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Abstract Radiation losses in the interaction of superintense circularly polarized laser pulses
with high-density plasmas can lead to the generation of strong quasistatic magnetic fields via
absorption of the photon angular momentum (so-called inverseFaraday effect). To achieve the
magnetic field strength of several Giga Gauss, laser intensities � 1024 W/cm2 are required
which brings the interaction to the border between the classical and the quantum regimes. We
improve the classical modeling of the laser interaction with overcritical plasma in the “hole
boring” regime by using a modified radiation friction force accounting for quantum recoil and
spectral cut-off at high energies. The results of analytical calculations and three-dimensional
particle-in-cell simulations show that, in foreseeable scenarios, the quantum effects may lead
to a decrease in the conversion rate of laser radiation into high-energy photons by a factor 2–3.
The magnetic field amplitude is suppressed accordingly, and the magnetic field energy—by
more than one order in magnitude. This quantum suppression is shown to reach a maximum
at a certain value of intensity and does not grow with the further increase in intensities. The
non-monotonic behavior of the quantum suppression factor results from the joint effect of
the longitudinal plasma acceleration and the radiation reaction force. The predicted features
could serve as a suitable diagnostic for radiation friction theories.

1 Introduction

The next generation of high-power laser systems [1–12] will lead to a new regime of laser–
plasma interactions where the emission of incoherent radiation in the X- and γ -ray range plays
a dominant role in the plasma energetics (see e.g., [13–15] for review). The modeling of these
conditions requires the essential inclusion of radiation friction (RF) effects, i.e., to account
self-consistently for the effect of radiation emission on the electron dynamics. In the classical
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context, RF is accounted for by introducing an additional term to the Lorentz force, acting
effectively as friction whose work equals the energy lost into radiation. The expression for the
classical RF force has been the subject of a longstanding controversy, and several different
forms have been proposed. However, it now appears that the expression proposed by Landau
and Lifshitz [16] is accurate enough as far as one can neglect quantum effects. The latter
become important when the individual energy and momentum of the emitted photons are
not small with respect to the energy and momentum of the emitting electron. Although in
principle an exact description of the self-consistent interaction of an electron with a strong
electromagnetic field may be provided by quantum electrodynamics (QED), in practice such
description is technically unfeasible and approximate models are needed.

Recent experiments based on Thomson scattering of a superintense laser pulse by a high-
energy electron bunch [17–19] have provided a first (albeit weak) evidence for deviations
from classical predictions in the radiation spectrum. In the modeling of the experiments, a
so-called semiclassical approach based on a modification of the Landau-Lifshitz RF force
[20] appeared to provide a better agreement than a “quantum” approach where the radiation
emission is described stochastically, i.e., considering the emission of individual photons with
a given probability distribution. This finding has been explained by the possible breakdown
of approximations underlying the quantum model, as also suggested by a different experi-
ment [21], and attempts are being pursued to overcome the approximations in the quantum
model [22–29]. This scenario suggests that identifying different RF signatures and test their
sensitivity to the onset of quantum effects is important in order to improve the theoretical
and numerical modeling.

In a recent paper [30], we showed that RF induces a specific form of the inverse Faraday
effect (IFE), i.e., the generation of magnetic fields due to absorption of angular momentum
into a plasma. From a classical viewpoint, in the presence of dissipative effects (e.g., friction)
the electromagnetic (EM) angular momentum carried by a circularly polarized laser pulse is
transferred to the plasma electrons which acquire a torque and in turn produce an azimuthal
current and an axial magnetic field. From a quantum viewpoint, the RF-induced absorption
of angular momentum is due to the annihilation of N � 1 polarized laser photons needed
to generate a single high-energy photon, so that an angular momentum amount equal to
(N − 1)h̄ ≈ Nh̄ (being h̄ the photon spin, independent of the photon energy) is transferred
to the orbital motion of the electrons. In a regime of interaction with high-density plasmas,
the conversion efficiency ηrad, see Eq. (5) for the definition, of laser energy into incoherent
radiation may be a few ten percent, which results in axial quasistatic magnetic fields up
to gigagauss values at intensities � 1024 W/cm2, as observed in three-dimensional (3D)
particle-in-cell (PIC) simulations with classical RF-included [30]. Such huge magnetic fields,
besides affecting the plasma dynamics, provide an unambiguous signature of RF effects and
may be measured by polarimetry methods.

