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A radiating electron source is shown to be created by a laser pulse (with intensity of 1023 W/cm2
and duration equal to 30 fs) interacting with a near-critical density plasma. It is shown that the
back radiation reaction resulting from high energy synchrotron radiation tends to counteract the
action of the ponderomotive force. This enhances the collective dynamics of the radiating electrons
in the highest field areas, resulting in the production of a compact radiation source (containing 80%
of the synchrotron radiation emission), with an energy on the order of tens of MeV over the laser
pulse duration. These phenomena are investigated using a QED-particle-in-cell code, and compared
with a kinetic model accounting for the radiation reaction force in the electron distribution function.
The results shed new light on electron-photon sources at ultra-high laser intensities and could be
tested on future laser facilities.
I.

INTRODUCTION

The emergence of laser facilities providing pulses with
peak intensity exceeding 1023 W/cm2 in the near future
drives theoretical interest in the resulting new regimes
which will be accessed experimentally. The APOLLON
and ELI laser facilities will enable the so-called ‘ultrarelativistic regime’ to be reached, in which charged particle dynamics are expected to be highly relativistic and
can be affected by the radiation reaction (RR) force.
This enables the exploration of novel matter properties
in which collective charged-particle effects are important.
In laser-plasma interactions at intensities beyond 1022
W/cm2 , the backward reaction of the high-energy radiation generated by radiating electrons can strongly impact
the overall plasma dynamics. The RR force generally acts
to cool the electron dynamics [1–8], although it can enhance electron energy in some situations [9–12]. Green
and Harvey [12] deduce that electron interactions with
a strong laser pulse results in discrete photon emission,
which introduces a transverse electron beam spread that
is distinct from that due to classical effects. In addition,
at such ultra-high laser intensities, the collective effects
driven mainly by the charge separation field play a significant role in the plasma dynamics, in particular on
the production of the high energy synchrotron radiation
in the case of the hole boring regime where the target
thickness is much larger than the laser wavelength [13–
16]. The collective dynamics of a longitudinal electron
beam (i.e. where only the longitudinal component of the
electron beam momentum is considered) has been investigated in references [17, 18], and the RR effect on the
longitudinal electron distribution function deduced. RR
is found to alter the beam dynamics. Quantum stochastic
effects tend to induce the opposite effect to the classical
RR. Whilst classical RR reduces the energy spread of
the electron beam, the quantum effects tends to increase
the energy spread. This opposite behavior is due to the
stochasticity of photon emission, which becomes dominant in the full quantum regime, at the expense of the
incoherent emission of multiple photons in the classical

regime. These results have been confirmed by a similar
study in reference [19].
In this article, we demonstrate the prominent impact of
the RR effect on the collective dynamics of radiating electrons, which tends to contain them in the highest field
areas (in opposition to the ponderomotive force which
expels them) during the interaction of an ultraintense
laser pulse with a deuterium target. This can produce
a compact high energy synchrotron radiation source of
the order of tens of MeV over the laser pulse duration.
We introduce an analytical model based on a kinetic approach, which confirms the main characteristics of the
radiating electron source that are observed in ParticleIn-Cell (PIC) simulations. This builds upon the previous
studies of the RR effect on electron beams during the interactions with a laser pulse [17–19], by extending to a
laser-plasma interaction.
The remainder of the paper is organized as follows.
Section II presents the electron equation of motion and
a brief analysis of the high energy synchrotron radiation.
Section III presents the numerical approach as well as
the laser and plasma parameters considered. In Section
IV, we describe two-dimensional (2D) PIC simulations of
an ultraintense laser pulse interacting with a thin nearcritical density plasma, which demonstrates the formation of a radiating electron source. The characteristics of
this electron population are then investigated. In Section
V, a kinetic model is derived and shown to accurately predict the characteristics of the radiating electron source.
Finally, in section VI, we discuss and conclud the main
results obtained.

II.
A.

UNDERPINNING THEORY
Electron motion equation

We define the dimensionless laser amplitude:
aL :=

eEL
≫ 1,
mcωL

(1)

2
and the radiation parameter:
R := ωL τr a2L ρ0 < 1

(2)

which marks the onset of the strong RR regime [3, 20].
Here, m is the electron mass, ωL is the laser frequency,
-e is the electron charge, τr = e2 /6πǫ0 mc3 ≃ 6.2 × 10−24 s
is the characteristic radiation time for an electron and ρ0
the Doppler factor without any RR effect:
ρ0 = γ (1 − β.n)

χe ∼ 1, the quantum nature of the radiation, with emitted photons having energy comparable to the electron energy, leads to discontinuous particle trajectories with significant recoils and non-negligible electron-positron pair
creation [25–29]. In the semi-classical regime χe ∼ 0.1
a continuous treatment of the radiation emission is still
possible, although the expressions for the total radiated power and energy spectra need to be corrected
[25, 26, 30].

