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Electron yield enhancement in a laser wakefield accelerator driven by asymmetric
laser pulses

W_.P. Leemans, P. Catravas, E. Fsarey, C.G.R. Geddes, C. Toth, R.
Trines,* C.B. Schroeder, B.A. Shadwick, J. van Tilborg,* and J. Faure
Lawrence Berkeley National Laboratory, University of Celifornia, Berkeley, CA 94720
(Dated: July 18, 2002)

The effect of asymmetric laser pulses on electron yield from & laser wakefield accelerator has been
experimentally studied using > 10'* cm™2 plasmas and & 10 TW, > 45 fs, Ti:AlsOg laser. Laser
pulse shape was controlled through nou-linear chirp with & grating pair compressor. Pulses (76
fs FWHM) with & steep rise and positive chirp were found to significantly enhance the electron
vield compared to pulses with a gentle rise and negative chirp. Theory and simulation show that
fast rising pulses can generste larger amplitude wakes that seed the growth of the self-modulation
ingtability and that frequency chirp is of minimal importance for the experimental parameters.

PACS numbers: 41.75.Jv, 41.75Ht, 42.65Re, 52.98.r

Controlling and optimizing the coupling of laser light
to plasma waves is important in numerous applications.
Laser-plasma, accelerators, which have heen proposed as
compact next-generation accelerators, rely on laser ex-
citation of large amplitude plasma waves {with 10-100
GV/m fields) for trapping and acceleration of particles
[1]. In laser fusion applications, excitation of plasma
waves through Raman and/or Brillouin instabilities [2]
can cause poor coupling of laser beams onto targets. The
use of laser bandwidth, temporal coherence, frequency
chirp and/or pulse shaping have been proposed as meth-
ods for controlling these instabilities [3].

Recent, 2-D particle-in-cell simulations [4] were re-
ported in which a linearly chirped laser pulse either sup-
pressed or enhanced the growth of the Raman forward
scattering (RFS) instability in the self-modulated laser
wakefield accelerator (SM-LWFA) [1, 5-9], depending on
the sign of the chirp. These simulations were done for
symmetric temporal laser envelopes with a large linear
chirp (laser bandwidth (FWHM) of 24% on a 120 fs laser
pulse). This is almost an order of magnitude beyond that
produced by typical lasers. Experiments have studied the
dynamics of RFS using picosecond linearly chirped pulses
[9] but found no dependence on the sign of the chirp for
laser intensities ~ 2 x 107 W /em?.

The effect of laser pulse shape on plasma wave growth
has also been studied theoretically [10, 11]. Triangular
pulses with a fast rise and slow fall time (compared to the
plasma period) have been shown 1o be more desirable for
lager-plasma, accelerators, in contrast o those with a slow
rise and a fast fall. Whereas in principle the plasma wave
amplitude behind the pulse is very similar for both types
of pulses, the fast rise time pulses generate significantly
larger wakes within the pulse, which can seed violent in-
stabilities. This can disrupt pulse propagation [11] but
can also, as shown below, lead to enhanced particle trap-
ping. Experimentally, such pulses can be generated using
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chirped-pulse amplification (CPA) laser systems [12].

In this Letter, we present the first experimental ob-
servations of enhanced acceleration of background elec-
trons in a laser wakefield accelerator by using non-linearly
chirped laser pulses from a 10 Hz, Ti:Als O3, CPA based
laser system [8]. The dominant effect of the non-linear
chirp is to cause pulse shape asymmetries with fast rises,
which are more unstable to self-modulation and RF5, re-
sulting in larger electron yield. Pulse shaping is found
to be more effective than the use of linear chirp in con-
trolling plasma instabilities and in optimizing the perfor-
mance of laser-plasma devices.

