a
perturbative approach for the wave function is satisfactory.
However, transitions between these electron states have not
yet been investigated. In QED such transitions are mediated
by the emission of photons and have been analyzed for special
non-plane-wave geometries recently [43–46], carrying some
resemblance to the full problem of Compton scattering in a
plasma background.

II. NONPERTURBATIVE QED SCATTERING AMPLITUDE

We thus start our analysis from the squared Dirac equation
in the presence of a strong, plane-wave laser pulse of am-
plitude Aμ

L (η) := Aμ
L ψ (η) = ε

μ
L ψ (η)(mξ/|e|), where ψ (η) is

the potential’s shape function, ε
μ
L its polarization and ωL =

1.55 eV the optical carrier frequency [47],

[−∂2 − 2ie(AL∂ ) + e2A2 − m2 − ie/kL/A′
L]� = 0. (1)

Here units h̄ = c = 1 are used, and the prime denotes differ-
entiation with respect to the invariant laser phase η = kμ

L xμ =
ωL(t − ρx‖), where x‖ is the laser’s spatial propagation direc-
tion. Inserting the usual ansatz for the wave function

� = e−ipxF (η),

where the four-vector pμ reduces to the electron’s momentum
in absence of a laser wave, fulfilling p2 = m2, into Eq. (1) the
resulting differential equation for the determination of F (η)
reads

0 = −k2
LF ′′(η) + 2i(kL p)F ′(η) + f (η)F (η)

f (η) = 2(kL p)σ (η) − ie/kL/A′, (2)

where we defined σp(η) = e2A2
L(η)/2(kL p) − e[pAL(η)]/

(kL p). We are going to base the following derivation on
multiple-scale perturbation theory [48] (see Ref. [40] for
an analogous derivation). In this framework we introduce a
second dynamic variable, t = η/k2

L. We are going to interpret
this as an independent variable that the function F (η) =
F (η, t ) depends on. The replacement has to be carried out
also in the derivatives, resulting in ∂F/∂η = k−2

L ∂F/∂t and
∂2F/∂η2 = k−4

L ∂2F/∂t2 and correspondingly for higher-order
derivatives. We are going to look for a solution of the form
F (η, t ) = F0(η, t ) + k2

LF1(η, t ) + k4
LF2(η, t ) + O(k6

L ), which,
on insertion into Eq. (1), yields a determining equation of
the form

0 = ∂2F0

∂t2
− 2i(kL p)

∂F0

∂t
+ k2

L

(
2

∂2F0

∂η∂t
+ ∂2F1

∂t2

)

− 2i(kL p)k2
L

(
∂F0

∂η
+ ∂F1

∂t

)
− k2

L f (η)F0(t, η)

+ k4
L

(
∂2F0

∂η2
+ 2

∂2F1

∂η∂t
+ ∂2F2

∂t2

)

− 2i(kL p)k4
L

(
∂F1

∂η
+ ∂F2

∂t

)
− k4

L f (η)F1(t, η). (3)

Solving this equation order by order and fixing integration
constant by invoking physical boundary conditions and ex-
clusion of secular points from the solutions we obtain the
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results

F0 = exp

[
i
∫

dφ
f (φ)

2(kL p)

]
, (4a)

F1

F0
= f (φ)

4(kL p)2
+ i

∫
dφ

σ 2(φ)

2(kL p)
+ e

/kL/A

4(kL p)2
σ (φ)

− 1

3
e2A2

[
e/kL/A

8(kL p)3

]
. (4b)

The spin structure of the found solutions � of Eq. (1) is then
fixed by requiring that in the field-free limit Aμ

L → 0 they obey
[ � p − m]� = 0. This procedure furthermore reduces them to
physical solution of the linear Dirac equation. We can then
simplify the resulting solution to the form

�p(x) =
[
�V,p + k2

L

2(kL p)
δ�p

]
e−ipx+i�(η) up√

2εV

�(η) =
∫ η

−∞
dφ

[
σp(φ) + k2

L

2(kL p)
σ 2

p (φ)

]

δ�p = σp(η)

[
1 + e

/kL/AL(η)

(kL p)

]
− e2A2

L(η)

4(kL p)
�V,p−ie

/kL/A′
L(η)

2(kL p)
,

(5)

where �V,p = 1 + e/kL/AL(η)/2(kL p) and up is the bispinor
for a free electron of momentum pμ and the Feynman slash
notation a/ = γ μaμ with the Dirac matrices γ μ used. It can be
shown that the above solution is formally equivalent to the so-
lution resulting from a perturbative expansion of the full Dirac
equation in orders of k2