(3)
B.

The synchrotron radiation

where,
−1/2
and β = vc are the norn = kkLL , γ = 1 − β2
malized wavenumber of the laser field, the electron relativistic factor and the electron velocity normalized to
the speed of light, respectively. To enable a strong interaction between laser field and electrons, and thus a
significant photon emission, the following condition must
be fulfilled:
ne
≪ aL ,
nc

(4)
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where ne is the electron density, nc = me ǫ0 ωL
/e2 is
the critical density and ωL is the laser frequency. This
corresponds to the relativistic self-induced transparency
regime. Since aL is of the order of 102 in the domain
of interest, the parameter R (2) is close to unity, which
means that the electron dynamics can be modeled using
a continuous approach, where the RR can be formalized
by a friction force, by the Landau-Lifshitz equation [21]:

e
dua
= − (F a b + τr uc ∂c F a b ) ub
ds
m
e2
+τr 2 ∆a b F b c F c d ud ,
m

(5)

where ua = dra /ds = cγ (1, β) is the four electron velocity, s is the electron proper time, F a b are components of
the electromagnetic field tensor, and ∆a b := δba −ua ub /c2
is the u-orthogonal projection. Indices are raised and
lowered with the metric tensor ηab =diag(1, −1, −1, −1)
and the Einstein summation convention is used.
To insure a semi-classical framework, the dimensionless
parameter χe :
q
2
− [F a b ub ]
,
(6)
χe :=
Es
which measures the significance of quantum effects, must
be much less than unity. Here, Es = mc2 /eλc is the
Schwinger field [22] with λc = ~/mc the reduced Compton length. For χe & 0.5 the stochastic nature of photon
emission becomes important, meaning that a radiating
electron emits fewer photons per emission, compared to
the classical radiation dominated regime [17, 23, 24]. For

In the semi-classical framework, the spectral intensity
of the high energy synchrotron-like radiation emitted by
an ultra-relativistic electron is given by [31]:
 


dIr
ω
u
S
,
(7)
= Pc δ Ω −
dωdΩ
kuk
ωcr
where u = cγβ. Here, Pc = P g (χe ) is the in2
stantaneous radiated power with P = τr ωL
mc2 χ2e
the classical radiated power and g (χe )
≈
−2/3

the func1 + 4.8 (1 + χe ) ln (1 + 1.7χe ) + 2.44χ2e
tion accounting for the first quantum effects [37]. Even
for χe = 0.1, the radiated power Pc is reduced by
33% (g (0.1) ≃ 0.67) compared to its classical value.
R∞
S (r) = 35/2 (8π)−1 r r K5/3 (v ′ ) dv ′ describes the normalized spectral shape with ωcr = 3/2γ 3ku × FL k/mu2 .
The radiation is emitted in a narrow cone with the angle
1/γ with respect to the electron propagation direction
and can be modeled by a Dirac function. Since the
total radiation energy is calculated incoherently as a
sum of all electrons, the corresponding wavelengths
of photons are much smaller than the characteristic
−1/3
distance between electrons, d ∼ ne , so they cannot
be coherently summarized.
III.

NUMERICAL APPROACH
A.

Numerical model

In order to investigate collective and non-linear phenomena involving ultra-strong electromagnetic fields, 2D
numerical simulations were performed using the QEDPIC code EPOCH [32]. It uses the Vlasov-Maxwell system with the inclusion of quantum processes such as the
synchrotron gamma-ray photon emission from radiating
electrons into the electromagnetic fields and pair production [30, 33–35]. The particles of the plasma (electrons,
positrons and ions) are described by the quasi-classical
model of Baier and Katkov [36] which means that the particles experience the Lorentz force and photon emission
is computed with an emission probability [34, 35], inducing the lost electron momentum. The validity of having
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a semi-classical approach to describe the electron-photon
dynamics has been discussed in references [24, 37] and
confirmed in reference [38]. This implies that the plasma
is transparent to high energy synchrotron radiation, due
to the fact that the absorption rate of such radiation depends on the quantum parameter χe . The absorption
rate becomes non-negligible for electrons having χe ≥ 1
[34, 35]. As a result, e− e+ pair production is not considered.
B.

