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Radiation reaction effects in cascade scattering of intense, tightly focused
laser pulses by relativistic electrons: Classical approach
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Nonlinear cascade scattering of intense, tightly focused laser pulses by relativistic electrons is studied
numerically in the classical approximation including radiation damping for the quantum parameter
(ha)xmy) /e < 1 and an arbitrary radiation parameter y. The electron’s energy loss, along with its being
scattered to the side by the ponderomotive force, makes scattering in the vicinity of a high laser field nearly
impossible at high electron energies. The use of a second, copropagating laser pulse as a booster is shown to

partially solve this problem.
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I. INTRODUCTION

The scattering of intense laser light by relativistic
electrons, especially in cascade regimes where an electron
scatters more than one x-ray photon, is one of the most
important mechanisms of radiation production from plasma
produced by intense femtosecond laser pulses [1].
Presently, laser intensities are approaching a threshold
where the radiation becomes dominant [2]. Therefore, this
radiation dominant regime has become an object of detailed
study both experimentally and theoretically. So far, ab initio
simulations of the radiation even from a classical relativistic
plasma standpoint are impossible due to the requirements
of extremely high spatial and temporal resolution.
Understanding radiation processes in relativistic systems
in high laser fields is a pressing issue for the derivation of
proper empirical approaches to calculate radiation damping
and spectra for such plasma. Nonlinear and quantum
radiation effects in the interaction of relativistic electron
beams and intense laser pulses occur at relatively smaller,
accessible laser intensities. Their experimental and numeri-
cal study could result in the development of the necessary
radiation models.

In contrast to cyclotron radiation [3], the laser light
scattering process is always a free-free electron transition
and may proceed differently depending on the field and
electron energies. At low laser pulse intensities and high
electron energies there is the well-known Compton
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scattering that is determined only by the quantum param-
eter: v = 2yohw,/mc?, where y, is the electron relativistic
factor taken to be y, > 1 and w,) is the frequency of a laser
photon (see details in Ref. [4]). If the parameter v exceeds
unity, the maximum energy of the x-ray photon must be
less than 47/%@0, and the photon is emitted at an angle
smaller than 7 in the propagation direction of the elec-
tron. The scattering cross section decreases with further
increase in y, [4]. At high intensities the “quantum”
scattering 1is usually characterized by the parameter:
x = (hayy/mc?) \/(E+ v X lq3/c)2 —(v- Z?/c)2 [5,6], where

E and B are normalized: E = eZ?/mcw = ay. For
ag > 1: y ~hwgyay/mc*. For y>1 the scattering
probability, P, differs from the classical one as
~Passica ()13 [5]. However for ay < 1, this parameter
differs from the quantum parameter, v, used for Compton
scattering [4]. Moreover, the parameter x> fits amazingly
well with the largest part of the classical radiation force
responsible for scattering when y, > 1 [7]. If the parameter
y 1s large, the approximation of a “fixed” electron trajectory
as in Ref. [8] is no longer valid; radiation damping becomes
essential. Depending on the pulse duration 7, it may be a
single event resulting in the electron retardation or a
cascade of scattering events with the same result. The
simplest estimation of the number of scattered photons
npn = n(mc?/e)*(It/hw,), where I is the laser pulse
intensity, gives npy ~ 2-3, or the cascade, already for an
E~117] energy laser pulse focused in a wy~ 10 yum
focus spot.

In a strong laser field, when a, > 1, harmonics appear
and the quantum parameter is different from the standard
one. Its definition is not simple. In the fixed trajectory,
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classical approximation the spectrum is flat till the energy is
less than the critical energy [8]:

< R0/
© 42 | 1+a4d})2 ’

where v is the electron velocity. At high frequencies the
spectrum exponentially decreases, S(w) ~ exp(—2w/w,).
The simplest definition of the quantum condition might be
as follows: hw,. > mc*(yy — 1), or for large a, and y, as
ay > (v2mc?/6haw,)/y, (for an x-ray free electron laser
this condition is achieved for approximately 10* times
lower a;), when most of the radiation energy should be
emitted with an essential recoil: parametrically for large aj
this condition coincides with y > 1. However, radiation
damping may change the spectra and result in softer
quantum conditions for the total radiation power.