By further developing the classical model for the calculation of radiation losses [31],
we introduced a self-consistent picture of the IFE, accounting for RF effects on electron
motion via the Zeldovich model [32], for the plasma motion driven by radiation pressure
(“hole boring”) [33,34], and for the inhomogeneous distribution of the laser intensity. This
improved model predicts values of ηrad in good agreement with the PIC simulations. However,
the range of laser intensities considered extends to values high enough for quantum RF effects
to become important and possibly dominant.

In this paper, we include quantum effects in our theory and simulations using a semiclas-
sical approach based on the modification of the RF force via the factor introduced by Ritus
[35,36], as was done in the interpretation of experiments [18] and in other recent theoretical
works [20,37]. We find that quantum effects lead to a considerable reduction both in ηrad and
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in the magnetic field amplitude. The suppression factor in the value of the conversion effi-
ciency is found to have a minimum SF ≈ 1/2−1/3 at intensity ≈ 1024 W/cm2 indicating the
existence of an extended intensity domain where the quantum effects make a quantitatively
considerable impact, which however does not grow with intensity because of the interplay of
two (detailed below) opposite tendencies. This implies that the axial magnetic field remains
of the same order of magnitude but its exact value appears quite sensitive to the quantum
modification of the RF force.

The paper is organized as follows. In Sect. 2, we give a brief summary of the IFE theory
in ultra-relativistic laser plasma as considered in Refs. [30,31]. In Sect. 3, the semiclassical
modification of the emission spectrum is explained and the analytic model of [31] is modified
accordingly. Section 4 presents results of PIC simulations where the quantum suppression
of the RF force is introduced within the same approach as in the model of Sect. 3. The last
section contains summary and outlook.

2 Selfconsistent theory of inverse Faraday effect in the classical regime of interaction

Based on the equations of macroscopic electrodynamics and conservation laws, a description
of IFE in the field of an intense laser pulse [30] predicts the maximal amplitude of the
quasistatic longitudinal magnetic field excited on the axis of a laser beam to be proportional
to the laser magnetic field amplitude BL and to the fraction of the laser energy η associated
with the irreversible transfer of angular momentum from the laser field to the plasma:

Bxm = Cηa0B0 ≡ CηBL . (1)

Here

a0 = eEL

mcω
≡ EL

B0
, B0 = mcω

e
= 1.34 · 108G (2)

are the dimensionless laser field amplitude and the characteristic magnetic filed correspond-
ingly; EL = BL and ω is the laser frequency; the value of B0 in (2) corresponds to the
wavelength λ = 2π/ω = 800nm of a Ti:Sa laser. A dimensionless coefficient C is deter-
mined by the shape of the laser pulse and has typical values C � 0.1 ÷ 0.2. The structure of
Eq. (1) is consistent with the general theory of IFE [38,39]. The factor η is defined as

η = ωLabs

UL
, (3)

where Labs is the angular momentum absorbed by the plasma and

UL = Aλ3a2
0 B

2
0 (4)

is the energy stored in the laser pulse of wavelength λ. The dimensionless coefficient A
is determined by the pulse focusing and time envelope. Equations (1)–(3) are insensitive
to a physical mechanism of the angular momentum transfer. In particular, Eq. (1) applies
independently on the impact of quantum effects on the plasma dynamics.

In the high-field regime, radiation of plasma electrons is the only mechanism for energy
dissipation, so that ωLabs = Urad, whereUrad is the energy radiated out by the electrons [30],
and Eq. (3) reads

η ≡ ηrad = Urad

UL
≡

∫
d3r

∫
dt Prad(r, t)ne(r, t)

UL
≤ 1 . (5)
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Here Prad is the emission power for a single electron moving under the action of the local
electromagnetic field which includes also that created by the plasma and ne is the electron
concentration. Small values of the characteristic wavelengths of emitted radiation, λrad �
λ/a2