Simulation parameters

The laser pulse is considered to be circularly polarized
in order to optimize the collective effects whilst avoiding
strong electron heating. The pulse is normally incident
on a deuteron plasma slab with a thickness of 0.8 µm
and an initial electron density (ne ) of 10nc . Here, aL =
ay = az = 200 which corresponds to a laser intensity of
1.1 × 1023 W/cm2 and ensures condition (4) is satisfied.
The spatial and temporal structure of the laser is defined
to be Gaussian in profile. The duration (τL ) is 9.1TL ≃
30fs with a beam-waist (w0 ) of 15λL where λL = 1µm is
the laser wavelength.
The laser pulse begins to interact with the plasma foil
at t = 0 and propagates along the x axis (n ≡ ex ). We
thus define the polar angle θ as follows:

 
βy

, if βx > 0
arctan



 βx 


β
y

 arctan βx + π, if βx < 0 and βy ≥ 0
 
θ :=
(8)
βy
arctan

βx − π, if βx < 0 and βy < 0



π

, if βx = 0 and βy > 0


 2π
− 2 , if βx = 0 and βy < 0

The simulation box is defined by a spatial grid of dimensions 200 µm×57.6 µm using 20000×5760 mesh cells.
Since circular polarization is considered, there is symmetry between the X-Y and X-Z planes. Hence, the third
spatial dimension does not have a strong impact on the
radiation reaction physics highlighted in the remainder
of the paper. 2D numerical simulations are therefore adequate for this study.
IV.

NUMERICAL SIMULATIONS RESULTS

A.

Formation of the radiating electron source

As the laser pulse interacts with the target, a return current is generated, due to charge conservation,
at t ∼ 3TL and interacts strongly with the rising edge
of the laser pulse. We stress that the ions are not yet
in motion at this early time, and do not affect the electron return current. These electrons thus experience the
envelope of the laser pulse and acquire large energies as

Figure 1: (Color online) (a)-(c) Electron spectra and (d)-(f) Radiated power, and (g)-(i) χe parameter as a function of time.
(a),(d),(g): 3π/4 ≤ |θ| ≤ π; (b),(e),(h): π/4 ≤ |θ| ≤ 3π/4;
(c),(f),(i):|θ| ≤ π/4.

shown in figure 1(b). At t & 14TL , the RR force has a
significant influence on this electron population, due to
the fact that the laser intensity now exceeds ≈ 5 × 1022
W/cm2 . In particular, the electrons which propagate toward the laser pulse reach their maximum energy ≈ 136
MeV, as can be seen in figure 1(a). They lose the bulk
of their kinetic energy and a significant number of them
are reflected by the laser pulse, acting as a mirror.
To be reflected by the laser pulse the following condition must be fulfilled [3, 4]:
4γ 2 (t) − a2L (t)
> 0,
2a2L (t)
aL (t)
,
⇒ γ (t) ≥
2
R≥

(9)
(10)

which is in good agreement with the features in figure
1(a).
The electrons therefore experience areas of high field
strength for a longer time giving rise to further RR effects
and increased production of high energy synchrotron radiation.
RR force tends to both decrease the maximum energy
of backward-directed electrons by ∼ 20% and increase the
maximum energy of forward-directed electrons by ∼ 21%
as shown in figure 2. This also tends to enhance the
number of electrons experiencing the action of the laser
pulse, such as π/4 ≤ |θ| ≤ 3π/4, as shown by the dense
lobes in figure 3. In the remainder of the paper, this
electron population will be termed the radiating electron
source (RES), created at t0 ≈ 15TL .
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Figure 2: (Color online) Electron distribution function uy = f (ux )
at t = 18TL : (a) with RR and (b) without RR.

B.

Features of the radiating electron source

In order to demonstrate the generation of the RES due
to the counteracting action of the RR force on the action
of the ponderomotive force, the angular distribution of
the RES during the laser pulse duration is shown in figure
3. The
electrons considered are contained within a transverse
window of width 3λL , centered on the laser propagation
axis (y = 0). This implies ∂aL /∂y ∼ 0 for −1.5λL ≤
y ≤ 1.5λL , owing to the value of the laser focal spot size
(w0 = 15λL ).