The interaction of an electron with an intense laser pulse
is not always a stationary process, which can be charac-
terized by a cross section or a probability. For example, a
typical quantum consideration of the problem [5,6,9,10]
assumes that the electron instantly appears in a strong plane
wave propagating contrary to the wave with momentum p,,.
This approach is built on a relatively simple basis of
Volkov’s functions, ) = Ae'S/" where A is an amplitude
and S is the classical action [4,5]. The calculated proba-
bility naturally includes radiation reaction. However, in a
strong field an electron will lose its energy rapidly and,
then, the electron will be trapped and move along the wave.
Therefore, the equations for the scattering matrix

acp/al‘:—/dp’l//ge&ARadlpg,C o Cp(t=—00)=6,,

where Ag,q is the vacuum radiation potential [4], have no
small parameter; their solution, C, (t > 1), restricted by the
pulse duration, may have a quite broad distribution over
momentum, p, making the exact solution not achievable
in the cascade regime. Moreover, a relativistic electron is a
classical particle with a certain trajectory undergoing
ponderomotive scattering, which is missing in the quantum
approach. The classical consideration including radiation
damping, therefore, may help in determining the physical
model necessary for an advanced quantum consideration.

In this paper, the scattering of intense focused laser light
and its effects on the electron motion is analyzed in the
framework of the classical approximation [11] including
radiation damping and ponderomotive effects.

II. RADIATION DAMPING FORCE AND SPECTRA

A sixth-order Runge-Kutta method [12] is used to solve
the equations of motion for an electron written in the form

e R -
d_fz = —¢[E + p x B/(mcy)] — fro:
r =1+ 5/ oy

dr .

d—:zp/(my),

where p, 7 are the electron momentum and coordinate, frp
is the radiation force in the form of Ref [4] with the main
part responsible for the light scattering given as

C

7 2e* > 1. =\2 1 - -0
fscatt__3m2C5]/21){(E+EVXH> ——Z(V.E) },

with E and B the electric and magnetic fields, respectively,
and v is the electron velocity. To correctly include the
ponderomotive force, we use the parabolic approximation
for the focused laser field [13]. The transverse components
have the following forms:

V2x
)

\/Zy Wo 2 2 2
x H,, (m) wiz) x exp{—(x* + y*)/w(z)
+ilkz —owt — (I +m+ 1)¢(z)

+Mﬁ+ﬁvm&m}

EL () = expl-(z/c — 17/) 3 [ReE s

where the transverse component of the magnetic field
equals B, = £E | depending on the propagation direction,

2
w(z)=woy 1+ R(2)=2(1+7). ¢(2) = tan™' (z/Lg),
and Lz = 7w} /A is the Rayleigh length, wy = 7f1/2D (f,
D, and A are the focal length, beam diameter, and the pulse
wavelength), and H, is a Hermite polynomial. The longi-

tudinal components satisfy the equations divE = 0 and
divB =0. In particular, for the pair {Ey, By}:
Ez - x[Q(Z)/LR]Exv Bz = _y[Q(Z)/LR]EX’ and Q(Z) =

oW
—1 w(z)?
and wy =5 pum. To calculate the spectrum (for the
intensity), we exploit the well-known equation for the

Lienard-Wiechert potential [7,8]

+ %. Calculations are performed for [ =m =0

PS(0yray. Q) 2

Sl 5 x e

> T 2. 123
AWy 1y dQ2 mmm-c
sin(0.5wy oy At(1 — 10;/c) |2
where rj, v; are the electron coordinate and velocity,

respectively, at 7 = 7y, and At is the integration time step
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(~107%wy ). The spectral resolution is given by the number
of spectral points, M, where M = 2000 with the maximum
frequency @y ™™ = (5/10)agwo(4y§). This choice can-
not provide enough resolution at lower frequencies.
However, it is good enough to describe the spectra of
the highest harmonics, which are necessary to estimate the
contribution of quantum effects to the total amount of
radiation losses.

