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The question whether an electron radiating its energy away during the interaction with a laser
can reach the region of highest intensity with energy high enough to make a number of different
phenomena observable is one of the most studied and most important in the Strong Field Quantum
Electrodynamics. Here a simple analytical estimate for an average electron energy evolution is
proposed and benchmarked against particle-in-cell simulations. Furthermore, these results are used
to estimate the electron and laser pulse properties required to make vacuum Cherenkov emission
observable.

One of the interaction geometries employed to study
the strong field Quantum Electrodynamics (SF QED) is
the collision of a high energy electron beam and an in-
tense electromagnetic (EM) pulse [1–7]. With the in-
crease of laser intensities [8–12] as well as the energies
of laser-accelerated electrons [13], the utilization of them
both turned into a standard setup for the study of radi-
ation reaction (RR), both classical and quantum, which
starts to dominate electron energy loss through photon
emission (Compton process). The photons being ex-
posed to the strong EM fields right after the emission can
transform into electron-positron pairs through the Breit-
Wheeler process [2, 14]. Since the rate of this transforma-
tion depends on both photon energy and field strength,
which in their turn depend on how far an electron pene-
trated into the region of strong fields in the laser pulse,
the understanding of electron energy depletion due to
photon emission is of paramount importance. This issue
has been extensively studied recently (see e.g. Refs. [15–
19]). One of the interesting results of these studies is the
dependence of energy depletion and pair production rates
on the temporal and spatial EM field dimensions, i.e., re-
ducing the field-particle interaction time to a minimum
prevents a particle from radiating and thus it would allow
probing the fully nonperturbative QED regime [20–26].

When optical laser intensities reach above
1023 W/cm2, the QED effects in the laser-electron
collision can significantly alter the electron dynamics
affecting the energy spread and the divergence of the
electron beam [27–30]. Further increase of both laser in-
tensity and electron beam energy will lead to Cherenkov
radiation which is caused by the vacuum polarization
effect [31–36] and will approach the regime where the
semi-perturbative expansion of the SF QED supposedly
breaks down [20–25, 37]. We note, that solely the
collision of the ultra-intense laser beam with another
laser beam [38] or gamma photons [39] will lead to the
experimental evidence of vacuum polarization effect.

The strong fields mentioned above are those that ei-

ther approach or exceed the critical field of QED, ES =
m2
ec

3/e~ ≈ 1.33 × 1016 V/cm with corresponding in-
tensity of the order of 1029 W/cm2. Here me denotes
the electron mass, c speed of light, e is the elementary
charge and ~ is the reduced Planck constant. However,
to achieve such a field strength with a laser, one needs
the power of P ∼ (λ [µm])

2
ZW provided that the laser

pulse is focused to a λ spot-size. The corresponding en-
ergy of a single cycle laser is E ∼ 3 (λ [µm])

3
MJ. The

available now lasers can generate intensities exceeding
1022 W/cm2, next generation of lasers is expected to
achieve 1023−1025 W/cm2. However, the energy require-
ments might become prohibitive for further advancement
of laser technology. Therefore the reduction of the laser
wavelength might be a way for relaxing power and en-
ergy requirements to achieve high intensities. There
are several possible paths to generate ultra-short laser
pulses focusable to intensities 1025 W/cm2, which have
been proposed or are conceptually possible by extrap-
olating the existing laser technology. These include us-
ing self-phase modulation of a broadband multi-petawatt
laser pulses in a structured solid medium [40], prospects
for generation of ultra-high contrast second harmonic
fs pulses at 400 nm in a Ti:sapphire system [41] or at
527 nm from high-energy Nd:glass kJ beams [42] by ul-
trathin frequency converters, prospects for generation of
a ≈ 530 nm, < 20 fs pulses by OPCPA in a large-aperture
LBO amplifier driven by third harmonics of a 1 µm pump
laser [43, 44]. Another technique for shortening the laser
wavelength is to exploit the non-linear properties of the
laser-produced plasma. This is represented by the con-
cept of relativistic flying plasma mirrors [45, 46].