L/ω2
L. We then use these wave functions

(5) as basis set for a strong field expansion of QED in a laser
field propagating through a plasma to compute the probability
of the emission of a photon with wave vector kμ

1 = ω1(1, n1)
toward n1 = [cos(φ1) sin(θ1), sin(φ1) sin(θ1), cos(θ1)] from
an electron changing its initial momentum pμ

i to a final
momentum pμ

f . The scattering matrix element of this process
is given by [14,49]

S f i = −ie

√
4π

2ω1V

∫
d4x� p f (x)/ε∗

1 eik1x�pi (x), (6)

where � p(x) = �∗
p (x)γ0 is the wave function’s Dirac con-

jugate and ε
μ
1

∗ the emitted photon’s polarization vector’s
complex conjugate. We note that, by changing the integration
variables (t, x‖) → (η, t + ρx‖), three of the four space-time
coordinates appear in this expression only linearly in the
exponent multiplying momentum sums. Hence, by virtue of
the integral representation of the Dirac δ function δ(p −
q) = 1/2π

∫ ∞
−∞ dx exp[i(p − q)x] they can be integrated to

yield energy-momentum conserving δ functions like in the
vacuum analysis [50–53] while, unlike in the vacuum case,
the nontrivial integration is in the plasma dressed laser phase
η. This phase variable will no longer be a Lorentz invariant,
as the refractive index depends on the spatial plasma density,
whence we limit our discussion to the experimentally most
relevant reference frame in which the plasma is on average
at rest. From Eq. (6) one can now obtain the emitted energy
according to dE = ω1d�1d� f

∑
σ,λ |S f i|2, where

∑
σ,λ indi-

cates summing (averaging) over final (initial) state spins and

polarizations and d�1 = dk1/(2π )3 is the emitted photon’s
phase space and we use energy-momentum conservation to
collapse the integrals over the final-state electron’s phase
space d� f . We ensured several analytical limits of the re-
sulting QED radiation probability: We found that in the limit
ξ → 0, indicating that the total scattering is dominated by a
process in which the electron absorbs only one single photon
from the laser, which, on the other hand, still sets the dominant
energy scale of the scattering, the expression reduces to the
perturbative QED amplitude of a dispersive photon under-
going Compton scattering off an electron, i.e., the ordinary
linear Compton scattering diagram containing two elementary
electron-photon vertices. We also found that in the vacuum
limit ne → 0 it reduces to the well-known expressions of
nonlinear Compton scattering in vacuum [50–53]. Finally, we
also confirmed that in the classical limit χ → 0 the QED
current jμ = �̄p(x)γ μ�p(x) resulting from the used wave
functions reduces to its classical counterpart. In order to
obtain this classical current, necessary to compute classical
emission spectra, we solved the classical equations of motion
inside a laser field propagating through a background plasma,
mediated by a modification of the laser photons’ dispersion
relation. To obtain this solution we observe that for k2

L �= 0
the classical equations of motion become (see also Ref. [40])

d pμ(η)

dη
= e

[p(s)kL]

[
kμ

L (AL p(s)] − Aμ
L [p(s)kL )

]
∂ηψA(η).

(7)

This equation is a complete integral and solved by the elec-
tron momentum pμ(η) = pμ

i − eAμ
L ψA(η) + kμ

L {[p(η)kL] −
(pikL )}/k2

L. As a consequence, the emission probability ob-
tained from the modulus square of Eq. (6) agrees with the
classical radiation power, obtained from inserting the above
derived classical electron current into the Liénard-Wiechert
potentials, up to terms of order k4

L in agreement with the
here-used order of the wave function’s expansion. There is,
however, a discrepancy between the classical and quantum
emission inside a plasma: The modulus square of the classical
current, entering the emission probability, for an electron
initially at rest in a plasma is corrected by j2

plas = j2
vac[1 −

ξ 2k2
L/ω2

L]. Consequently, we see that classically a plasma
suppresses radiation. In the quantum case, e.g., for high emit-
ted frequencies, the emission occurs close to the stationary
points η0 of the rapidly oscillating exponential phase, here
distinguished by σpi (η0) − σp f (η0) + k2