III. SIMULATION RESULTS

In Fig. 1 the typical spectra of backward scattering with
respect to the laser propagation direction (€ = ) are
presented for ay = 1 for Gaussian pulses of duration 20,
90, and 200 fs with ay = 1 for a head-on collision with
vo = 200. These spectra, as expected, demonstrate the
proportional increase of intensity of the scattered x rays
with the pulse duration. However, even in this weakly
nonlinear case, the spectra depend on the pulse duration.
For the long laser pulse the spectrum is very similar to that
which follows from the fixed trajectory approximation as in
Ref. [8]. For shorter pulses, a certainly stronger red shift is
clearly seen in the spectrum. This means that the cascade
regime is not simply a sum of independent events of
Compton scattering. The study of this effect is out of the
scope of this paper. We also refer the readers to
Refs. [11,14] where this dynamic mass shift effect is
discussed.

The backward spectra for the high intensity laser pulses
ag = 200 are presented in Figs. 2(a) and 2(c) also for
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FIG. 1. Spectra of backward scattering (f = x) at ay = 1 for

Gaussian pulses of duration 20, 90, and 200 fs; head-on collision
at y = 200. (I) are the fundamental harmonics, and (II) the third
harmonics (even harmonics for the linear polarized laser pulse
vanish). Radiation damping is included.

head-on collisions with and without radiation damping.
There is a clear dependency on the pulse duration; the
number of scattered photons not only increases, but there
also is a clear difference in the spectral distribution. The
radiation damping (RD) drastically changes the resulting
spectra. The intensity decreases by an order of magnitude
when RD is included. Since the radiation of a single
electron is considered for a nonuniform laser field with
a limited spectral resolution, the spectrum shape is not
smooth. However this is not noise; calculations with very
different temporal resolution (wyAt ranging from 1077 to
10~%) give exactly the same results. The corresponding
evolution of electron momenta for these cases are shown in
Figs. 2(b) and 2(d). One can see that the radiation in the
vicinity of the highest field occurs at electron energies
much lower than its initial.

Grey squares exhibit the spectral area where the recoil
effect is very strong. Even without RD the integral energy
in the quantum range shown in the figure is essentially less
than that from the lower frequencies emitted indicating no
serious recoil effect. With RD the scattered photons lie far
from the quantum area making the quantum contribution
softer and, therefore, making the classical approach more
accurate. In Fig. 3 the parameter y is calculated for a
relatively high electron energy € ~ 1 GeV and strong field
with and without RD. One can see that the parameter y
reaches ~1 in the absence of RD and a considerable part
of the spectra could require a quantum approach. However
according to Ref [5], the ratio P/P,ca & ¢~ /> decreases
slowly with y, and, therefore, the total radiated power
should essentially not differ from the classical one even in
this case. Moreover, RD results in a much lower y (the
maximum value of y ~ 0.35 is reached for a very short time,
while (y) ~ 0.2) by almost an order of magnitude making
the classical calculation for the total radiated power quite
correct. The spectrum for e ~1 GeV and different pulse
durations are given in Fig. 4 for a, = 100 including RD.
The difference in the spectrum cannot be expressed by
simple probability approaches; while the nonlinear part
does not change much, the linear part of the spectrum
changes dramatically. The increase of ay up to 500
amazingly results in a smaller number of scattering photons
because the main interaction zone occurs at lower pulse
intensities even though the parameter y would reach ~10
without RD.

The ponderomotive side scattering is an important effect
that cannot be easily incorporated within the quantum
approach. Moreover, the Volkov solution cannot in prin-
ciple describe this process, since an electron has no
trajectory in this approach. However, the ponderomotive
scattering is an important process in the laser-particle
interaction. Figure 5 illustrates the trajectory of an electron
scattered by an intense laser pulse. The calculation is
performed for wy = 5 um; however, even a small shift
of the electron 2 ym in the transverse direction certainly
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Spectra of backward scattering (6 = x) with a; = 200 Gaussian pulses of duration 60 fs (a) and 150 fs (c) for a head-on

collision, y = 700, with (red line) and without (black line) radiation damping. (b), (d) show the pulse field, a((¢) (red line), seen by the
electron during the interaction and the longitudinal momentum (black line), P, of that electron.