We note that thresholds of different regimes of charged
particle interaction with strong EM fields depend on both
field strength and laser wavelength (see [37] for details).
However, many of these thresholds are derived using sin-
gle Compton and Breit-Wheeler processes, whereas the
interaction in such strong fields usually involves multiple
photon emissions and pair productions. Thus, a simple
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qualitative estimate is needed for charged particle energy
evolution during such interaction, which would allow to
understand whether the conditions for reaching a specific
regime or process are met.

In what follows we consider the interaction of 10–
100s GeV electrons with short EM pulses of intensity
1023−25 W/cm2. We show, that the electron energy loss
at specific locations in the colliding laser pulse can be
easily obtained by a simple analytical formula based on
the geometrical correspondence between the flat-top and
the Gaussian temporal envelopes of the laser pulse hav-
ing the same total energy. The analysis is performed
for different frequencies and durations of the laser light
and the provided analytical expressions are in excellent
agreement with the numerical simulations. These find-
ings might be useful for estimating the conditions for ob-
serving QED effects in laser-electron collisions at future
laser facilities, especially those which require the elec-
tron of specific energy experiencing the field in the laser
pulse center. As an example, we utilize these estimates
to find the laser parameters, which would allow the ob-
servation of the Cherenkov radiation in the laser-electron
collision through the modification of the distribution of
Breit-Wheeler positrons due to the vacuum polarization.

In QED the interaction of charged particles (elec-
trons and positrons) and photons with EM field is char-
acterized by two Lorentz invariant parameters, χe =√
− (Fµνpν)

2
/mecES and χγ = ~

√
− (Fµνkν)

2
/mecES,

where Fµν = ∂µAν − ∂νAµ is the EM field tensor, Aν is
the four-potential, pν is the four-momentum of the elec-
tron, and kν is the photon four-wave vector. The strength
of the EM field is characterized by the Lorentz invariant
parameter a0 = eE0/meω0c, where E0 is the amplitude
of the electric field and ω0 is the laser frequency. We
assume a head-on collision of an electron having the ini-
tial energy Ee = γemec

2, where γe � 1 is the relativistic
Lorentz factor, with a linearly polarized plane wave char-
acterized by the peak intensity I0, the wavelength λ and
the full width at half maximum duration τ in laser inten-
sity. In this case, the maximum value of parameter χe
can be approximately expressed as 2γeE0/ES.

In the limit of a large χe parameter (χe � 1), i.e. in
the quantum RR regime, the rate of single-photon emis-
sion per unit time for the Compton process is given by

Wγ ≈ 32/328Γ (2/3)αm2
ec

4χ
2/3
e /54~Ee, where Γ (x) is the

Gamma function and α = e2/~c is the fine structure con-
stant. As a result of a photon emission an electron losses
16/63 of its initial energy on average [32].

In order to estimate an electron energy loss, we as-
sume that the electron travels towards the high-intensity
region of the laser pulse. The electron emits Compton
photons according to the rate Wγ . Each emission leads
to the above-mentioned electron energy loss. Further we
assume that the electron always emits one photon when
Wγ∆t = 1, where ∆t is the time of radiation. To adapt
Wγ for a laser pulse with a Gaussian temporal envelope
characterized by the peak intensity I0 and the duration

τ , we need to consider a laser pulse with a flat-top tem-
poral envelope having the duration 2τ/

√
2 ln 2 providing

the same energy as the Gaussian one. The time required
for an electron to reach the center of the top-hat laser
pulse is τ/

√
2 ln 2.