L/2[σ 2
pi

(η0)/(kL pi ) −
σ 2

p f
(η0)/(kL pi )] = 0. In the vacuum case for an electron ini-

tially at rest, as studied below, these stationary points are
distinguished by the potential’s shape function assuming a
value ψ (ηvac

0 ) = −e(p f A)(kL pi )/e2A2
L(kLk′) + iκ , where the

imaginary part is small κ ∼ 1/ξ and the real part deter-
mines the emission’s angular distribution [54]. Inserting
this solution back into the original equation, we find the
stationary points in the presence of a background plasma
to be solutions of the equation ψ (ηplas

0 ) = ψ (ηvac
0 ) + iC,

with some complicated real factor C, i.e., the plasma in-
duces a purely imaginary correction to the stationary point
and the angular emission range, distinguished by the lat-
ter’s real part is expected to remain unchanged. On the
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FIG. 1. (a) Integrated spectra for IL = 1022 W/cm2 for different
plasma densities. (b) Total emitted energy compared to the vacuum
limit (dashed red) with a quadratic fit (solid blue).

other hand, close to the real stationary points the expo-
nential phase is corrected in the background plasma by a
factor δ�(η0) ≈ −k2

L(kL pi )3(p f A)4/4A4
L(kL p f )3(kLk1)3[1 +

(kLk1)/(kL pi ) − (kL pi )/(kLk1)]�ηcoh < 0, where �ηcoh indi-
cates the process’ coherence length. In the high-frequency
regime, (kLk1) ∼ (kL pi ), this correction is negative, i.e., the
exponential oscillations are reduced and the radiation prob-
ability enhanced. Physically, this seems to imply that while
classically the plasma suppresses the radiating charge cur-
rent, if quantum effects are important, then the suppression
concerns quantum phase oscillations, in fact enhancing the
emission.

Next, we quantify the above discussion in the context of
the ongoing and planned high-intensity laser-plasma inter-
action experiments [1] by integrating Eq. (6) numerically.
We are going to study a two-cycle laser pulse with ψ (η) =
sin4(η/4) sin(η) if η ∈ [0, 4π ] and zero elsewhere scatter-
ing an electron initially at rest pμ

i = (m, 0). In accordance
with the cold, collisionless plasma approximation any plasma
electron can be approximated by this initial state, as its
random thermal motion is negligible compared to its laser-
driven dynamics. We begin by considering a laser of intensity
IL = 1022 W/cm2 (ξ ≈ 70) and visualize the full radiation
process by integrating the emission probability over all di-
rections of the emitted photon to obtain the energy emitted
per unit frequency dE/dω1 for different plasma densities [see
Fig. 1(a)]. While the spectral peak at low ω1 is unaffected
by the plasma, the collective effect of the optical photons
accumulates into a higher yield of high-energy photons, even
though high-energy photons do not see the plasma as a
medium. Integrating the spectra over all frequency compo-
nents, we obtain the total emitted energy E as a function of
plasma density [see Fig. 1(b)]. The numerical data are well
reproduced by a quadratic fit E = E (ne = 0) + δE n2

e , with
δE ≈ 6 × 10−33 eV cm6, demonstrating an increasing plasma
density to lead to a nonlinear increase of emitted energy with
respect to the vacuum result, which reduces to the Larmor for-
mula for χ → 0 [55]. Next to this spectral analysis, the emis-
sion’s angular distribution is of interest, which in vacuum was
shown to be confined to θ1 � θvac

1 := 2ε/mξψmax [54,56],

θvac
1

0 100 200 300
ω1 [keV]

0

5

10

θ 1
×1

0−
2

300

100

200

0

dE/
d
ω

1 d
θ
1
sin

(θ
1 )

FIG. 2. Angular spectra of the Compton scattered signal for a
laser pulse with IL = 1022 W/cm2 (ξ ≈ 70) and a plasma density of
ne = 1018 cm−3 compared to the vacuum boundary angle θvac

1 (white
dotted line).

where ψmax is the shape function’s maximal value, i.e., in
the present case ψmax ≈ 0.78. Integrating Eq. (6) over φ1 we
obtain the angular spectrum which even for the largest plasma
density studied above exhibits the same angular confinement
(see Fig. 2). Thus, the emission’s angular distribution is not
influenced by the background plasma, unlike its spectrum.

