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Abstract. The effect of Raman instabilities on the production of fast electrons in
laser—plasma interaction has been investigated for laser intensities well above the
electron trapping threshold. The results of one-dimensional particle-in-cell sim-
ulations show that in this regime the presence of Raman backscattering (RBS)
hampers fast-electron production, and that its suppression increases the yield of
high-energy electrons (>15 MeV). Such suppression has been realized either through
deletion of all backscattered radiation from the simulations or through direct stim-
ulation of Raman forward scattering (RI'S). An increased high-energy electron
vield has been observed for both methods. In addition, the influence of various
laser and plasma parameters on the production of highly energetic electrons has
been investigated. Specifically, the effects of plasma density ramps, skews in the
temporal envelopes of the laser pulses, and laser frequency chirp (both pulse-length
preserving and bandwidth preserving) have been examined. For each parameter,
its influence on the yield of high-energy electrons can be explained from the way it
affects the balance between RBS and RFS excitation in laser—plasma interaction.

1. Introduction

Several recent experiments [1-7] on the interaction of intense laser pulses with
underdense plasmas have demonstrated the production of energetic electrons in
the self-modulated regime of the laser wakefield accelerator (LWFA) [8] with ac-
celerating gradients in excess of 100 GeV m™t. The resulting electron bunches are
characterized by high charge (up to 10 nC), sub-picosecond duration, and an ex-
ponential energy distribution with a mean energy of tens of MeV. Applications of
these bunches include injectors to secondary accelerators [9], short-pulse radiation
sources [10], short-lived radio-isotope production [11], and fast ignition fusion [12].

In this paper, we investigate the role of Raman backscattering (RBS) in high-
energy electron production and the interplay between RBS and Raman forward-
scattering (RIF'S) in the high-intensity regime of a self-modulated LWFA [13]. In
previous work [5,14-19], it has been demonstrated that the presence of RBS leads

to the production of mildly energetic electrons. Since these electrons are easily
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trapped and accelerated by the laser wake, it has been argued that their presence,
and therefore the presence of RBS, improves the yield of high-energy electrons.
This has been confirmed for laser intensities slightly above the threshold for plasma
electron trapping. In contrast to this, we show that for laser intensities well above
the trapping threshold, the converse is true: the presence of RBS can be detrimental
to high-energy electron production. It will be demonstrated that for high laser
intensities the level of RBS-induced electron trapping increases to the extent that
the laser wake is severely damped. This decreases the number of electrons that
are accelerated to truly high energies (over 15 MeV), even though the yield of
mildly energetic (up to 3 MeV) electrons increases. Consequently, suppressing RBS
in the high-intensity regime results in a larger plasma wake and a larger yield
of highly energetic electrons. Suppression of RBS has been achieved either by
periodically removing all backward-going electromagnetic (EM) waves from the
simulation, or by stimulating the growth of RFS. We propose and demonstrate,
via one-dimensional particle-in-cell (PIC) simulations, an experimentally realizable
RBS suppression method that uses stimulated growth of RIS by seeding the RFS
Stokes wave. This results in a higher level of RFS, a larger fast wake, a lower level
of RBS, and a larger amount of high-energy electrons.

In addition we investigate the way in which various laser and plasma parameters,
such as plasma density profile, pulse envelope shape and laser frequency chirp,
influence the production of energetic electrons. From our simulation results, it will
be shown that the effect of each parameter on fast-electron yield can be explained
from the way it influences the balance between RBS and RFS excitation in laser—
plasma interaction. Any parameter that favours RFS growth and/or suppresses
RBS growth will also increase the yield of high-energy electrons. Conversely, a
parameter that enhances RBS growth and/or hampers RFS growth will decrease
the production of highly energetic electrons. This allows us to predict or explain
the effect of a number of laser and plasma parameters on high-energy electron
yield.

2. Effect of Raman scattering on electron yield

According to basic Raman scattering theory [20-23], RBS is a three-wave inter-
action, in which the incoming laser light (carrier frequency wy, wave number kg,
peak amplitude Ey = (mewoc/e)ag) decays into a backscattered EM wave (wg —
wy, —(ko—k,)) and a slow Langmuir wave (w,,, 2ko—k;,). Here, w, = y/noe?/(sgme.),
k, = w, /c. and ng is the unperturbed plasma electron density. The Langmuir
wave phase velocity is approximately wpc/(2wp) <c for an underdense plasma.
RBS is characterized by a large growth rate. RI'S on the other hand has a much
smaller growth rate and involves four waves: the laser light decays in two forward-
scattered EM waves, a Stokes wave (wg —wp, ko —kp) and an anti-Stokes wave
(wo +wy, ko + k). and a fast Langmuir wave (w,,k,) with phase velocity ~ c
provided that w,<wg. Because of its high phase velocity, the RFS Langmuir wave
is well suited for accelerating trapped electrons to high energy [24]. At sufficiently
high laser intensities, the breaking of this wave contributes heavily to the trapping
and acceleration to high energies of background plasma electrons [3,24-26]. The
RBS Langmuir wave has a much lower wave-breaking amplitude because of its low
phase velocity, and thus requires a much lower laser intensity to break. Also, its
high growth rate ensures that it is repeatedly pushed to breaking conditions. The
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breaking of this wave only yields low-energy electrons (up to several 100 keV). When
injected into the RFS Langmuir wave, part of these electrons may be accelerated to
higher energies through an RBS-RI'S two-stage acceleration mechanism [5,14-19].
This leads to an improved yield of energetic electrons at lower laser intensities and
a decrease of the intensity threshold for electron trapping.

When the laser intensity is increased well beyond the trapping threshold, the
following phenomena occur: (i) the laser intensity is such that the plasma wake (i.e.
the fast RFS plasma wave) itself starts to break, resulting in large-scale particle
trapping even in the case where RBS is absent; (ii) REFS growth is sufficiently large
to cause RBS and RFS to overlap in space and time even for femtosecond pulses; and
(iii) RBS growth is sufficiently large to cause excessive amounts of plasma electrons
to be trapped by the wake. Once trapped, these electrons will cause moderate to
heavy beam loading and damping of the wake. Note that if RBS and RFS do
not overlap, electron injection into the laser wake can only occur through a multi-
stage acceleration mechanism involving backscatter, sidescatter, near-forward and
forward scatter [16, 17, 27]. In a one-dimensional setting, sidescatter and near-
forward scatter are absent, and wake damping as a result of massive electron
injection can only be observed if RBS and RFS overlap in space and time. For
this reason, we have made sure that such an overlap does occur in the regime
under investigation. The ultimate effect of wake damping on high-energy electron
production is a marked decrease in the number of electrons that get accelerated to
truly high energies, even though the total number of trapped electrons increases.
This leads us to the speculation that the yield of high-energy particles in laser—
plasma interaction can be improved if we can somehow suppress the increase in
RBS that comes with an increased pump pulse intensity.