Photon emission rate depends on the phase ψ = ω0t
of the laser field as sinψ. For a single laser cycle, the
rate is the highest twice per a laser period T when the
intensity I ∝ sin2 ψ reaches its local maxima at ψ =
π/2 and ψ = 3π/2. Therefore, we assume that photon
emission can happen when sin2 ψ ≥ 1/2 and thus the
effective time interval for photon emission by the moment
when the electron reaches the center of the laser pulse is
tc ≈ τ/2

√
2 ln 2. During the time interval tc, multiple

emission of photons may occur. Since the number of
emitted photons can be estimated as pc ≈ Wγtc, the
electron reaches the center of the laser pulse with the
energy given by

Ece ≈ (1− 16/63)
pc Ee. (1)

Then the average χc
e of the electron in the presence

of the laser field center can be directly obtained as
χc
e ≈ 2γceE0/ES, where γce is the relativistic Lorentz

factor of the electron in the center of the laser pulse.
The final electron energy after passing through the laser
pulse is E fe ≈ (1− 16/63)

pf Ee, where pf ≈ Wγtf and

tf ≈ τ/
√

2 ln 2.
We assume that the electron has initially enough en-

ergy to reach the center of the laser pulse. However,
even when RR is not considered, the electron can be pre-
vented from experiencing the laser field maximum due to
the ponderomotive force if γe <

√
1 + a20/2. When RR

comes into play, then the electron with γe �
√

1 + a20/2
can lose a significant fraction of its energy as it propa-
gates towards the laser pulse center. The condition for
electron reflection therefore depends on the ponderomo-
tive potential barrier and the actual energy of the radiat-
ing electron. As a result, the electron can be expelled by
the ponderomotive force before reaching the center of the
laser pulse. In the limit χe � 1, we estimate, using the
above-presented approach, the threshold for reflection of
the radiating electron as

Ere/mec
2 ≈

√
1 + a20/2, (2)

where Ere ≈ (1− 16/63)
pr Ee, pr ≈ Wγtr and tr ≈

tc/
√

2
(√

2 ln 2
)τ/T−1

that accounts for the conversion

between the Gaussian and the flat-top laser pulse. We
note, however, that the consideration of the electron
reflection can not be achieved in the framework of an
adopted 1D model. In the case when the condition (2)
becomes relevant, the transverse momentum of electron
becomes of the order of longitudinal one and full 3D dy-
namics of the electron should be taken into account.

Having written down the estimates for the average elec-
tron energies in the center of the pulse and after the inter-
action, we compare them with the results of 1D Particle-
In-Cell (PIC) simulations performed by the code SMILEI
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FIG. 1. Electron energy Ece in the center of the laser pulse
as a function of laser intensity I0 predicted by Eq. (1) (lines)
and obtained from PIC simulations (bullets). The laser pulse
characterized by the duration τ and the wavelength λ collides
head-on with electrons of the initial energy Ee. Solid lines
represent cases with λ = 1 µm.

[47]. In the code, photon emission and electron-positron
pair creation are modelled using Monte-Carlo approach.
We use a linearly polarized plane wave with a Gaussian
temporal envelope τ having the peak intensity I0 in the
range 1023−25 W/cm2 and the wavelengths λ = 0.25 µm,
0.5 µm and 1 µm. Such a laser pulse collides head-on
with 105 simulation electrons of initial energy Ee.

In Fig. 1 we present the results for electron energy in
the center of the laser pulse. The theoretical predictions
are compared with simulation data for two different dura-
tions of the laser pulse and three values of the initial elec-
tron energy (solid lines). It is shown, that increasing the
initial electron energy or shortening the laser pulse dura-
tion results in a reduction of the energy emitted before
the electron enters the center of the laser pulse. The first
aspect is given by the fact that in the limit χe � 1, the

rate of photon emission Wγ ∝ γ−1/3
e . The latter is caused

by a linear dependence of the emitted photon number on
the interaction duration. Dash-dotted and dashed lines
show that shortening the laser wavelength can further
reduce the amount of emitted energy before the electron
reaches the center of a single cycle laser pulse.