results in a change of its trajectory and resulting spectrum:
the total spectral power decreases by more than a factor
of 2. The most dense electron beams are generated by laser
wake field acceleration [15]. However, even these beams
have a typical diameter ~10 pgm. This means the calculation
of the scattered spectrum without the side scattering of the
electron during the interaction will result in an incorrect
spectrum and total radiated power. We anticipate that the
classical calculations may provide reasonable spectral data
even for very high energy electron beams. In Fig. 6 the
backward spectrum is given for an electron with an initial
energy of € ~8 GeV. One can see the “quantum” area
indicated by the grey color contains a relatively low amount
of energy and that the classical approximation is suitable
for electron motion calculations.

The results of the calculation show that efficient
Compton scattering in high fields is impossible due to
the classical radiation damping and/or side scattering by the

ponderomotive force. A partial solution of the problem lies
in the use of two colliding laser pulses. In conventional
accelerators the radiation losses are compensated by extra
acceleration of electron beams [3]. In vacuum, an electron can
be accelerated shortly by a copropagating laser pulse [16]
(see also [17]). This acceleration undulates having a period,
which increases with y and a,. A proper choice is to make
the copropagating laser pulse as the electron booster and
compensate the energy losses for the radiation during the
scattering of the counter-propagating laser pulse. The maxi-
mum momentum of an electron driven by a copropagating
plane wave with agp could exceed the initial momentum,

Py = O.Smc{l . (yo /- 1)
+atginlotr—/o)] (= 5 =1),
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FIG. 3. Time evolution of the y parameter for an electron
y = 2000 without (1) (red curve) and with (2) (black curve)
radiation damping in a 20 fs Gaussian pulse with ay, = 100;
head-on collision.
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FIG. 4. Spectra of backward scattering (6 = z) with ag = 100
Gaussian pulses of duration 10 fs (black curve) and 40 fs (blue
curve) for a head-on collision, y = 2000, with radiation damping,
and (red curve) 10 fs laser pulse with aq = 500.

and, therefore, enhance the Compton scattering. The maxi-
mum value py . & mcyoa%D can be achieved when
Thax (1 — (v)/c) ~ /2 where (v) is the average velocity
of the electron [7]. In a focused laser pulse, the maximum
electron momentum, being restricted by the pulse Rayleigh
length, Ly (which is typically less than cT,,), still exceeds
the initial momentum [16]. However, the aim of a booster is
not to increase the electron energy but to compensate the
friction force. The maximum driving force of a pulse is
|fpl = |v x B/c| =~ B. Therefore, the radiation friction can
be overcome if the ratio of the forces k=~ 1.2 X
1078(yoaoc)?/ agp is less than unity (here a is the intensity
of the scattered laser pulse). Because of a small numerical

0
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FIG. 5. Trajectory and backward spectra (insert) for a, = 100
and 7 = 200 fs for a collision with a 2 um transverse shift (black
curves) and for a head-on collision (red curves). Since the
trajectory for the head-on collision is a straight line we give
instead the pulse field evolution for this case (red curve).
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FIG. 6. Spectra of backward scattering (¢ = z) with ay = 100
(red curve) and ay =200 (black curve) Gaussian pulses of
duration 20 fs for a head-on collision with y = 16000
(e ~8 GeV) with radiation damping. The number of spectral
points is the same in both cases, M = 2000, while the maximum
frequency is different resulting in poorer resolution for a, = 200
at lower frequencies.

factor, the parameter is small for a wide range of electron
energies and intensities of scattered laser pulses. In Fig. 7, a
sample of the evolution of the electron longitudinal momen-
tum in the two pulse scheme is presented. Both pulses have
the same intensity aq = 100 and duration 7 = 10 fs, and
both are focused to wy =5 ym. One can see that the
radiation damping is compensated by the copropagating
pulse acceleration and that Compton scattering in the vicinity
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FIG.7. Evolution of the electron longitudinal momentum in the

two pulse scheme: both pulses have ag = 100, 7 = 10 fs, and are
focused to wy = 5 pum, head-on collision; (1), (2), (3) are given
for different delays between the pulses: 0, 45, and 90 fs.