III. IMPLICATIONS FOR THE PLASMA SCATTERING
OF THE LASER PULSE

In order to clearly articulate the consequences of the re-
sults in the context of ongoing or planned experiments on
ultra-high-intensity laser plasma experiments, it is instructive
to briefly talk about the scattering of an electromagnetic
radiation in a plasma. Broadly speaking, scattering of an
electron by an electromagnetic wave in a plasma depends
on the parameter kλD, where k is the wave vector of the
plasma density fluctuation and λD =

√
meTe/ω

2
p is the De-

bye length of the plasma. For kλD � 1, the scattering is
termed as coherent, which properly accounts for the collective
plasma effects [57]. In the opposite limit, viz., kλD � 1, it
is described as the incoherent scattering. In this limit, the
scattering process is formally identical to the scattering of the
electromagnetic wave by an electron in vacuum. In plasma
literature, the incoherent scattering is usually referred as the
incoherent Thomson scattering or sometimes as the stimulated
Compton scattering, while the plasma instabilities associated
with laser propagation are grouped into coherent scatterings.
It is known that for plasma electron density ne � 1016cm−3,
the Thomson scattering of a laser light can strongly reflect
collective effects of the plasma especially in the forward direc-
tion of the laser pulse [57]. Thus, keeping in mind the plasma
densities considered in this paper and the Compton spectrum
in Fig. 3, it is important to compare the Compton scattering
with the coherent scattering manifested in plasma instabilities
of a laser pulse. One of such instabilities is the stimulated
Raman scattering (SRS) instability which one of the most
important parametric instabilities in a plasma [58–62]. Indeed,
the nonresonant Raman scattering is often refereed to as the
stimulated Compton scattering in a plasma [32]. The SRS of a
laser pulse can occur in any direction, but the forward Raman
scattering (FRS) branch of the SRS propagates collinearly
with the laser pulse and affects the low-energy laser photons in
the laser’s propagation direction, i.e., inside the central dip of
the emission’s angular distribution (see Fig. 2). Comparison
of the FRS with the Compton scattering has few salient
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FIG. 3. (a) Integrated spectra for IL = 1022 W/cm2 for forward
emission (θ1 � θvac

1 /2) for different plasma densities. (b) Total emit-
ted energy compared to the vacuum limit (dashed red) with a linear
fit (solid blue). The arrows denote the position of the Compton peaks
which are compared with the harmonics of the anti-Stokes mode in
Fig. 5.

points that needs to be highlighted before proceeding further.
First, difference in the spectra between the FRS and the
Compton scattering can validate the assumption of treating
plasma as a passive medium in our calculations. Second, it
also facilitates the investigation of the Compton scattering
of low-energy photons. Though it may seem counterintuitive
at first, it is important as the high-energy photons do not
experience the plasma’s refractive index but low-energy pho-
tons do, satisfying a nonlinear dispersion relation. Since the
modified Volkov solution employed in our calculation arises
due to plasma refractive index, the influence of the plasma,
as a medium, on the Compton scattering can be different
for low-energy photons. Moreover, the SRS of a laser pulse
is usually probed by interferometric analyses on the laser
pulse itself [63] while the high-energy photons from Compton
scattering are recorded on a detector. Thus, the detection of the
Compton scattering of a laser pulse in a plasma has twofold
possibilities both in low-photon energy (eV) and high-photon
energy (MeV) regimes. These detection possibilities, instead
of being intrusive, are complementary to each other and their
simultaneous observations can further affirm the theoretical
predictions presented here.

In order to facilitate this comparison, we integrate Eq. (6)
over all φ1 but only over θ1 � θvac

1 /2. In this direction the
integrated spectra feature only a few peaks [see Fig. 3(a)],
similarly to the vacuum case where for θ1 = 0 only the first
harmonic ω1 ≡ ωL can be emitted. As argued above, this
low-energy emission is reduced at higher plasma densities
[see Fig. 3(b)] and the data are well reproduced by a lin-
ear fit E = E (ne = 0) − δE ne, with δE ≈ 6 × 10−23 eV cm3,
demonstrating that the reduction with respect to the vacuum
Larmor result is due to linear plasma effects. Furthermore,
the peak positions shift to larger ω1. Figure 4 shows the same
spectra as in Fig. 3(a) but at a fixed angle, θ = 1/ξ , depicting
clearly all three Compton peaks as well the dependence on the
plasma densities as observed in Fig. 3(a). Since in a plasma
k2

L = ω2
p, one can interpret the effective laser photon energy

0 5 10 15 20
0

3

5

8
17
18
19

FIG. 4. The photon energy spectrum (dE/dω1, in eV) with
photon energy (εph = ω1) at ξ = 100. The spectrum is similar to
Fig. 3(a) but is plotted at a fixed angle θ = 1/ξ instead of being
integrated over a cone θ1 � θvac