0 � 10−9 ÷ 10−8cm guarantee that the emission process is entirely incoherent, so that
possible effects of interference are discarded in Eq. (5). In order to proceed with the estimation
of ηrad, we adopted the following assumptions [31]:

(i) Plasma electrons radiate independently in the field of a plane circularly polarized (CP)
electromagnetic wave;

(ii) The laser field attenuation inside the plasma and the time-space distribution of the laser
energy are accounted for while calculating the integral in Eq. (5);

(iii) Effect of the RF force on the electron motion is taken into account selfconsistently using
the Zeldovich model for a CP electromagnetic wave propagating through a homogeneous
plasma [32];

(iv) The global motion of the plasma slab is accounted for within the “hole boring” model
[33,34];

(v) Effect of quantum recoil on motion and radiation of electrons is discarded.

Despite of simplifications (i)–(iv), the analytic model of [31] reproduces results of 3D PIC
simulations with a 20% accuracy1 and shows that longitudinal acceleration of the plasma
and attenuation of the laser field on a small evanescence length inside the plasma, together
with effects of time-space averaging, lead to a considerable suppression in the conversion
efficiency ηrad, Eq. (5), so that, ultimately it does not exceed ηrad ≈ 0.2 for a0 = 600, leading
to the upper limit estimate of the magnetic field, Eq. (1), Bxm ≈ 0.04a0B0 ≈ 3.2 · 109G at
laser intensities IL ≈ 1.7 · 1024 W/cm2.

As far as restriction (v) is concerned, both the model of [30,31] and the PIC simulation
are based on the classical equations of motion for charged particles and classical expressions
of the radiation power discarding the effect of quantum recoil on the spectrum of emitted
radiation. The parameter χ

χ = eh̄

m3c4

√
−(Fμν pν)2 = E ′

L

Ecr
(6)

which determines the significance of quantum effects and equals to the ratio of the external
(laser) electric field in the electron rest frame E ′

L to the critical field of quantum electrody-

namics [40–42], Ecr = m2c3

eh̄
= 1.32·1016 V/cm, remains smaller than unity up to intensities

IL ∼ 1025 W/cm2 making classical description of dynamics and radiation of electrons appli-
cable at least on the qualitative level. From the other side, the spectrum of emitted photons
appears considerably modified by quantum effects already for χ ≈ 0.1 [20,35,37]. This is
achieved, for the considered parameters, already at a0 ≈ 200 (IL ≈ 1.9 · 1023 W/cm2), so
that quantum corrections to the power of radiation may become numerically significant. In
the following, we qualitatively probe possible manifestations of the quantum effects in the
considered problem at intensities which leave the parameter χ < 1.

1 Such a good quantitative agreement is most probably occasional. A simple analytic model as introduced in
[31] is only expected to correctly predict the tendencies and provide order-of-magnitude estimates, see results
and discussion in Sects. 4 and 5.
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3 Quantum effect on the conversion efficiency

First, we introduce the quantum factor g(χ) which describes the suppression of the radiation
power due to the off-set in the emission spectrum [20,35]. The classical radiation power for
a particle moving along a circle with a transverse velocity v0 and drifting in the longitudinal
direction with a velocity vx is given by

Prad = 2e2ω2γ 4v2
0

3c3

(

1 − vx

c

)2

≡ 2

3
αχ2 m

2c4

h̄
. (7)

To account for the quantum effect of suppression, this classical equation is replaced by

P̃rad = g(χ)Prad. (8)

General formulas for the quantum factor g(χ) can be found in [20,35]. For practical calcu-
lations, we use a fit suggested in [43]:

g(χ) =
(

1 + 12χ + 31χ2 + 3.7χ3
)−4/9

. (9)

In the ultrarelativistic limit, the RF force is proportional to the radiation power

Frad = − Pradv
c2 , (10)

so that the quantum factor enters it in the same way Frad → F̃rad = gFrad. As a result,
the equation connecting the gamma-factor γ with the dimensionless field amplitude a0 is
modified as [44]

a2
0 = γ 2(1 + g2(χ)ξ2γ 6). (11)

This equation stems from the equilibrium condition for a stationary circular orbit for an
electron moving under the action of the Lorentz and the RF forces, cf. Eq. (14) in [31]. The
conversion efficiency is then modified accordingly