We achieve such suppression using two different methods. The first is a purely
numerical method in which all backward-going radiation is removed periodically
from the simulation during a limited period while leaving the forward-going radi-
ation untouched. This method has specifically been employed to isolate the effect of
RBS on high-energy electron production. The second is RFS seeding of the pulse,
which has been inspired by the notion that stimulation of RFS growth leads to a
decrease in RBS through the mode coupling between the RBS and RFS Langmuir
waves [28,29]. In addition, such stimulation will lead to a larger amplitude laser
wake that will be less influenced by RBS-induced beam loading.

An experimentally realizable method for RFS stimulation consists of adding a
‘Stokes satellite” to the main laser pulse [30], i.e. a laser pulse having the same
duration and a similar envelope as the main pulse, but at the Stokes frequency
wo — wp, and peak amplitude of several per cent of the peak amplitude of the laser
EM field. The initial level of plasma wake excited by this method is similar to that
of beat-wave excitation [24]. However, now the level of the Stokes wave is greatly
below that of the pump and the laser—plasma interaction is dominated by RFS.
This has the advantage over beat-wave excitation that the accuracy requirements
on the pump, seed and plasma frequencies are less stringent. Also, a small level
of Stokes laser seeding is easier to realize experimentally than a pulse with two
spectral lines of equal intensity. As we show below, the amount of RBS found in
our simulations decreases with increasing satellite amplitude.

Everett et al. [28,29] have presented numerical and experimental results on how
a fast phase velocity plasma wave can suppress a slow plasma wave, as well as
a theoretical explanation in which the amplitudes of the waves are assumed to
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be slowly varying compared with the plasma period. In the linear regime, the
amplitude dns/ng of the normalized density perturbation of the slow (e.g. RBS)
plasma wave is reduced by the factor 1 — (6n¢/ng)?(wo/w,)?, where dng/ng is the
normalized density perturbation associated with the fast (e.g. RI'S) plasma wave.
This predicts suppression of the RBS wave when dn¢/ng ~ wl,/wo. In seeded RFS,
the initial amplitude of the RFS plasma wave is given approximately by beat-wave
theory [24], which in the linear regime gives 0n¢/ng =~ aga1w,7/4, where ¢t = ct—x
is the distance behind the head of the laser pulses, and ag, a1 are the scaled peak
amplitudes of the pump and seed pulse, respectively. This predicts RBS suppression
for apay ~ 4/(wot). If RBS is to be suppressed within a single plasma period, i.e.
cT = A, this requires a wave amplitude product of apa; ~ (2/7)(w,/wo). Below we
present simulations in which complete RBS suppression is reached for aga; ~ 0.1
at w,/wo ~ 0.15, in approximate agreement with this analytical prediction.

Tt is stressed that RBS suppression by RFS works for both lower (ag < 1.0) and
higher (ap > 1.5) laser intensities but is only advantageous at higher intensities
for the following reason. In a regime of low laser intensity, the growth of both
RBS and RFS is also rather low. One consequence of this is that the laser wake
(RFS Langmuir wave) may not break, so it will only accelerated electrons that
are injected into it by the RBS Langmuir wave. Another consequence is that the
amount of electrons injected into the wake by RBS is too low to cause considerable
wake damping. Suppression of RBS in the low-intensity regime will not lead to a
significantly larger wake, but will decrease the number of plasma electrons eligible
for acceleration by the wake. The net result is that RBS suppression at lower laser
intensities hurts fast-electron production, in agreement with earlier results |5, 14—
19] and fully supported by our simulation results below.

After having established that RBS reduces the production of high-energy elec-
trons for laser-pulse intensities well above the trapping threshold, while RFS im-
proves it by both enhancing the laser wake and suppressing RBS, we are now ready
to investigate the role of various laser and plasma parameters on both RBS and
RFS growth, and the consequences of this influence for high-energy electron yield.
This is done in the next section.

3. Effects of laser and plasma parameters on RBS and RFS

As known from previous research, a number of laser and plasma parameters influ-
ence the growth of RBS and/or RFS. For example, the effect of plasma inhomo-
geneity on RBS has been studied by Liu et al. [31]. They found that for a very long
pump pulse moving up a slope in the density profile, the RBS growth rate calculated
in the Wentzel Kramers Brillouin (WKB) limit decreases with increasing slope.
However, this result has been derived under the assumption that the pump pulse is
very long, and hence does not directly apply to RBS produced by ultrashort pulses.
The effect of asymmetric pulse envelopes on RBS has been studied by Coverdale
et al. [32], who showed that an asymmetric pulse leads to an asymmetric frequency
spectrum, thus shifting the balance between RBS and RFS growth.

A parameter that recently received a lot of attention as a means for controlling
both the growth of Raman instabilities and the yield of high-energy electrons is
laser chirp, i.e. change of carrier frequency through the laser pulse. The chirp is
called positive if the carrier frequency increases from front to back, and negative
otherwise. In experiments, chirp is usually introduced by detuning the double-pass
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compressor grating in the chirped pulse amplification process [33]. The influence
of laser chirp on RBS growth has been studied analytically by Sakharov and
Kirsanov [23], and both analytically and experimentally by Faure et al. [34]. Both
investigations yielded that the RBS growth depends on the magnitude, but not
the sign, of the chirp. In addition, Sakharov and Kirsanov found that RBS is
suppressed by the chirp if wy!|0wo/dx| > §(w,/(c /0))(ad/~3). where Owy /Ot =
—(wo/ko)Ouwo / Bz represents the chirp, 79 = /1 + af, and the laser pulse propagates
in the z-direction. The influence of chirp on RFS has also been investigated by
Mori [35] and Schroeder et al. [36]. In both cases it has been found that a positive
(negative) chirp enhances (reduces) RFS growth. At this point, it should be stressed
that the effect of chirp on both RBS and RFS depends on the quantity dwg/0z,
rather than on the relative frequency change dw/wg along the whole pulse length.

Starting from an unchirped pulse with a given length and bandwidth, linear
laser chirp can be applied in essentially two ways: pulse-length preserving and
bandwidth preserving. If the pulse length is preserved, then the fast phase ¢ at
x = 0 of the laser EM wave is given by ¥(t) = wot + at2/(2tg), where ¢, denotes
the root-mean-square duration of the pulse. It then follows that the bandwidth of
the pulse increases by a factor /1 + a?. If the bandwidth is preserved, then 1) at
x = 0 is given by 9(t) = wot + (a/(1 4 a?))t?/(2t2). This causes the pulse duration
to increase by a factor /1 + a?. Confusingly, the quantity a/tﬁ is often referred to
as ‘chirp’ in both cases. If we compare the gradient of the carrier frequency for both
cases, we find that Ow /0t = 0% /0t? = a/tﬁ for pulse-length-preserving chirp, while
this rate equals (a/(1+a?))/t? for bandwidth-preserving chirp. This means that in
the first case, the gradient can reach arbitrarily large values, while in the second
case, the rate reaches its maximum (minimum) value of +1/(27) for a = +1, and
quickly drops off to zero for |a| > 1. For a more detailed discussion on laser chirp,
see, for example, Malinovsky and Krause [37].