Due to the stochastic nature of photon emission in the
QED regime of interaction, the colliding electrons lose a
various fraction of their energy at different times. This
can be seen in Fig. 2(a) showing the simulation data of
electron energy distribution as a function of time for the
electron of the initial energy Ee = 50 GeV interacting
with a laser pulse characterized by I = 1024 W/cm2,
λ = 1 µm and τ = T . However, the general trend of
the electron energy evolution is illustrated by the black
solid line obtained by the averaging of the PIC results.
Its value in the center of the laser pulse and after the
interaction is in good agreement with theoretical estima-
tions Ece and E fe, respectively. In panel (b) we show the

FIG. 2. Comparison of PIC data (orange) and their averaged
value (black line) with theoretical estimates of electron energy
(a) in the center of the laser pulse Ece and after passing the
laser pulse E fe. (b) Time evolution of χe and the estimated
value χc

e in the center of the laser pulse. The laser pulse char-
acterized by the intensity I0 = 1024 W/cm2, the wavelength
λ = 1 µm and the duration τ = T collides head-on with an
electron of the initial energy Ee = 50 GeV.

distribution of parameter χe during the interaction as ob-
tained from PIC simulation. As can be seen, its average
value (black line) is considerably affected by RR making
it not symmetric around its peak value [1]. However, the
value in the center of the laser pulse corresponds with the
predicted χc

e. Note the maximum value of the averaged
χe parameter is achieved before reaching the laser pulse
center.

In the laser-electron collision, only electrons of suffi-
ciently high energy can overcome the ponderomotive bar-
rier created by the amplitude of the intense laser pulse.
Using PIC code, we have performed a set of simulations
for different combinations of Ee and τ to find the thresh-
old intensity IPIC

0 at which the electrons are reflected. As
shown in Fig. 3, the obtained data are in good agreement

with the threshold intensity Itheory0 estimated by Eq. (2).
The presented approach may help to find the opti-

mal condition for laser-matter interaction in which the
electron of the required energy is assumed to experience
the field at the laser pulse center. One example is the
emission of the Cherenkov photons in the laser-electron
collision [31–36]. The strong EM field of the laser pulse
changes the vacuum index of refraction, and thus the col-
liding electron propagating with the super-luminal phase
velocity can emit the Cherenkov photons. For observing
the Cherenkov radiation in such a collision, the minimum
required Lorentz factor of the electron experiencing the
laser pulse center is given by γmin = 1/

√
2∆n, where

∆n = n − 1 is the induced change in the index of re-
fraction for a probe photon having 0 < χγ . 15 [31, 33].
While ∆n has a maximum at χγ ≈ 5, for χγ & 15 the
value of ∆n becomes negative and thus the Cherenkov
radiation vanishes [31, 33, 35]. In the limit χγ � 1,
∆n = 8αE2

0/45πE2
S [31].

The Cherenkov photons can only be emitted if the elec-
tron in the center of the laser pulse satisfies γce ≥ γmin.
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FIG. 3. Threshold intensity required for electron reflection by
the laser pulse predicted by the theory Itheory0 given by Eq. (2)
(x-axis), and obtained from PIC simulations IPIC

0 (bullets) for
different values of the initial electron energy Ee and the laser
pulse duration τ . The laser wavelength is λ = 1 µm. The
dotted line is added to guide the eye for Itheory0 = IPIC

0 .

By inserting γce = γmin into Eq. (1), we can estimate
what would be then the required minimum initial energy
ECh
e of such an electron. In Fig. 4 we present the re-

quired initial energy of the electron for the emission of
the Cherenkov radiation in the center of the laser pulse
for χγ � 1. It is shown, that using both the short wave-
length and the short laser duration efficiently reduces the
energy threshold. For example, to achieve the Cherenkov
radiation at near-future laser system characterized by in-
tensity I0 = 1024 W/cm2 and pulse duration τ = T ,
the electron beam of initial energy ECh

e ≈ 14 GeV is
required assuming the wavelength λ = 0.25 µm. This
provides more than two times lower requirement on the
initial electron energy compared to the case of 1 µm laser
wavelength. The presented calculations were performed
within the regime where the perturbation theory can be

applied, i.e. where αχ
2/3
e ≤ 1.