ηrad = g(χ)ξ
γ 4

a0
, (12)

cf. Eq. (16) in [31]. This equation relates to the case of a laser field homogeneous both in the
propagation direction and the polarization plane. Note that in Eqs. (11) and (12), the gamma
factor γ and the parameter

ξ = 4πre
3λ

, with re = e2

mc2 (13)

are taken in the reference frame co-moving with the slab of radiating electrons. In the fol-
lowing, we will denote this reference frame K to distinguish it from the laboratory frame
K0 where the corresponding values are denoted as γ0 and ξ0. The same applies to Eq. (1).
Taking into account that a Lorentz transformation does not change the values of electric and
magnetic fields along the boost axis, Eq. (1) gives also the magnetic field in the laboratory
frame K0, although the conversion efficiency, Eq. (12), and the values of B0, Eq. (2), and BL

are defined exclusively in K . To connect different values in K0 and K , we follow the model
of [31] and assume below that the average drift velocity of the electrons is close to that of
the ions and given by the hole boring velocity [34]

vx ≈ vHB = c

√
�

1 + √
�

, � =
(

a0

aHB

)2

(14)
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with the parameter

aHB =
√

An0mp

Zncm
, (15)

where A and Z are the atomic and charge numbers of the ions, n0 is the initial electron
concentration, nc = mω2

0/4πe2 is the critical concentration and mp is the proton mass.
In the present paper, the simulation was performed for Z/A = 1/2 and n0 = 90nc =
1.55 · 1023 cm−3 (same as in [30,31]), then aHB ≈ 6 · 102. The longitudinal motion becomes
significantly relativistic at a0 � aHB.

Using Zeldovich solution [32], the quantum parameter χ can be expressed via the values
ξ and γ in the frame K as [31]

χ = 3h̄c

2e2 ξγ 2 ≈ 2 · 102ξγ 2 . (16)

Within this model, the values of γ and, consequently, of ηrad are determined by two parameters
a0/aHB and a0/acr with

acr = ξ
−1/3
0 ≈ 400 , (17)

where ξ0 is given by Eq. (13) calculated in the frame K0 for λ0 = 800nm. For a flat-top laser
pulse with intensity homogeneously distributed in space and time, the conversion efficiency
is given by the ratio of the full radiation power of all the electrons to the laser intensity. A
simple calculation (see [31] for details) gives then

ηrad = 2ξg(χ)a3
0 f (a0, ξ, χ)

1 + vHB(a0)/c
, f (a0, ξ, χ) = 1

a5
0

a0∫

0

γ 4(a′, ξ, χ)da′, (18)

where the function f accounts for the laser field attenuation in the plasma. Finally, the fully
consistent definition, Eq. (5), involves the ratio of emitted to laser energy which requires
integration of the emission power over time and radial coordinate. This definition applies
also for laser pulses with an arbitrary space-time envelope and leads (cf. Eqs. (31), (32) in
[31]) to the expression

ηrad = 2

a2
0

·
∫ ∞

0 dρ
∫ ∞

0 dτ [ξ(ρ, τ )g(ρ, τ )/(1 + vHB(ρ, τ )/c)]
a0F(ρ,τ )∫

0
γ 4(a, ξ, χ)da

∫ ∞
0 dρ

∫ ∞
0 F2(ρ, τ )dτ

.

(19)
Here F(ρ, τ ) is the axially symmetric laser pulse space-time envelope defined as

a(r, t) = a0F(ρ, τ ) (20)

with dimensionless radial and time variables ρ = (r/r0)
2, τ = ct/rL and

ξ(ρ, τ ) = ξ0

√
1 − vHB/c

1 + vHB/c
(21)

is calculated in the frame K with the hole boring velocity vHB dependent on time and
radial coordinate through the value of the laser field amplitude, Eq. (20). The γ -factor under
the integral in the numerator depends on ξ(a0), Eq. (11), and also on the local value of
the dimensionless laser amplitude a0F(ρ, τ ). Note that the quantum factor g(χ) enters
Eq. (19) not only linearly but also through the factor γ 4 under the integral. Finally, the factor

123



Eur. Phys. J. Plus         (2021) 136:170 Page 7 of 13   170 

1/(1 + vHB/c) in Eqs. (18) and (19) comes from the Lorentz transformation of the emitted
energy into the laboratory frame K0.