Here, h...i defines the average value taken on the electron phase space.
From figure 3, at t = 16TL , the average energy of the
RES is: hEe i ≈ aL mc2 ≈100 MeV with |hθi| ≈ π/3 and
its maximum energy maxhEe i ≈ 1.5aL mc2 ≈ 150 MeV
with |hθi| ≈ π/4. For t > 20TL , the electrons within
the RES experience a weaker laser intensity. The corresponding electron distribution function expands and the
average energy starts drastically decreasing. At t ≥ 30TL
the RES no longer experiences the high field, which drastically reduces the RR effect on the electron distribution
function and consequently the compactness of the RES.
The average angle of the RES is equal to |hθi| ≃ π/4
which implies |ux | ≈ |uy |. By the equipartition theorem
it means that this electron population is in thermal equilibrium with an electron temperature Te of the order of
55 MeV. Here, the dominant thermalization mechanism
is due to the synchrotron radiation emission which tends
to decrease the energy of radiating electrons experiencing
the laser pulse.
The spectra of high energy synchrotron radiation over
time is shown in figures 1(d), 1(e), 1(f).
From numerical simulations results, it is stressed that
about 80% of the radiated energy comes from the RES
and is emitted over |hθi| ≈ 0.41π. We notice that electrons which emit the highest energy photons at the peak
of the radiated power (t ≈ 18TL ), satisfy the condition:
|uz | ≈ |uy | ≈ ux > 0,

(12)

which is also confirmed in figure 3. By contrast, the evolution of the total radiated power for photons generated
by forward electrons is uncorrelated to the corresponding electron energy. Since they are accelerated at the
front of the laser pulse, they acquire more longitudinal
momentum than transverse momentum which results in
the average angle tending to 0 over time, as shown in figure 3(a-f). As a result, the average Doppler factor of the
forward electrons is greatly reduced, which leads to a decrease of the emission of high energy photons, as shown
in figure 1(f).

Figure 3: (Color online) Electron relativistic factor γ as a function
of θ for 12TL ≤ t ≤ 32TL , every 4TL . (a)-(f) - with RR; (g)-(l) without RR. A transverse window of width 3λL and centered on
the laser propagation axis (y = 0) is considered.

The RES is composed of two symmetric lobes due to
the oscillating nature of the laser field. From figure 1(b)
one can estimate initial conditions of the RES:
π
|hθit0 | ≈
(11)
2
⇒ hρit0 ≈ hγit0 ≈ aL

Figure 4: (Color online) Angular distribution of the high energy
synchrotron radiation at t = 200 fs.

Figure 4 shows the angular distribution of the synchrotron radiation after the laser pulse duration, at t =
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200 fs. The bulk of the high energy photons have an
energy of the order of tens of MeV and can reach a maximum of ≈ 60 MeV. The structure of the double lobe
characterizing the RES can clearly be seen. This double
lobe structure could prove to be a useful signature for
the experimental detection of the RES on future 10 PW
laser facilities.
The corresponding quantum parameter χe (6) of the
electrons has also been computed. Almost all electrons
have an associated parameter χe less than 0.15 as shown
in figure 1(g), 1(h), 1(i). Moreover, the highest quantum
electrons are forward-directed electrons and those forming the so-called RES have an average χe less than 0.1.
This insures that the semi-classical treatment is valid.

V. ANALYTICAL MODEL FOR THE
RADIATING ELECTRON SOURCE

A kinetic model can be derived in order to describe the
principal characteristics of the RES. Since the Rayleigh
length LR = πw02 /λL ≃ 707λL is much larger than the
interaction length (∼ cτL = 9.1λL ) on which the study
is focused, it is sensible to assume that aL (x, y, t) ≈
aL (y, t). As mentioned previously, the simulations focused on a window of width 3λL , centered on the laser
propagation axis (y = 0) in order to highlight that the
RES source is localized in the high field areas (see figure 3). Since the laser spot size w0 = 15λL , this implies
aL (y, t) ≈ aL (t) for −1.5λL ≤ y ≤ 1.5λL . As the areal
density of the target (ξ) is [39]: ξ = π nnec λlL ≈ 30 ≪ aL ,
the electrostatic field is therefore much weaker than the
laser field. Moreover, due to the ion motion, it follows
that the charge separation field is much smaller than it
would be with immobile ions. To a first approximation,
the charge separation effect on the acceleration of ultrarelativistic electrons can be neglected.
An assumption is therefore made that the laser pulse
can be modeled as a plane wave. That is, the electromagnetic field tensor
F a b depends uniquely on the phase
R
a
φ := k ra = ωL ρds and is written as:
−

e
F a b (φ) = aL
mc2

X

i∈{y,z}

ψi (φ) [ia kb − k a ib ]