It has been shown that photons emitted via the
Cherenkov and Compton mechanisms have different an-
gular distributions [35]. However, the evidence of the
Cherenkov radiation in photon spectra of laser-electron
collision for χγ � 1 seems to be unnoticeable in the re-
gion of perturbative QED [34, 36]. Nevertheless, the pres-
ence of the Cherenkov photons in the laser-electron col-
lision can be indicated by the creation of Breit-Wheeler
positrons provided that the photon energy is sufficiently
high. If the Cherenkov radiation is present, the to-
tal number of Breit-Wheeler positrons should be higher
than expected from solely Compton radiation. There-
fore, we consider the Cherenkov radiation for χγ ≈ 1
as this represents an optimal regime for SF QED effects
[1, 31, 32]. Using the above-mentioned approach, one
can identify the lowest electron initial energy for a given
laser intensity and duration in order to reach χγ ≈ 1
for the Cherenkov photons within the limit of pertur-
bative QED. For χγ ≈ 1 we obtain ∆n ≈ 2αE2

0/E
2
S

[32], and, thus, for example, the required minimum ini-
tial electron energy for emitting the Cherenkov photons
characterized by χγ ≈ 1 is ECh

e ≈ 20 GeV considering

FIG. 4. The minimum required initial electron energy ECh
e

for the emission of the Cherenkov radiation in the center of
the laser pulse of intensity I0, duration τ and wavelength λ
obtained by Eq. (1) for γc

e = γmin in the limit χγ � 1.

I0 = 1025 W/cm2, λ = 1 µm and τ = T . Such a photon
carries out χγ/χe ≈ 1/12 of the electron energy when
radiated in the center of the laser pulse. One can com-
pare the importance of the Cherenkov and the Compton
radiation of such photons. The emitted power by a pho-
ton with χγ ≈ 1 is PCh = α2m2

ec
4
(
1 + 1/αχ2

e

)
/~ for the

Cherenkov and PC =
√

3αm2
ec

4F (χe, χγ) /2π~ for the
Compton radiation, where F (χe, χγ) is the quantum-
corrected synchrotron spectrum function [32]. For the
above-mentioned parameters we obtain PCh ≈ 0.15PC.
The average formation time for pair production by such a
photon is on the order of ∼ 4~ES/αmec

2E0 i.e. ∼ 10−2T
[32]. Provided that these Cherenkov photons create
pairs at the same rate as the Compton ones, the to-
tal number of positrons with the average initial energy
Ece/24 ≈ 20 MeV (assuming pair production rate has a
maximum at producing electron and positron with equal
energy for this value of χγ) should be higher by 15% com-
pared to the case when only Compton radiation is consid-
ered. These positrons should be created within the cone

of opening angle θCh ≈ 2

√
4α (E0/ES)

2
+ (mec2/Ece)

2 ≈
3× 10−3, see Fig. 5 [32]. This might serve as an indica-
tion of the vacuum polarization effect presence in a laser-
electron collision as pair annihilation in a background
laser field has a negligible effect on QED cascades [48].

In conclusion, using the simple analytical approach we
estimate the average electron energy in the center of the
counter-propagating intense EM wave in the limit χe � 1
as well as the condition for electron reflection. The re-
sults show that reaching the center of the multi-PW laser
pulse is attainable with 10-100s GeV electron even when
radiation reaction is considered. The roles of laser pulse
duration and laser wavelength on reaching the laser pulse
center are quantitatively assessed and are in good agree-
ment with the simulations. The conditions for the radi-
ating electron to experience with the desired energy the
amplitude of the counter-propagating strong electromag-
netic wave are provided. Such knowledge is an essen-
tial step towards observing signatures of the non-linear
quantum electrodynamics vacuum properties stemming
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FIG. 5. The angular energy distribution log10 [Eγ (GeV)] of
Compton photons (blue) emitted by the electron with the
initial energy ECh

e = 20 GeV in the center of the laser pulse of
parameters I0 = 1025 W/cm2, λ = 1 µm, τ = T . Cherenkov
photons characterized by χγ ≈ 1 are emitted by this electron
within the opening angle θCh ≈ 3× 10−3 (orange).

from vacuum polarization in high-intensity laser-electron
experiments, e.g. generation of Cherenkov radiation im-

printing the signature of vacuum polarization in the dis-
tribution of Breit-Wheeler positrons.
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