Since the two types of chirp have such different characteristics, they can also
be expected to have very different effects on RBS and RIS growth. Pulse-length-
preserving chirp is characterized by a large value for dwg/0x, which leads to a
significant reduction or even total suppression of RBS growth and a marked in-
crease (decrease) of RF'S growth for positive (negative) chirp. Bandwidth-preserving
chirp on the other hand displays only a small value for dwy/0z and is mainly
characterized by pulse length increase, especially for large |a]. Due to the longer
pulse-plasma interaction length, this results in a much increased level of RBS
growth for this type of chirp, regardless of sign. This effect dwarfs any effect of the
carrier frequency gradient, and as a result, the main effect of bandwidth-preserving
chirp is an increase in RBS growth independent of the sign of the chirp.

We wish to stress the point that in experiments, a laser pulse is virtually always
chirped by passing it through an appropriate set of dispersive optics, so its power
spectrum and thus its bandwidth are more or less preserved. This way, chirping
a pulse is more a method to increase the pulse length than a method to induce
a carrier frequency gradient inside the pulse. As a consequence, this gradient is
nearly always small for chirped pulses in experimental situations.

The effect of chirp on fast-electron yield is as follows. Since pulse-length-
preserving chirp suppresses RBS, its effect on fast-electron yield relies completely
on its effect on RFS. Therefore, a positive (negative) chirp of this type is predicted
to enhance (reduce) fast-electron yield. The predicted effects on both RFS and
fast-electron yield have been observed in simulations by Dodd and Umstadter [38]
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focusing on the effects of this type of chirp. Bandwidth-preserving chirp on the
other hand has an entirely different influence on fast-electron yield. As the sign of
this type of chirp hardly has an effect on either RBS or RFS, it is not expected
to influence fast-electron yield either. Initial experiments on the dependence of
electron yield on the chirp of a short laser pulse indicated that more electrons
were produced for positively than for negatively chirped pulses [11]. However, in
a recent paper by Leemans et al. [7] the origin for this effect in their experiments
was shown to be important pulse shape changes that accompanied changes in the
frequency chirp. Due to higher-order dispersion in the optical components of the
chirped-pulse amplification (CPA) laser system, a change in the grating separation
distance resulted in a change in the pulse duration, amplitude, frequency chirp, as
well as the temporal profile (skew) of the laser pulse, such that the pulse bandwidth
and energy remained approximately constant. Measurements of the pulse shapes
using a frequency resolved optical gating (FROG) system [39] revealed that the
positively (negatively) chirped pulse had a fast (slow) rise time and a slow (fast)
fall time [40]. As discussed later, the effect of the fast rise time was to enhance
the RFS growth, resulting in larger electron yields. Recently, they have succeeded
in decoupling the chirp and the pulse shape modifications, and have subsequently
produced pulses with negative (positive) chirp and fast (slow) rise time, and shown
that again, the electron yield peaks for pulses with fast rise time, independent of
the sign of the chirp.

In conclusion, the following can be said about the effect of chirp on fast-electron
yield. Pulse-length-preserving chirp does have a significant effect on fast-electron
yield, but this type of chirp is usually not used in experiments. Therefore, the
claims by Dodd and Umstadter [38] (who used pulse-length-preserving chirp) that
their results are in agreement with experiments are unfounded. Furthermore, they
assumed a laser chirp corresponding to a relative full width at half maximum
(FWHM) bandwidth Aw/wg of approximately 24%, which is nearly an order of
magnitude beyond that used in typical experiments. On the other hand, bandwidth-
preserving chirp as used in experiments does not either significantly suppress RBS
or significantly influence RFS. Its only important effect is an increase of RBS,
and thus a decrease of fast-electron yield, with the magnitude of the chirp. All in
all, chirping a laser pulse should not be expected to increase fast-electron yield in
experiments.

In the next section, simulation results are presented that focus on the connection
between the influence of a parameter on RBS or RFS growth for laser intensities
well beyond the electron trapping threshold, and the influence of that parameter
on energetic electron production. We have investigated the effects of plasma dens-
ity profile, pulse envelope modification, and both bandwidth- and pulse-length-
preserving chirp. In each case, we show that if a parameter increases RFS and/or
decreases RBS, this will increase the electron yield, while if a parameter decreases
RIS and/or increases RBS, this will decrease the electron yield.

4. Simulations

This section is organized as follows. First, the setup of our simulations is explained.
In the next two sections, the respective roles of RBS and RFS in the production
of high-energy electrons for higher pulse intensities are investigated. In the case of
RFS, we concentrate mostly on its role in the suppression of RBS, since its role
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in enhancing the wakefield is already well known [24,30]. In the remainder of this
section, the effect of plasma density profile, laser envelope shape and laser chirp
(both pulse-length- and bandwidth-preserving chirp) on fast-electron production
are investigated. It is argued that the effect of each parameter on fast-electron
yield can be explained from their influence [32, 34| on the balance between RBS
and RFS growth during pulse—plasma interaction. This knowledge can be used
to tune those parameters such that RBS growth is minimized and fast-electron
production is maximized.

4.1. Simulation setup

For our simulations, the one-dimensional version of the code XOOPIC [41] has
been used. This code uses Yee’s method to integrate the time-dependent Maxwell
equations [42]. In the simulations, a laser pulse has been launched onto a slab of
underdense plasma. The pulse propagates along the z-coordinate. For the simu-
lations with pulse-length-preserving chirp (see below), we have used a constant
plasma density ng = 1.116 x 10'° em™3 = 0.01 n,,, to match earlier simulations [38]
using this type of chirp. For the other simulations, laser and plasma parameters
have been chosen to match those used in experiments by Leemans et al. [7]. In
those, two different plasma electron density profiles have been employed. The first
is a rather flat-top profile given by n(z) = ngexp(—z°/1°) where | = 539 pm
and ng = 0.022 n, = 3.8 x 1012 em™3. The second profile is Gaussian, n(z) =
no exp(—2/(2(?)) where [ = 530 ym and ng = 0.017 n, = 2.9 x 10*° em~3. For
both profiles, n., = ggmew?/e? is the critical density for the propagation of an
EM wave having carrier frequency wg. The ions are treated as an immobile, charge
neutralizing background.

Laser pulses are brought into the simulation through a time-dependent boundary
condition for the electric field at the left edge of the simulation window, and move
from left to right. The laser pulse has a carrier wavelength A\g = 800 nm, and linear
polarization with £, = 0. A number of envelope shapes has been used, all derived
from a standard Gaussian envelope which we will refer to as a type 0 envelope.
This type of envelope is described by Egexp(—t/(2t7)), where Ey = (mewoc/e)ag
denotes the peak amplitude, and ¢, the pulse time. The standard envelope has
t, = 30 fs, so the pulse has a FWHM of 50 fs. We either use this envelope as it is, or
modify it by adding bandwidth-preserving chirp, pulse-length-preserving chirp or
‘skew’ (non-symmetric deformation) to it. This results in the following three types
of time-dependent boundary conditions, applied at a time when the left edge of the
simulation window corresponds to a large negative value of z (R denotes the real
part of an expression).