(13)

where, k a = ωL (1, 1/c, 0, 0) is the null wave vector and
y a = (0, 0, 1, 0) and z a = (0, 0, 0, 1) are the polarization vectors. These four vectors satisfy: k 2 = k.y =
y.z = 0 and y 2 = z 2 = −1. The functions ψy (φ) and
ψz (φ) describe variations of the electric field strength
in the y and z directions, respectively. It is assumed
then that the electron distribution function fe depends
only on the phase φ and electron velocity ua such that
fe = fe (φ, ρ, uy , uz ). A closed system for particles is
considered, which means that the number of particles is
conserved. Neglecting stochasticity quantum effects (see

reference [17]), the Vlasov equation takes the form:


duν
∂
∂fe
=0
(14)
f
+
e
∂φ
∂uν
dφ
Using the equality:
d
∂
duν ∂
,
=
+
dφ
∂φ
dφ ∂uν

(15)

Eq. (14) can be reformulated as:
 ν
dfe
du
∂
fe
=− ν
dφ
∂u
dφ

(16)

Eq. (16) has a similar form to a Liouville equation, meaning that it is deterministic and tends to decrease the entropy [17]. The right term of Eq. (16) represents the
characteristic time of the electron distribution function
evolution. The Vlasov equation (16) yields the solution:
fe (φ, ρ, uy , uz ) = fe (φ0 , ρ0 , uy,0 , uz,0 ) eG(φ,ρ)

(17)

where,
G (φ, ρ) = −

Zφ

Tc−1 (ϕ, ρ) dϕ,

(18)

φ0

and
Tc (φ, ρ) := [∂/∂uν (duν /dφ)]

−1

.

(19)

The label “ν” have been introduced for the indices such
that ν ∈ {1, 2, 3}. For readability, the initial variables are
written with the index “0” instead of the index “t0 ”. In
the following, it is assumed that the initial time corresponds to the formation time t0 ≈ 15TL (t0 ≡ φ0 /ωL
because |hθit0 | ≈ π/2 (11) which implies k ν xν ≈ 0) of
the radiating electrons as highlighted in Section IV A.
We remind the reader that this corresponds to the time
when a significant population of backward-directed electrons are reflected and re-accelerated in the laser field. It
can be defined as:
t0 | γ (t0 ) = max {γ | 3π/4 ≤ |θ| ≤ π} .

(20)

Physically, Tc can be interpreted as the kinetic cooling time which is the characteristic time of the evolution
of the electron distribution function fe . Since the laser
pulse duration is finite, the kinetic cooling must depend
on the temporal laser profile. This yields:
dua
1 dua
dua ds
dua h (φ, ρ0 )
=
=
=
.
(21)
dφ
ds dφ
ds
ρ0
ρ ds


Using Eq. (5), Eq. (13), ∂/∂ua Fba ub = 0 and Eq. (21),
the kinetic cooling time can be written:
−1

X
2
ψi (φ)  .
Tc (φ, ρ) = 4ωL τr a2L ρ
(22)
i∈{y,z}
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where,
X

ψ 2 (φ) =

ψi2 (φ) ,

(26)

Ii2 (φ) ,

(27)

i∈{y,z}

I 2 (φ) =

X

i∈{y,z}

"

#
2
(φ − φ∗ )
ψy (φ) = exp −
sin (φ) ,
2w2
"
#
2
(φ − φ∗ )
ψz (φ) = exp −
cos (φ) .
2w2

Figure 5: (Color online) cooling time Tc over time.