4 Numerical results

By solving numerically Eq. (11) using Eqs. (9) and (16) for the quantum factor g and the
quantum parameter χ, correspondingly, the conversion efficiency, Eqs. (18), (19), has been
found in the interval of intensities 1023–1025 W/cm2. Figure 1 shows the conversion effi-
ciency ηrad calculated in the frame K0 with and without the function g(χ) accounted for. Note
that although for an electron which is in average in rest in the frame K0 the quantum factor g
would change from 0.8 at a0 = 100 to 0.2 at a0 = 1000, and χ ≈ 3 at the upper limit of this
integral, the actual effect on ηrad does not grow monotonically but achieves a maximum in
the interval a0 = 300–600 where the two curves calculated from Eq. (19) differ approximately
by the factor of two. As we will show below, this moderate effect of the quantum suppression
roots to the fact that χ remains relatively small in that part of the plasma which gives the most
significant contribution into radiation and therefore determines the value of the conversion
efficiency. In this interval of parameters, a0 � acr � aHB, so that the solution to Eq. (11)
considerably deviates from its low-field, a0 � acr, aHB, and the high-field a0 � acr, aHB

asymptotics. For the supergaussian pulse F(ρ, τ ) = exp(−ρ2 − τ 4) as used in [30,31], the
low-field asymptotic of ηrad, Eq. (19), is given by

ηrad ≈ 0.20g(χ)ξ(a0)a
3
0 . (22)

In the opposite strong-field limit, the function g(χ) slips out, and ηrad tends to a constant
< 1 as it is in the classical case (cf. Eq. (29) in [31]). This limit is however nonphysical
within the considered model, as it can only be reached at χ > 1 when the electron motion
is essentially non-classical, so that a full quantum mechanical treatment is required. Thus in
the following we focus on the intensity interval a0 ≈ 300–700 where the simple low-field
asymptotic, Eq. (22), does not apply while the semiclassical description remains relevant.

We compare predictions of this analytic model to the results of 3D PIC simulations (see
also [30,31] for details of the numerical setup) which describe the interaction of a laser pulse
with a plasma of thickness D = 15λ0, where λ0 = 800 nm corresponding to a Ti:Sapphire
laser and initial density n0 = 90nc = 1.55 · 1023 cm−3. The supergaussian laser pulse with
the space-time envelope F = exp(−ρ2 − τ 4) is introduced via the time-dependent boundary
condition at the surfaces of the numerical box in a way that at the waist plane x = 0 coincident
with the initial position of the left boundary of the plasma target:

a(r, x = 0, t) = a0
[
y cos(ωt) + z sin(ωt)

]
e−(r/r0)4−(ct/rL )4

. (23)

Here r = √
y2 + z2, r0 = 3.8λ, rL = 3.0λ and duration (full-width-half-maximum of the

intensity profile) 14.6 fs. The numerical box had a [40 × 25 × 25]λ3 size, with 40 grid
cells per λ in each direction and 125 particles per cell for each species. The simulations were
performed on 5000÷10000 cores of the JURECA Cluster Module at NIC (Jülich, Germany).
The code has been modified by introducing the quantum factor, Eq. (9), in the expression for
the radiation friction force. To that end, the quantum parameter χ, Eq. (6), was calculated
at each time step by taking the values of electric and magnetic fields at the position of each
macroparticle. The value of ηrad was found as the ratio