(i) Chirped Gaussian pulse with constant bandwidth:
Ey(t) = R(Eo/V1+aexp [— (1 +ia)t?/(2(1+ a2)tr2))] exp(—iwot)),

where a is the chirp parameter. The length of this pulse is given by #,\/1 + a2,
while its amplitude is Eg/</1 + a2, such that the total energy of the pulse
remains constant. The FWHM bandwidth for this pulse is Ak/ky = 24/21n(2)/
(Ck‘otp).

(ii) Chirped Gaussian pulse with constant pulse length:

E,(t) = R(Egexp [ — (1 + ia)tz/(Qtﬁ)] exp(—iwot)),
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Steep front (b < 0) Gentle front (b > 0)

Figure 1. Sample ‘skewed’ pulse envelopes for negative/positive b. The arrow denotes the
direction of propagation.

where a has the same definition as before. Both pulse length and amplitude
are conserved as the pulse is chirped. The FWHM bandwidth for this pulse is

Akfko = (2¢/2In(2)/(ckot, ) /T + a2.

(iii) Unchirped pulse with deviation from Gaussian envelope:
By (t) = R(Egexp [—t*/(t2(1 + bt/ /12 + t2) )] exp(—iwot)),

where tg = 1 um/c by definition, and b is a dimensionless parameter to control
the ‘skewness’ of the pulse, [0 < 1. For b < 0, the pulse has a steep front
and a gentle back; for b > 0 it is the other way around. Sample envelopes for
t, = 50 fs and b = +0.8 are shown in Fig. 1.

For all envelope types, ag takes values between 0.5 and 3.0. Other parameters are
tp, = 30 fs and a = 0, £1, £5.9 for the type (i) pulse, and ¢, = 80 fs and a = 0,+15.4
for the type (ii) pulse (to match the pulse in [38]). For the type (iii) pulses used
in [7], one has t, = 50 fs, b = —0.52 for the steep-front pulse and ¢, = 52 fs,
b = 0.58 for the gentle front pulse. For a = 0 (b = 0) all envelope shapes reduce to
the standard type 0 (Gaussian) envelope.

One should note that the total energy in a type (iii) pulse varies with b as
(1 — 0.12b%), whereas the total energy in type (i) or (ii) pulses is independent of
a. However, for b = 0.58 (—0.52), the pulse energy is only 4.5% (3.5%) lower than
for b = 0, so the differences are well within the accuracy of the values for ag as
taken from the experiments.

A moving window has been used to follow the pulse. The simulation has been
continued for either 5.33 or 12 ps depending on the width of the plasma slab, to
allow the pulse to completely traverse the plasma. A simulation box of 0.2 mm
with 5120 cells has been used (cell size 39 nm, i.e. 20-25 cells per laser wavelength),
and 32 particles per cell at peak density. At the boundaries, absorbing bound-
ary conditions have been applied, so no reflected radiation will interfere with the
simulation.

The numerical removal of all left-going, i.e. backward-going, radiation mentioned
above has been implemented as follows. In one dimension, the transverse EM fields
can be separated into left-going (E;, B|) and right-going (E,,B,) parts, provided the
plasma density changes on a length scale much longer than the laser or plasma
wavelength. One then has E; = E| + E, and B, = B, + B,, where E; = %(O, E, —
¢B.,E. +cBy). E, = 1(0,E, + ¢B.,E. — cB,), By = 3(0,B, + E. /¢, B. — E,/c)
and B, = 1(0, B, — E./c, B, + E,/c). This separation is accurate up to O(wﬁ/w%),
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which is sufficient to achieve a near-complete RBS suppression while leaving the
right-going fields virtually unaffected. In those simulations where field suppression
has been used, the transverse IEM fields have been replaced by their right-going
parts once every 100 time steps during the first 2 ps. After 2 ps, field suppression
has been discontinued since RBS is negligible at that stage and continuation of
the suppression may eventually affect the right-going fields. This is because the
transverse components of E and B are known at different points of the Yee mesh [42]
and have to be interpolated for the calculation of the right-going fields, which
introduces numerical errors.

Absent in our simulations are two-dimensional effects such as Raman sidescatter,
self-focusing, and direct laser acceleration [43], which could play an important role
in certain regimes. However, both RBS and RFS are basically one-dimensional
instabilities that can be studied using one-dimensional simulations. Moreover, the
simulations presented by Mori et al. [22] demonstrated that also in two dimensions
the presence of RBS and RSS causes large amounts of slow electrons to be injected
into the wakefield, loading the wakefield and reducing its amplitude. Finally, it
is noted that the longitudinal electric field of a particle in one dimension does
not depend on its Lorentz factor v, whereas this field scales with 1/42 in three
dimensions due to relativistic effects. As long as the density of trapped electrons is
much lower than the plasma electron density, this does not make a difference to the
longitudinal beam loading of a trapped electron [44]. However, in the case that the
density of trapped electrons is much higher than that of the plasma electrons,
the y-dependence of the longitudinal electric field induces a clear y-dependence of
the longitudinal beam loading in three dimensions, which cannot be reproduced in
one dimension. For the parameters used in our simulations, the y-dependence of the
beam loading will be in between these two extremes. However, the simulation results
will show that the wake damping is mainly caused by slow particles (v2 < 1.3), for
which the longitudinal beam loading in one dimension is not very different from
three dimensions. Therefore, this issue does not affect the validity of our results.

Several benchmarks have been performed to establish the reliability of the code
XOOPIC. In the weakly nonlinear regime ag < 1, both the laser pulse and the
scattered KM waves have to satisfy the dispersion relation w? — QI% = c2k?, where
Q]% = wg/\/ 1 + a3 is the relativistically corrected plasma frequency. Furthermore,
the backscattered wave needs to satisfy |w_ —wg| = Q, and |k — ko| = Q,/c.
The RBS Langmuir wave needs to satisfy w = €, and k = 2kg — Q,. A simu-
lation involving a pulse with ag = 0.5 and a plasma ng = 3.8 x 10! em™ has
been performed, and the results satisfy all of the above relations within accuracy
limits.

We have also performed benchmarks to reproduce results on RFS stimulation in
beat-wave experiments [24], RFS stimulation through direct RFS seeding [30], and
suppression of RBS by RFS in beat-wave experiments |28, 29], all obtained in the
linear regime. Simulations have been performed with ag = 0.2 for the RFS seeding
case and ap = 0.1 for both pulses in the beat-wave case. The effects described in
the papers mentioned have all been reproduced. Therefore, we consider the code to
be sufficiently reliable for our needs.