The evolution of the cooling time Tc is shown in figure 5. It presents a minimum at t ∼ 18TL which corresponds to the moment where the contraction of the
electron distribution function of the RES is maximal but
also when the radiated power is maximal. This is consistent with the evolution of the angular distribution of the
RES shown in figure 3. The cooling time is of the order
of one laser period and tends to drastically increase after
the laser pulse duration.
Since Eq. (5) has an analytic solution [40], it is possible to find an explicit solution of Eq. (14) by using the
method of characteristics and thus expressing the initial
phase and velocities {φ0 , ρ0 , uy,0 , uz,0 } by independent
variables {φ, ρ, uy , uz } in the following compact form:

ρ
h (φ, −ρ)


ρ
ui
− aL cIi φ,
=
h (φ, −ρ)
h (φ, −ρ)

ρ0 =
ui,0

(23)
(24)

Ii (φ, ρ0 ) =

Zφ

[h (ϕ, ρ0 ) ψi (ϕ)] dϕ + ωL τr ρ0 [ψi (ϕ)]φφ0 ,

φ0

h (φ, ρ0 ) = 1 + ωL τr ρ0 a2L

Zφ

φ0

(29)

√
Here w = τL ωL / π (recall that τL is the laser pulse duration) and φ∗ denotes the center of the laser pulse field
which corresponds to the rise time of the laser pulse.
The solutions (23), (24) are consistent with those made
by Joffe et al. [19]. When the RR is negligible (formally
τr → 0), the function h (φ, ρ0 ) tends to 1 and the electron
motion reduces to the standard solution of the Lorentz
equation in a plane wave [21]. Using circular polarization
prevents strong electron heating by canceling the oscillating component at 2ωL of the ponderomotive force. This
also helps to maintain the compactness of the RES in
comparison to linear polarization.
Using (23) it yields:
G (φ, ρ) = −4 ln [h (φ, −ρ)]

(30)

It follows that the electron distribution function can be
written as:
fe (φ, ρ, uy , uz ) =

fe (φ0 , ρ0 , uy,0 , uz,0 )
4

h (φ, −ρ)

(31)

It is reasonable to assume a Maxwell-Juttner distribution [41] for the initial electron distribution:


(γ − 1)
,
fe (φ0 , ρ, uy , uz ) = A exp −
Θ
ne
Te
where, A := 4πc3 ΘK
, Θ := mc
2 , and K2 (.) is the
2 (1/Θ)
modified Bessel function of second order.
The initial temperature of the electron source can be
assumed to be close to the ponderomotive scaling such
that [42]:

Te (φ0 ) ≈ 1 + a2L

with,

(28)

1/2

mc2 ≈ aL mc2

(32)

The relativistic factor of the particle can be expressed
as:


1 + ρ2 + u2y + u2z /c2
γ=
,
(33)
2ρ
which yields:

ψ 2 (ϕ) dϕ,

(25)

γ −1=

2
u2y
u2z
(1 − ρ)
+
+
2ρ
2ρc2
2ρc2

(34)
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The electron distribution function can therefore be
written in the form:
fe (φ, ρ, uy , uz ) = Afe,k (φ, ρ) × fe,⊥ (φ, ρ, uy , uz ) (35)
where,

fe,k (φ, ρ) =

fe (φ0 , ρ0 )
2

h (φ, −ρ)
 
2 
ρ
1
−
h(φ,−ρ)
1


=

ρ
2 exp −
Θ
2 h(φ,−ρ)
h (φ, −ρ)

(36)

is the longitudinal electron distribution function and:
fe,⊥ (φ, ρ, uy , uz ) =
=

1
2

h (φ, −ρ)

fe (φ0 , ρ0 )
2

h (φ, −ρ)
" P

exp −

Figure 6: (Color online) Normalized longitudinal temperature Θ :=
Te
, over time.
mc2

2
2
i∈{y,z} ui,0 /c
ρ
Θ
2 h(φ,−ρ)

#

(37)

is the transverse electron distribution function.
By considering the ultra-relativistic regime and electrons included in the RES such that π/4 ≤ |θ| ≤ 3π/4,
2
it follows that (1 − ρ0 ) ≃ ρ20 , which simplifies the expression of the longitudinal electron distribution function
fe,k (φ, ρ):


ρ
1
exp
−
(38)
fe,k (φ, ρ) ≃
2
2Θh (φ, −ρ)
h (φ, −ρ)
Basically, the RR tends to decrease (by the function
h (φ, −ρ)) the width at half the height of the initial longitudinal electron distribution function leading to a decrease in the average electron temperature which is related to the contraction of the electron phase space [5].
This phenomenon contributes to the generation of the
RES by increasing the number of electrons in the highest field areas, as discussed previously in Section IV and
shown in figure 3. However, it is stressed that such a process is no longer valid when quantum stochastic effects
become significant since they tend to increase the energy
spread [17].
It follows that the decrease of the longitudinal electron
temperature can be estimated as:
Te (φ) ≈ Te (φ0 ) h (φ, −hρi) < Te (φ0 )