of the maximum laser intensity occurs at high electron energy
even exceeding the initial energy. In Fig. 8 the spectra of
backward scattering with respect to the laser propagation
direction (¢ = x) are presented for this case. However, if the
scattered laser pulse is focused to wy = 5 pum, the driving
pulse is a plane wave with ag, = 100 and duration 10 fs. The
plane wave is chosen to allow a comparison for back-
scattering: a focused driving laser pulse changes the trajectory

0.3 T

T T T T T T T T T

a,=100

| \”\ i

S(0,.,y) [Arb.unit]

H mm L

1 10 100
hmx—ray/(4YO 0‘)0)

FIG. 8. Spectra of backward scattering (6 = x) in the two pulse
scheme (1) (red curve) for the time delay 45 fs as in Fig. 7
(2) (both pulses have ay = 100, = = 10 fs, the scattered pulse is
focused to wy = 5 um, the driving pulse is a plane wave) and
with only the scattered pulse (2) (black curve).

of a boosted electron and, therefore, changes the angle of
Compton scattering.

One can see that the spectrum of a 100 MeV electron
with the booster is similar to that without the radiation
damping. However for 10 GeV level electrons, efficient
boosting requires a very large intensity for the driving
pulses, of the order of I = 10%® W/cm?, which is not
achievable nowadays. The realization of this method for
GeV electrons is difficult from not only a practical stand-
point; the applicability of the classical approach for this
case requires special analysis including the quantum
approach. However, the conventional quantum approach
based on the Volkov’s solution is not correct for this case.
The proper theory of the strong radiation regime for two
pulses has yet to be developed. Nevertheless, since the
quantum effects reduce the particle radiation, a laser pulse
can be a particle booster in the strong, and even the
quantum, radiation regime with the cascade scattering.
This will allow the interaction of relativistic electrons with
the main body of high intensity, a, > 50, laser pulses. The
scheme can be organized similarly to that proposed in
Ref. [18]. We consider here only head-on collisions. At
finite collision angle the booster method is still efficient.
However, getting to the quantum regime in this case
becomes more problematic.

IV. CONCLUSION

In conclusion, we have analyzed the cascade scattering
of intense laser light by a relativistic electron in the regime
of strong radiation damping in the framework of the
classical approach. We have restricted our calculations to
the regime where the radiation is strong, but the emission
is located in the classical part of radiation spectrum,
(hQy1ay) < mc*(y —1). Our results have shown that,
nowadays, the classical method still allows a self-consistent
analysis of the interaction of relativistic particles with an
intense laser field including the ponderomotive side scat-
tering and electron vacuum acceleration. It has been shown
that the classical approach remains valid at much higher
laser intensities and particle energies due to the effect of the
radiation damping resulting in much lower frequencies
of emitted x rays. The parameter y remains much less than
unity due to the radiation damping even for GeV level
electrons with laser intensities ~10>3-10?* W /cm?. In the
case of plasma produced by intense short laser pulses, the
quantum condition is even softer, because plasma electrons
acquire their energy from the laser pulses starting from the
classical regime.

It has been demonstrated that an experimental realization
of the scattering by relativistic electrons at ayc > 100 is
impossible due to the radiation damping and ponderomo-
tive sidescattering. Even high energy electrons lose their
energy far before the maximum of the laser field is reached.
The “two pulse scheme” with a copropagating laser pulse
as an electron booster is proposed to solve the problem of
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nonlinear Compton scattering at high agc. The ponder-
omotive acceleration of electrons can overcome the radi-
ation damping of electrons with energy lower than 1 GeV
with a practical intensity of the boosting laser pulse and an
intensity of the scattered laser pulse exceeding agc = 100.
At higher energies the necessary intensities increase as

aop

~ y3. Moreover for this case, a comprehensive quantum

analysis requires more sophisticated approaches that have
yet to be developed.
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