4.2. Effect of RBS

As explained in Sec. 2, in the regime of high laser intensities the presence of RBS
is expected to decrease the number of generated high-energy electrons, while its
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Figure 2. Simulation results for ap=1.5 at t=1.6 ps. The pulse is located between
ky(xz — ct) =120 and 180. (a) Left- (i.e. backward-)going transverse electric field for a full
simulation. (b) Longitudinal electric (wake) field (RF‘\ Langmuir wave) for a full simulation
(solid curve) and one with suppression of left-going ﬁelds (dashed curve). In the full
simulation, RBS and RFS overlap in space and time. Absence of RBS-induced beam loading
in the other simulation leads to a higher amplitude wake field.
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Figure 3. Simulation results for ap = 1.5 at ¢ = 1.6 ps. Particle phase space for (a) a full
simulation and (b) one with suppression of left-going fields. Absence of RBS-induced beam
loading in the latter leads to a clearer structure in phase space, which is also related to the
clearer wakefield structure visible in Fig. 2(b).

suppression is predicted to improve fast-electron production. In order to isolate
the effect of RBS suppression on the number of high-energy particles we have
performed two simulations for a type 0 pulse having amplitude ag = 1.5, one full
simulation and one with suppression of left-going fields, as described above. The
amplitude has been chosen such that the nonlinear RBS growth rate is maximum,
while the nonlinear RFS growth rate is only slightly below its maximum [23]. The
laser pulse has a FWHM of 50 fs, and the plasma has the flat-top density profile
described above with ng = 3.8 x 10'? em™2. The results are displayed in Figs 2 and 3.
In both figures, the laser pulse is located roughly between &, (z —ct) = 120 and 180.
Simulation results are as follows. Figure 2 displays plots of the transverse left-going
field £y, for the full simulation and the wake electric field £, for both simulations,
at t = 1.6 ps, i.e. when the pulse is in a region of increasing plasma density and the
RBS growth is at its peak. The corresponding detail plots of electron phase space
are displayed in Fig. 3. The plots of Ej , and E,, show that RBS and RFS are both
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Figure 4. Simulation results for ap = 1.5, and a Stokes satellite of 0, 1, 2 and 5%, at t = 2 ps.
(a) Fourier spectrum of the left-going transverse electric field, showing the decrease in RBS.
(b) Cumulative particle energy spectra, showing the increase in high-energy particle yield.
The curves labelled ‘full’ and ‘no E;” correspond to the same simulations as displayed in

Fig. 2 and 3.

present in the simulation at ¢ = 1.6 ps, and overlap in space and time, making the
RBS-RFS two stage acceleration possible. The laser wake visible in the plot of E,
(Fig. 2(b)) is actually the RFS Langmuir wave. Ponderomotive excitation does not
play a role here since the pulse length is several times the plasma wavelength. The
plot of E clearly shows that the suppression of RBS in a simulation leads to a
much higher wakefield amplitude, in agreement with our earlier prediction.

The phase space plots (Fig. 3) indicate that RBS-induced plasma heating is
dominant in the full simulation, meaning that a large number of particles is available
to be trapped by the wake wave. As a result, the laser wake is heavily beamloaded
and has hardly any structure. In contrast, plasma heating is much less important
in the simulation with suppression of left-going fields, and the laser wake has a
well-defined structure, confirming our earlier speculation. It was also found that
the peaks in phase space, which consist of electrons trapped in the wake, extend
to much higher momenta for the simulation with suppression than for the full
simulation (not shown in the phase space plots). This too points to a higher wake
amplitude at wave breaking.

For both simulations particle energy spectra have been determined at t = 2 ps
when the pulse enters the ‘plateau’ of maximum plasma density and the amount
of trapped particles begins to saturate, and at t = 4 ps when the pulse leaves this
plateau. At 2 ps it has been found that the simulation with suppression of left-
going fields contains about 15 times as many electrons having an energy of 5 MeV
or more than the full simulation. Also, the simulation with suppression displays
a peak particle energy of 38 MeV, compared with 19 MeV for the full simulation.
Cumulative electron energy spectra are displayed in Fig. 4(b). The simulation with
suppression is labelled ‘no E;’. At later times, the particle energies have increased
for both simulations, especially for the full simulation. Nevertheless, the simulation
without left-going fields shows 50% more electrons having an energy above 5 MeV
and six times as many electrons having an energy above 25 MeV than the full
simulation. At lower laser intensities, the regime under consideration is lost. At
ao = 1.0 and for the given plasma density, simulation results show that RBS growth
is limited and there is little RBS-induced heating. As a result, few particles are
trapped by the wake even though RBS and RFS overlapped in space, and the
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effect of beam loading of the wake can be neglected. Therefore, the suppression of
RBS will not lead to a larger wake amplitude but only result in a lower fast-particle
yield, in line with earlier results [5, 14-19)].

Although the direct removal of all left-going fields is a useful tool for demonstrat-
ing the effect of RBS on high-energy electron yield, RBS suppression in experiments
needs to be achieved in other ways. One way, as presented in the previous section, is
stimulation of RFS in laser—plasma interaction. This can be achieved by simultan-
eously injecting two laser pulses having carrier frequencies that differ by w,, into
the plasma [24, 30]. This method will be investigated in the next section.

4.3. Effect of RFS

In the second series of simulations, the effects of RFS on plasma wave formation
and fast-particle production have been investigated. Initially, the laser pulse beats
with the RFS-associated Langmuir wave (w,, k), to produce Stokes and anti-Stokes
sidebands at w4 = wp * w,, in the Fourier spectrum of the forward-going transverse
fields, which are commonly used to identify RFS [2,27]. In turn, the beating
between these side bands and the laser pulse resonantly drives the plasma wave,
since their frequency difference is wy,, driving it to much higher amplitudes than can
be expected from ponderomotive excitation alone [18,19,24]. This is accompanied
by the excitation of higher-order (anti-)Stokes EM waves, i.e. resonance peaks at
Wn = wo + nw,, n integer. As the sidebands gain intensity, their mutual nonlinear
interaction causes sidebands at non-integer values of m to appear. This process
eventually leads to the breakup of the spectrum and the laser pulse.

In order to investigate the effects of RFS more closely, simulations have been
performed in which RIS has been stimulated by adding a Stokes satellite pulse to
the main laser pulse, a small pulse with frequency w1 = wg—w, and the same length
and envelope shape as the main pulse. Such a satellite is expected to enhance the
effect of RFS in terms of sideband growth and plasma wave excitation [24,30]. The
RFS stimulation is best observed at ag ~ 0.5, since nonlinear interaction occurring
for larger ag quickly obscures the emergence of (anti-)Stokes peaks in the field
spectra. Two simulations have been performed, one with a pulse with ap = 0.5 and
a seed with a; = 0.05, and one without seed and a pulse with ag = 0.55, so the peak
amplitudes are initially equal. The simulations have been continued for 5.33 ps,
allowing the pulse to complete its transition through the plasma slab.

Since the effect of RFS seeding on (anti-)Stokes sideband growth and RFS
Langmuir wave excitation has already been investigated in detail [30], we just
summarize our results on those topics here. In both simulations, the following
chain of events can be observed: emergence of the lowest order (anti-)Stokes peaks
in the spectrum and of the RFS Langmuir wave behind the pulse, emergence of
higher order (anti-)Stokes peaks and further growth of the Langmuir wave, energy
cascading from the main laser peak to the various (anti-)Stokes peaks, emergence
of non-integer (anti-)Stokes peaks due to nonlinear interaction between the various
peaks, and finally loss of all structure of the transverse fields, their spectrum and
the Langmuir wave as a result of this nonlinear interaction. The main difference
between the two simulations is that all of these processes happen more intensely
and on a much shorter timescale in the simulation with seed, than in that without.