1 /2 as in Fig. 3(a). Legends show the
plasma densities (in cm−3) on a log10 scale.

in a plasma as ω
plas
L = ωL + ωp, equivalent to the quantum of

the anti-Stokes mode of the Raman scattering. In the ultra-
relativistic regime, the growth rate of the Raman scattering is
low despite the enhancement caused by the radiation reaction
force [62]. Nevertheless, it can be adequate for the comparison
with the Compton signal in terms of the spectral density. Thus
one can compare the emission frequencies of nonlinear Comp-
ton scattering with those of the anti-Stokes mode of Raman
scattering. This comparison is vis-á-vis positions of the peaks
in the Compton spectrum (Fig. 4) with the corresponding
peaks of the anti-Stokes modes in the Raman spectrum.

Like Compton scattering, Raman scattering of linearly po-
larized light can exhibit harmonics of the anti-Stokes quanta
of Raman scattering [61]. Figure 5 depicts the difference
(in eV) between the Compton peaks from Fig. 4 [also in

FIG. 5. Difference (color bar in eV) between the Compton spec-
trum peaks (marked by arrows in Fig. 3) and the corresponding
harmonics of the anti-Stokes mode (also in eV) ω+

n = n(ωL + ωp),
with n = 1, 2, 3 (for different Compton peaks) at different plasma
densities and ξ = 100.
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Fig. 3(a)] and the harmonics of the anti-Stokes mode which
are defined as ω+

n = n(ωL + ωp), with n = 1, 2, 3. For the
fundamental quanta, i.e., ω+

1 = ωL + ωp, one can see a small
difference between the two quanta. Moreover, for all plasma
densities one can expect a significant interference between
these two fundamental quanta. This strongly suggests that one
should also expect possible quantum interference effects on
the Raman spectra. These interferences can cause broadening
of the Raman signal, which is sometimes also observed in ex-
periments due to other origins. Moreover, at high plasma den-
sities and for higher Compton peaks, the difference gets larger.
In this parameter regime it is possible to differentiate between
the Compton and the Raman signals, and our assumption of
treating plasma as a passive medium can be justified. These
predictions can be readily verified for a linearly polarized
laser pulse of few femtoseconds duration with intensity IL ∼
1022 W/cm2 and plasma densities ne ∼ 1016−19 cm−3, which
are already available. According to Fig. 1, not only the total
photon yields are increased but also the maximum photon
energy at higher plasma densities. Also the broadening of
the SRS signal with respect to plasma density should be
easily detected with the current state-of-the-art interferometric
analysis such as, e.g., the spectral phase interferometry for
direct electric-field reconstruction (SPIDER) and frequency-
resolved optical gating (FROG) techniques [64,65].

IV. SUMMARY

To summarize, we have studied nonlinear Compton scat-
tering of an electron in the presence of a strong few-cycle

laser field modified in a background plasma based on mod-
ified Volkov states. By numerically integrating the complex
nonlinear QED scattering matrix element to obtain quanti-
tative predictions for the probability of photon emission we
found the background plasma to have different effects on low-
and high-frequency photons, respectively. While the emission
of the former is suppressed, the emission of the latter is
enhanced by denser plasmas. Extrapolating the found scaling
laws for the total emitted energy [see Figs. 1 and 3(b)], one can
expect the plasma to have strong, possibly dominant, effects
at higher plasma densities. In contrast to these alterations with
respect to the vacuum case, the angular distribution of the
emitted photons was found to remain qualitatively unchanged
with respect to that case. The found modifications, however,
arise due to the laser dispersion in a plasma and suggest an
impact of the plasma on conventional quantum interference
effects. We discussed the implications of our results in the
context of intense short-pulse laser-plasma interaction ex-
periments and identified the quantum interference effects as
an additional mechanism for the broadening of the Raman
signals. We wish to state that the plasma densities considered
in QED calculations here do not account for the relativistic
transparency. Thus, the results presented here can also be
applicable to the interaction of an ultraintense laser pulse
with a solid target which becomes relativistically transparent
due to nonlinear effects. In this scenario, the relativistically
adjusted solid plasma density can correspond to the choice
of plasma densities in our case and an initially opaque solid
target can provide substantial number of plasma electrons to
be Compton scattered from the laser pulse.
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