(39)

The evolution of the longitudinal electron temperature is
shown in figure 6.
The situation is different to the case of the transverse
electron distribution function. From Eq. (37), it can be
noticed that the transverse electron distribution function
fe,⊥ (φ, ρ, uy , uz ) depends on ρ, which is nothing more
than a consequence of special relativity. Therefore, the
RR force does not have the same effect on the transverse
dynamics as it has on the longitudinal dynamics. Unlike

the case of the longitudinal electron distribution function, the RR modifies the shape
of theinitial transverse

ρ
affects the averdistribution. The integral I φ, h(φ,−ρ)
age transverse momentum which causes a shift of |hθi| to
π/2 over the laser pulse duration, as shown by comparing
figures 3(b) and 3(h).
After the laser pulse duration (formally φ → ∞), the
electron temperature can be explicitly written as:
Te (φ → ∞) ≈ Te (φ0 ) h (φ → ∞, −hρi∞ )


hhi∞ − 1
mc2 ≈ 117mc2
≈ aL 1 −
hhi∞

(40)

where,
hhi∞ := h (φ → ∞, hρ0 i) = 1 +

ωL τr hρ0 ia2L

Z∞

ψ 2 (ϕ) dϕ

φ0

(41)
which is in good agreement with the features of the electron angular distribution observed at t = 200 fs, as shown
in figure 3(f). Using definition (21) and Eq. (33), the absolute value of the characteristic angle of the RES after
the laser field has decayed can be expressed as:



1 hγi − hρi
|hθi∞ | ≈ arccos
(42)
hβi
hγi
Using the initial conditions of the RES (11), Eq. (23),
Eq. (24) and Eq. 33 it yields:

hhi2∞ + a2L
≃ 0.39π.
|hθi∞ | ≈ arccos
hhi2∞ + 3a2L


(43)

Note that the RR has a weak influence on the value of
the average angle hθi since h2 ≪ a2L . Also, as noted
previously, the most prominent effect of RR is to significantly enhance the electron number in the region for
which π/4 ≤ |θ| ≤ 3π/4 giving rise to the RES.
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VI.

DISCUSSION

distribution as well as the average energy of such a radiating electron source could be potentially detected and
measured on future 10 PW laser facilities.
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Figure 7: (Color online) Electron relativistic factor γ as a function
of θ for 16TL ≤ t ≤ 24TL , every 4TL . (a)-(c) - with RR; (d)-(f) without RR. A transverse window of width 1.7λL and centered on
the laser propagation axis (y = 0) is considered.

The above numerical analysis was performed with a
laser focal spot of w0 = 15λL (intensity equal to 1.1×1023
W/cm2 ), which enables the 1D kinetic model described
in Section V to be derived. We note that the resulting
power required to produce this condition is much higher
than will be achieved with laser systems in the near future. When the laser focal spot size is reduced to that
proposed to produce the required intensity with planned
10 PW systems (w0 = 1.7λL ), similar double lobe structures can still be observed, albeit with reduced electron
numbers due to the smaller interaction area. We note
that some characteristics of the RES, in particular the
average angle hθi and the characteristic energy hEe i remain unchanged as they depend on the laser intensity.
However, we note that the smaller laser focal spot size enhances the transverse ponderomotive force, which tends
to reduce the radiation reaction effect, and in addition,
the duration of the RES. This is shown in figure 7 for
completeness.
In conclusion, due the counteraction of the radiation
reaction force on the action of the transverse and longitudinal ponderomotive forces, a compact radiating electron source can be created in the highest field areas,
where ≈ 80% of the high energy synchrotron radiation
is emitted over the laser pulse duration. Such a radiating electron source can be produced by the interaction
of an ultraintense laser pulse with a near-critical density
plasma. The bulk of the synchrotron radiation is of the
order of tens of MeV whilst the highest energy photons
can reach energies of ∼ 60 MeV. A kinetic model has been
derived and confirms characteristics of the radiating electron source such as the evolution of both the longitudinal
electron temperature and the electron distribution function through the cooling time. Under these conditions,
the classical approach to compute both the electron motion and the radiation emission remains valid. We note
that although the physics explored in this paper is highlighted with a large laser spot size, it still remains (albeit less evident) for lower laser spot sizes. The angular
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