To investigate the effect of direct RIS stimulation on RBS growth and fast-
electron production, we have repeated the full simulation discussed in Sec. 4.2 with
a Stokes satellite pulse added to the main laser pulse. The results are displayed in
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Fig. 4. Comparing simulation results at ¢ = 2 ps for ag = 1.5 and satellite levels of
0, 1, 2 and 5% of ag, we find that the number of high-energy electrons increases
with satellite amplitude (Fig. 4(b)), while RBS growth decreases (Fig. 4(a)). For
the 50 fs pulse used here, a 5% satellite is sufficient to achieve near-complete RBS
suppression. Simulation results indicate that a longer pulse leads to a higher RBS
level, but also that this can be compensated for by using a higher seed. Therefore,
we conclude that adding a Stokes satellite to the main pulse is a possible way to
control the amount of RBS in laser—plasma interaction experiments. Comparing the
electron energy spectra of these simulations with those of the simulation without
left-going fields from Sec. 4.2 (black curve in Fig. 4(b)), we find that the simulation
without left-going fields produces more high-energy particles than a full simulation
with 2% seed, but less than one with 5% seed. This is explained by the fact that the
seed does not only suppress RBS, but also resonantly drives the wakefield, causing
a larger amplitude wakefield and therefore a larger high-energy particle yield than
RBS removal alone.

Summarizing these results, we conclude that the presence of the satellite enhances
the growth of RFS in the simulation, and thus the growth of the (RFS-driven)
plasma wave. The RI'S enhancement also leads to RBS suppression, in agreement
with results by Everett et al. [28,29], thus preventing heavy beam loading of the
laser wake and leading to an even larger wake amplitude. Both effects ultimately
lead to an increase in the yield of high-energy electrons, rendering the Stokes
satellite a very effective, experimentally feasible way to stimulate fast-electron
production.

In the following sections, we investigate how the RFS/RBS growth is affected by
the plasma density profile, the pulse envelope shape and both types of laser chirp,
and what the consequences are for the influence of such parameters on high-energy
electron production.

4.4. Plasma density profile

The first parameter to be investigated is the plasma density profile. As mentioned
above, for a long pump moving along a plasma density ramp, the RBS growth
decreases with increasing slope [31]. Unfortunately, this result cannot be applied
to the case of a short pulse, i.e. much shorter than the typical length scale on which
the plasma density changes. In such cases, it is expected that the RBS and RFS
growth rates are determined by the local plasma density itself at the location of
the pulse rather than by the slope of the density profile at that location. The total
growth is then obtained by integrating the growth rate along the profile.

To investigate the influence of the plasma density profile on both RBS/RFS
growth and fast-electron production, we have performed two simulations in which
the same laser pulse (50 fs duration, ap = 1.5) impinges upon a plasma having a
piecewise linear density profile that ramps up from n = 0 to 3.8 x 10! cm™3 and
then remains at that density. In the first simulation the ramp occurs over a distance
of 0.6 mm, while in the second it occurs over 1.8 mm. The simulations have been
continued until the pulses reached the plateau of maximum density in both cases,
and particle trapping saturated.

Simulation results are displayed in Figs 5 and 6. For both simulations, the Fourier
spectrum of the backward going fields has been determined just after the onset
of plasma electron trapping, since at this time the influence of RBS on particle
trapping is maximum. For the steep slope case, this happens just after the pulse
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Figure 5. Fourier spectrum of the transverse electric field (a) and electron energy spectrum
(b) for a plasma density profile with a steep ramp (red) and a gentle ramp (green). The gentle
ramp case displays a higher fast-particle yield than the steep ramp case. This difference is
related to the lower RBS growth for a gentle ramp.

3 3
2 2
_ |
S : <
£ £,
< £
& £
-1

110 120 130 140 150 160 110 120 130 140 150 160

(a) c(k — ko) /wp (b) c(k — ko)/w,

Figure 6. Detail plots of electron phase space for a plasma density profile with a steep ramp
(a) and a gentle ramp (b). Phase space has more structure for a gentle ramp than for a steep
ramp, and is less burdened by RBS-induced heating.

has reached maximum density (f = 2.2 ps), while for the gentle slope this happens
when the pulse is at 65% of the maximum density (f = 4 ps). The spectra are
shown in Fig. 5(a): it is clear that the steep slope case exhibits a lot more RBS
than the gentle slope case. This is primarily due to the fact that at the onset of
trapping, the pulse has reached maximum density for the steep slope case, which
results in a larger local RBS growth rate. Particle energy spectra have been taken
at the end of the simulations (£ = 6 ps). They are displayed in Fig 5(b): it is obvious
that once particle trapping has saturated, the pulse moving along the gentle ramp
has produced much more high-energy electrons than the pulse moving along the
steep ramp. It is true that the total number of trapped electrons is higher for the
steep ramp case; however, nearly all of them are at the low end of the spectrum. In
Fig. 6, detailed plots of electron phase space are shown for both simulations. The
steep slope case clearly displays a higher level of RBS-induced plasma heating than
the gentle slope case. This agrees with the above observation that there is more
RBS excitation for the steep slope case than for the gentle slope case.

In general, it can be said that early in the simulations, the steep slope case
displays a larger level of RBS than the gentle slope case, while the level of RFS
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Figure 7. Particle energy spectrum (a) and Fourier k-spectrum of E, , (b) for a pulse with a
steep (red) and a gentle (green) front (ag = 2.6), at t = 2 ps. The steep front pulse generates
less RBS and more high-energy particles than the gentle front pulse.

is low for both cases due to the small RFS growth rate. Later in the simulations,
when RIS becomes dominant and RBS has mostly disappeared, the steep slope
case exhibits a higher level of RFS than the gentle slope case. The fact that the
growth rates for both RBS and RF'S increase with increasing plasma density may
explain this: for any x between 0 and 1.8 mm, the steep slope profile has a higher
local density than the gentle slope profile. Next to that, the ‘history’ of the pulse,
i.e. the profile already traversed before arriving at a certain density, is probably
also important. The larger amount of highly energetic electrons seen in the gentle
slope case is probably due to the fact that in both simulations, electron capture
happens when RBS is still dominant. Consequently, the highest electron energy is
reached in the simulation that exhibits the lowest RBS level. The difference in RF'S
at later times, which should work in favour of the steep slope case, seems to be much
less important.