ηrad =
∫
dt

∫
ne(r, t) F̃(r, t) · v(r, t)d3r

UL
(24)
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Fig. 1 Conversion efficiency ηrad calculated with g = 1 (solid red lines) and g(χ) from Eq. (9) (dashed red
lines). The panel (a) shows results of the analytic model of Sect. 3 up to a0 = 2 · 103, the panel (b) zooms
into the interval a0 ∈ [250, 650]. The PIC simulation has been performed for a0 ∈ [350, 650]. PIC results for
ηrad are shown by triangles for g = 1 and by diamonds for g = g(χ). The suppression factor SF, Eq. (25),
calculated from the theory (thick black line) and extracted from the PIC data (circles) reaches the minimal
values ≈ 0.58 and ≈ 0.36, correspondingly

with F̃ being the RF force corrected by the factor g(χ) as described above.
The values of ηrad extracted from the simulation are shown in Fig. 1b by triangles and

diamonds for the classical and quantum cases, correspondingly. The analytic modeling agrees
with the numerical data only qualitatively. To gain a deeper understanding of the quantum
effect on the conversion efficiency and to provide a more informative comparison between
the theory and the PIC results, we introduce the suppression factor defined as

SF = ηrad

η
(cl)
rad

, (25)

where η
(cl)
rad is calculated with g(χ) = 1 in (8). Results shown in Fig. 1 demonstrate the non-

monotonic behavior of this factor as calculated from the theory. The same function extracted
from the PIC data behaves qualitatively similar with a loosely defined minimum around
a0 ≈ 450. Note that the accuracy of the numerical extraction of ηrad from results of the PIC
simulation is close to 1%. This establishes the lower limit of the conversion efficiency which
can be reliably found from the data. As a result, the values of ηrad for a0 = 350 and g = 1
and a0 = 350, 400 and g = g(χ) bear a ∼ 100% uncertainty. However, the mere fact that
g(χ) → 1 in the low-intensity limit in combination with a clear growth of the numerically
found SF at a0 > 500 makes the existence of the minimum apparent.

To envisage the quantum effect on the generation of extreme magnetic fields via the IFE,
we plot in Fig. 2 the distributions of Bx in the plane containing the propagation axis x . The
comparison is made for the cases when the quantum factor is taken into account, quantum
effects are discarded (g = 1), but the RF force is accounted for classically (in the same
way as in [30,31]) and, finally, the RF force is discarded. It is clearly seen that the quantum
effects considerably suppress both the amplitude of the magnetic field and the size of the
region where this field exists. For a0 = 400, the ratio of the magnetic field amplitudes
Bxm(g �= 1)/Bxm(g = 1) ≈ 0.5 and for a0 = 500 it is close to 0.35. This results agree
qualitatively with Eq. (1) which establishes the linear proportionality of the magnetic field
amplitude to the conversion efficiency. The ratio of magnetic energies calculated in the part
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Fig. 2 Distributions in the longitudinal magnetic field Bx/B0 in the (x, r) plane for a0 = 400 (left column)
and a0 = 500 (right column) extracted from PIC simulations without the RF force (a), with the RF force for
g = 1 (b) and g-factor (9) (c). All distributions are taken at t = 32 · 2π/ω after the start of the interaction,
i.e., when the interaction with the laser pulse is over. The white lines on frames (b) and (c) denote the levels
of the magnetic field strength [−15,−10,−5] and [−7.5,−5,−2.5], respectively

of the plasma where the longitudinal magnetic field is present appears 0.07 for both values
of intensity present in Fig. 2.

5 Discussion

Our numerical and analytic results show that the effect of quantum recoil suppressing radia-
tion of high-energy photons leads to a considerable reduction in the conversion efficiency and
in the maximal value of the magnetic field excited via the inverse Faraday effect. The theory
predicts the quantum suppression factor to reach the value of ≈ 0.7 already at a0 ≈ 250.
This result looks natural taking into account that in the limit of low intensities the hole boring
velocity is small so that ξ ≈ ξ0 and the RF effect on the electron trajectory is negligible so
that γ ≈ a0. Then SF ≈ g(χ) with g(χ = 0.1) ≈ 0.7 at a0 = 250. The behavior of the
suppression factor, Eq. (25), at higher intensities with a minimum at a0 ≈ 500 looks from
the first glance rather counterintuitive. However, qualitatively it agrees with the PIC results
which also demonstrate a minimum localized approximately at a0 = 350–400 followed by a
clear growth at higher intensities. The value of this minimum SF ≈ 0.35 is smaller than that
predicted by the model.
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(a)

(b)

(c)

(d)