4.5. Laser pulse envelope

As found in experiments by Leemans et al. [7], the use of laser pulses with a
‘skew’ envelope influences the yield of high-energy electrons. Experimental results
presented in this paper show that a pulse with a steep front and gentle back
traps more electrons than one with a gentle front and steep back. Simulations
have been performed using the type (iii) laser pulse envelopes given in Sec. 4.1.
Pulse parameters have been chosen to match those obtained in the experiments:
t, = 50 fs, b = —0.52 for the steep front pulse, and ¢, = 52 fs, b = 0.58 for the gentle
front pulse. Pulse amplitude is ap = 2.6 for both simulations. The plasma density
profile is the flat-top profile from Sec. 4.1. Simulation results are as follows. Figure 7
displays the cumulative electron energy spectra (a) and the Fourier spectra for the
backward-going EM fields (b), both taken at ¢ = 2 ps. From the energy spectra,
we find that the steep front pulse generates more high-energy electrons than the
gentle front pulse. The Fourier spectra reveal that the steep front pulse generates
less RBS than the gentle front pulse. Figure 8 displays detail plots of the electron
phase space at ¢ = 2 ps, for a steep front pulse (a) and a gentle front pulse (b). It
is clear from these plots that there is less RBS-induced plasma heating for a steep
front pulse.
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Figure 8. Detail plots of particle phase space for a pulse with a steep front (a) and a gentle
front (b), for ap = 2.6 at t = 2 ps. The plot for the steep front pulse clearly exhibits more
structure and less electron heating than that for the gentle front pulse.

The role of RFS in this case cannot readily be deduced from the simulation
results. This is due to the high peak intensity of the pulses, which is well in the
nonlinear regime. As a result, the (anti-)Stokes peaks of RI'S do not emerge clearly
from the Fourier k-spectra of the forward going EM fields, and cannot be studied.
However, a linear analysis by Schroeder et al. [36] predicted that the steep front
pulse causes a larger RFS growth than the gentle front pulse. This is supported by
simulation results at low laser intensity by Fisher and Tajima [30] that indicated
that a sharp leading pulse edge indeed favours RFS excitation. As a result, the steep
front pulse excites a larger wake than the gentle front pulse, which also contributes
to an increased fast-electron yield.

Based on our simulation results and the theory presented in Secs 2 and 4.2,
we propose the following scheme for the effect of pulse envelope shape on energetic
electron yield: (i) a steep front pulse favours RFS growth, while a gentle front pulse
does the opposite; (ii) enhanced RFS growth leads to both a larger laser wake and
suppression of RBS; (iii) RBS suppression leads to less beam loading of the wake
and thus to an even larger wake; (iv) the combined effect of all this is a marked
increase in high-energy electrons for the steep front pulse as compared with the
gentle front pulse, in agreement with experimental results [7].

4.6. Pulse-length-preserving chirp

As shown by Dodd and Umstadter [38], pulse-length-preserving laser chirp has a
clear effect on both RFS growth and fast-electron production. This type of chirp
is characterized by its large carrier frequency gradient. In this section the effect
of this type of chirp on both RBS and RFS is investigated, in order to determine
whether RBS also plays a role in this case.

Several simulations with pulse-length-preserving chirp have been performed. For
the plasma, ng = 1.1 x 1012 em™ has been used, and either a constant density or
a flat-top plasma slab as specified above. A type (ii) pulse envelope has been used
with ag = 1.0, A\g = 1 pm, 80 fs FWHM, and a chirp factor a = +15.4. Simulation
results are displayed in Figs 9-11. First, the pulse with positive chirp displays a
lot of erosion at the front (Fig. 9(a)), where its frequency is low, while this effect
is entirely absent for the negatively chirped pulse (Fig. 9(b)). This is probably
caused by the fact that the vector potential A, = [E, dt of the pulse has an
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Figure 9. Transverse electric field at ¢ = 6 ps for pulses with pulse-length-preserving chirp:
(a) positive chirp, and (b) negative chirp. The pulse with positive chirp undergoes strong
depletion at its front, while the pulse with negative chirp is hardly affected. In both cases,
complete RBS suppression can be observed.
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Figure 10. Fourier spectrum of transverse electric field for pulses with length-preserving
chirp: (a) positive chirp and (b) negative chirp. The spectra for positive chirp display a large
RFS growth, while there is hardly a trace of RFS for negative chirp.
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Figure 11. Electron energy spectrum at ¢ = 6 ps for pulses with positive (red) and negative
(green) pulse-length-preserving chirp. It is clear that positive chirp enhances fast electron
yield, while negative chirp suppresses it.
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asymmetric envelope as a result of the non-constant carrier frequency of the pulse,
even though the electric field has a symmetric envelope. For a positive (negative)
chirp, the vector potential envelope will have a steep front (back) and a gentle
back (front), which increases (decreases) RFS seeding, as the ponderomotive force
of the pulse is proportional to VA2 . (See also the previous section on the effect of
asymmetric pulse envelopes.) Apart from enhancing the differences in the growth
of RIS already present due to the large carrier frequency gradient (see below),
the asymmetry of the vector potential is also held responsible for the asymmetric
erosion of the laser pulse.

One should note that the carrier frequency gradient needs to be quite large in
order to see a reasonable skewness in the envelope of A. This can be quantified
as follows. As the local carrier frequency w(t) of a chirped pulse depends linearly
on the time t, there is a time ¢y such that w(tg) = 0. If the chirp of the pulse is
such that [tg| < 3 -, then the envelope is visibly skewed. For the chirped pulses
used in this section, [to]/t, ~ 2.3 holds and the envelopes of their vector potentials
are clearly asymmetric. In addition, observe that the pulses have a very broad
frequency spectrum, ranging from zero to about 2wg, where wgy denotes the central
frequency of the pulse. This means that the group velocity within the pulse ranges
from about c for the highest frequencies all the way down to zero for the lowest.
For a positively (negatively) chirped pulse, having the lowest (highest) frequency
at the front, this may cause compression (stretching) of the pulse, in addition to
the asymmetry already present in the vector potential.

Second, the pulse with positive chirp undergoes the type of breakup of its field
and spectrum that points to a large RFS growth (Fig. 10(a)). This effect is again
abgsent in the case of a negatively chirped pulse (Fig. 10(b)). The difference in RFS
growth can be explained directly from the known effect of (the sign of) a large
carrier frequency gradient on the RIS growth rate as discussed in Sec. 3. As a
consequence, the positively chirped pulse excites a large-amplitude plasma wave,
which is able to trap electrons even at the moderate peak amplitude used here. No
electron trapping is to be observed in the case of a negatively chirped pulse. The
ability of positively chirped pulses to trap and subsequently accelerate electrons
in their wake much more efficiently than negatively chirped pulses can do is also
manifested in Fig. 11. Here we have plotted the energy spectrum of electrons that
are accelerated by a positively chirped pulse (red curve) and by a negatively chirped
pulse (green curve). Obviously, positive chirp enhances fast-electron yield, while
negative chirp suppresses it.

As can be seen in Fig. 9, there is hardly any RBS to be observed for either positive
or negative chirp, something that is accompanied by a total absence of any RBS-
induced plasma heating. This is in agreement with the prediction by Sakharov and
Kirsanov [23], that RBS will be suppressed if the gradient of the carrier frequency
is sufficiently large, regardless of its sign. The absence of RBS allows us to study the
effect of REFS on the plasma wave growth, without being bothered by the disturbing
effects of RBS.

4.7. Bandwidth-preserving chirp

The last parameter to be discussed is bandwidth-preserving laser chirp. For this
type of chirp, the Fourier power spectrum is conserved, causing the pulse duration
to increase and the amplitude to decrease with chirp. As discussed in Sec. 3, the
dominant characteristic of this type of chirp is the increase in pulse length and the
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Figure 12. Fourier spectrum of the transverse electric field for pulses with small
bandwidth-preserving chirp (a=+£1.0), at t=6 ps, for the backward-going (a) and
forward-going (b) fields. RBS growth is limited because the pulse is still very short (~70 fs).
The influence of the sign of the chirp on both RBS and RFS growth is small.
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Figure 13. Fourier spectrum of the transverse electric field for pulses with large
bandwidth-preserving chirp (@ = +5.9), at t = 6 ps, for the left-going (a) and right-going
(b) fields. RBS growth is larger in this case because of increased pulse length (~300 fs).
Again, the influence of the sign of the chirp on both RBS and RFS growth is small.

corresponding decrease in amplitude, while the carrier frequency gradient is rather
unimportant. Because of this, the vector potential of a pulse chirped this way is
only slightly skewed, and the asymmetry in wakefield excitation mentioned in the
previous section does not play a role here. Therefore, we expect the amount of RBS,
and hence the particle yield, to depend on the magnitude rather than the sign of this
type of chirp. To investigate this, we have performed simulations involving pulses
having a type (i) envelope with ¢ = +£1.0 and @ = +5.9. In both cases, ap = 3.0 and
FWHM = 50 fs before chirping. The plasma density profile was also Gaussian, with
no = 1.1 x 1019 em™3. The following results have been obtained. In Figs 12 and 13,
the Fourier spectra of the left- and right-going transverse electric field at t = 6 ps
are shown for both small and large chirp. We see that the spectra for pulses with
small chirp (¢ = £1.0) are dominated by RFS in the right-going fields and show
little RBS in the left-going fields, while those for large chirp (& = £5.9) show hardly
any RFS, but display a significant amount of RBS. This behaviour agrees with
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Figure 14. Cumulative particle energy spectrum for pulses with bandwidth-preserving chirp
att = 6 ps, for (a) a = £1.0 and (b) a = +5.9. The average particle energy decreases strongly
with increasing chirp magnitude, while the sign of the chirp has hardly any influence.

the predictions made above for long pulses with a low carrier frequency gradient.
Also, we observe that there is no qualitative change in the spectra when the sign
of the chirp is changed while its magnitude is not. In Fig. 14, the corresponding
cumulative particle energy spectra are displayed. It is clear from these spectra that
particle numbers increase and particle energies decrease rapidly with increasing
chirp magnitude, while they are nearly insensitive to its sign. This can be explained
from the observations that RBS growth increases for increasing pulse length, i.e.
increasing chirp magnitude, while the neither RBS nor RFS growth is affected
by the sign of the bandwidth-preserving chirp. As explained before, an increase in
the level of RBS rises the amount of trapped particles but strongly lowers their
average energy. Also note that the number of trapped electrons naturally increases
with increasing pulse—plasma interaction length.

5. Summary and conclusions

A new regime for the effect of Raman instabilities on the production of fast electrons
in laser—plasma interaction has been identified. The regime is characterized by laser
intensities well above the threshold for electron trapping, large growth rates of the
Raman instabilities, and spatial and temporal overlap of RBS and RFS. It has
been demonstrated that in this regime the presence of RBS hurts the production of
fast (over 15 MeV) electrons, whereas RBS suppression enhances this production.
RBS suppression can be obtained by stimulating RFS growth. An experimentally
feasible way to do this, is adding a satellite pulse at the Stokes frequency to the main
laser pulse. The effects of a number of pulse and plasma parameters on fast-electron
production have also been investigated. It has been found that parameters that
favour RFS growth and/or suppress RBS growth, ultimately lead to an increased
yield of fast electrons.

In the new regime, RBS-induced plasma heating strongly increases the number
of electrons that get trapped in the wake. This results in strong beam loading,
which reduces the wake amplitude. Although the total number of trapped electrons
increases, the number of high-energy electrons decreases in this case. Under these
circumstances, suppression of RBS leads to enhanced wake wave growth, and an
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increase of both the number of fast electrons and their energy. This is in contrast
to earlier results at lower laser intensities, where RBS has been found to improve
fast-electron production [5,14-19].

Adding a Stokes satellite to the main laser pulse is an efficient way to enhance
fast-electron production. The satellite acts in two ways: it enhances the laser wake,
and also causes RBS suppression. Depending on the circumstances, a satellite
having 5% of the field amplitude (0.2% of the intensity) of the main pulse may
already be sufficient to reach a near-complete suppression of RBS. This suppression
has been explained from the fact that the seed enhances the growth of RIS,
which in turn reduces the growth of RBS. Enhancing RFS through other means,
such as tuning various laser and plasma parameters, gives similar results. In the
simulations, a high yield of fast electrons is always accompanied by a high level of
RFS and a low level of RBS.

The influence of various laser and plasma parameters on fast-electron yield can
be explained through their influence on RFS and RBS growth. For the plasma
density profile, it has been found that a pulse climbing a gentle density increase
initially excites less RBS than one meeting a steep density increase. As a result,
the number of high-energy electrons generated by the pulse is higher in the case of
a gentle increase than that of a steep increase. Later in the simulations, the level
of RFS, and thus the laser wake, is larger for a steep than for a gentle density
increase. This does not seem to have a substantial influence on the final electron
energy though.

The results of the simulations focusing on the effect of the shape of the pulse
envelope demonstrate that an envelope with a steep front produces less RBS than
an envelope with a gentle front. Although the influence of envelope shape on RFS
cannot be determined from the simulations, due to the dominance of nonlinear
effects at the laser intensities employed here, analytical calculations indicate that
the steep front pulse excites more RFS than the gentle front pulse. Together with
the fact that enhancing RF'S suppresses RBS, this may well explain the difference in
RBS between the pulses. The net result is a higher number of high-energy electrons
produced by the steep front pulse than by the gentle front pulse, in line with
experimental results [7].

The investigations on the role of chirp reveal that in order to avoid confusion, a
distinction needs to be made between bandwidth-preserving chirp and pulse-length-
preserving chirp. Regarding the effect of pulse-length-preserving chirp, pulses with
a large chirp of this type are found to generate hardly any RBS regardless of the
sign of the chirp. RFS growth, and thus fast-electron production, is different for
pulses with positive or negative chirp, in agreement with earlier results 35,36, 38].
For bandwidth-preserving chirp, the sign of this type of chirp does not have any
substantial effect on RBS or RFS growth, and thus on fast-electron yield. This is in
contradiction to earlier conjectures [38], but in agreement with recent experimental
results [7] showing that differences in electron yield are likely to be the result
of a difference in pulse envelope rather than chirp. Furthermore, RBS growth
increases with the magnitude of the chirp, since the pulse length, and thus the
pulse—plasma interaction region, also increases with this magnitude. This results in
increased beam loading of the generated plasma wave and a drop in the yield of
truly fast electrons (energy over 15 MeV). Since laser chirp as used in experiments
is bandwidth preserving by nature, it is unlikely that chirping a pulse will ever
increase fast-electron yield in experiments.
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