Fig. 3 Distributions in (x, y) plane for the electron density n/n0 (a), the g-factor (b), the χ parameter (c)
and the radiated power (in arbitrary units) (d) for a0 = 500 and t = 10 · 2π/ω. Panel (c) also shows the
cuts of the electron density (blue line, relative value, n/n0 × 1/10) and parameter χ (red line, absolute value)
taken at y = 0, i.e., on the axis of the laser pulse. Note that although the white regions of the plot of panel (b)
formally correspond to g → 0, their contribution into the radiation power and consequently into the value of
ηrad is negligible owing to the negligibly small concentration of electrons there

The very existence of the minimum is not surprising for the applied model which predicts
ηrad = const for a0 → ∞. Its actual position and value depend on the values of acr and
aHB. With the increasing intensity, the γ factor of electrons grows first linearly with a0 and
then slower, according to Eq. (11). This leads to the corresponding growth of the quantum
parameter according to Eq. (16). At the same time, the hole boring velocity grows almost
linearly with a0, according to Eq. (14), as long as a0 < aHB which leads to the reduction in
the values of ξ and γ entering Eq. (16). This reduction results in the saturation of the quantum
effects in the interval acr < a0 < aHB. The growth of SF at high intensities is the joint result
of the longitudinal acceleration of the plasma and the freezing of the relativistic γ -factor
described by the Zeldovich model. This conclusion should not make a wrong impression
that the quantum effects disappear at ultrahigh intensities. In fact, at the initial stage of the
interaction, before a high value of vHB can be achieved, the quantum parameter χ will reach
high values bringing the electron dynamics beyond the classical description.

The two threshold values acr and aHB appeared numerically close in our calculation.
This will not necessarily be the case for all realistic interaction schemes supporting the
hole boring regime. For aHB < acr, the plasma will be easier accelerated up to relativistic
velocities, suppressing both the radiation reaction and the quantum effects. In this limit,
our approach will remain valid, and the conversion efficiency is expected to be smaller
than was found here. In the opposite limit aHB > acr, the hole boring acceleration is slow,
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and the quantum phenomena will significantly affect the radiation power already at lower
intensities pushing the interaction scenario toward the deep quantum regime and making the
semiclassical approach used for our calculations inapplicable.

Note that emission of high-energy photons proceeds predominantly in a very thin plasma
layer near the plasma-vacuum border where the laser pulse is being reflected. This is illustrated
in Fig. 3 where the plasma density, the value of the g-factor and the radiation power are shown
at a time instant t = 10 · 2π/ω when the radiation power is close to its maximum. These
distributions help to infer the effective value of the g-factor which appears, for a0 = 500,
on the level g ∼ 0.3–0.7. This corresponds to values of χ ≈ 0.2 unexpectedly small for
such intensities, which agree however with the 1D distribution of this parameter shown in
Fig.3c. Accurate inspection of the 2D distribution in χ presented on the same panel shows
much higher values of χ � 1. The semiclassical theory we employ here is invalid for the
description of radiation in such essentially quantum regime. However, these high values of χ

and correspondingly small values of the g–factor are achieved predominantly for the electron
bunches accelerated by the longitudinal field generated due to the charge separation. Such
bunches move with a sufficiently large negative vx . Such electrons strongly radiate, but their
concentration remains low, making their contribution into the full radiation power small. In
principle, these electrons could make a considerable and even dominant contributions into
the radiation power, owing to the factor (1 − vx/c)2 ≈ 4 in Eq. (7), but the detailed analysis
[31] shows that this does not happen for the parameters of our calculation.

In conclusion, we have studied possible effects of the quantum recoil on the generation of
ultrahigh magnetic fields through the inverse Faraday effect in a dense plasma irradiated by
a short intense circularly polarized infrared laser pulse. The quantum effect was accounted
for by the factor g(χ) in the radiation power, both in the analytic model and in the PIC
simulation, while the electron motion still has been treated classically. This limits our results
by intensities IL < 1025 W/cm2 where χ < 1 in that part of the target which efficiently
emits radiation. We show a considerable suppression both in the conversion efficiency ηrad

and in the magnetic field amplitude Bxm and, most importantly, we demonstrate that this
suppression is non-monotonic with intensity, reaching a maximum at IL � 1024 W/cm2.
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