Low energy pulses (laser wavelength A ~ 0.8 pym) from
a laser oscillator were first temporally stretched, am-
plified to 1 J/pulse level and then compressed using a
grating based optical compressor (installed in a vacuum
chamber) to pulse widths as short as 45 fs. The com-
pressor setting yielding the minimum pulse duration at
the gas jet is referred to as the compressor zero. Fol-
lowing compression, the laser beam was focused to a size
w =6 um (Rayleigh length Zg ~ 141 ym) with a 30 cm
focal length (F/4) off-axis parabola (OAP) onto a pulsed
gas jet. The vacuum focus location with respect to the
gas jet was established as the center of the dumb-bell
shaped plasma, produced by laser ionization in a < 0.5
Torr Ng backfilled vacuum chamber. The peak power P
of the laser was varied using both the pulse duration and
laser energy. For the results in this Letter, at optimum
compression (full- width-half-maximum (FWHM) dura-
tion TrwaMm = 65 f5), P = 8.3 TW, resulting in a peak
intensity I = 2P/mw? =~ 1.5x10'® W/cm? and a normal-
ized laser strength ag ~ 8.6 x 109\ [gm]71/2[W jem”] =
2.6. After the interaction region, the spectral proper-
ties were measured using an imaging spectrometer (0.27
m focal length) with a 100 groove/mm grating and a
16 bit charged coupled device (CCD). The laser pulse
spectral bandwidth was typically 21-22 nm (FWHM), or
Aw/fug =~ 2.6%. The total charge per bunch and spatial
profile of the electron beam were measured using an inte-
grating current, transformer (ICT) and phosphor screen



imaged onto a 16 bit CCD camera, respectively.

The laser pulse duration, chirp and envelope charac-
teristics were varied by scanning the compressor grat-
ing separation. The laser pulse duration was measured
with a single shot autocorrelator (SSA), located outside
the vacuum chamber. Temporally resolved spectra of
the laser were measured using a frequency resolved opti-
cal gating (FROG) system, allowing pulse shape recon-
struction. Shapes for positively and negatively chirped
pulses with Tewam= 76 fs are shown in Fig. 1. As can
be seen, incomplete compensation of accumulated phase
non-linearities with respect to frequency from propaga-
tion through the laser system (including the compressor)
[13] resulted in positively (negatively) chirped pulses hav-
ing a fast, (slow) rise time. The experimental temporal in-
tensity profiles can be well-fitted to a skewed-Gaussian of
the form I(t) = Iy exp{[—£/ 2)|[1+3t/ (2 +72)1/2] 1},
where |b| < 1 is the skew parameter, 7 the duration and
Iy the peak intensity. In principle, positively chirped
pulses can also be generated with slow rise and fast fall
times through different compressor tuning.
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FIG. 1: Pulse duration from SSA (dashed line) vs. com-
pressor setting and representative pulse shapes for 70-80 fs
pulses. The insets show the laser pulse emvelope (I(t)/Io)
at two relative compressor separations corresponding to pos-
itively and negatively skewed pulses (& = +0.6) of duration
(Tewnn = 76 f3).

The forward scattered laser light and electron yield ver-
sus relative compressor separation are shown in Figs. 2
and 3, respectively. Typical plasma profiles had peak
density in excess of 3 x 101 cn =2 over 700 ym, with a
500 pm ramp from vacuum on either side, as measured
interferometrically. The minimum power at which elec-
trons were observed was ~ 0.9 TW {pulse duration ~ 500
fs), which is comparable to the critical power for relativis-
tic self-focusing P, = 17(A,/A)*> GW [14] for n, =~ 10"
cm—3. 'When electrons were produced, spectra showed
a clear redshifted sideband, which is attributed to RFS
(see Fig. 2). The transmitted laser spectra (Fig. 2), for
laser pulses = 170 fs, indicated that a substantial por-
tion of the laser pulse was blueshifted, on both sides of

the compressor zero. At the beam waist and compressor
zero, the laser intensity exceeds the appearance inten-
sity of Hett by > 100 times and hence only the front
of the laser pulse undergoes blueshifting. In the absence
of relativistic self-focusing, however, as is the case in the
density ramps of the jet profile below 10' cm =2, diffrac-
tion causes the intensity to reduce and a significant part
of the laser pulse can be blueshifted. As soon as the
laser power exceeds P, in the low density regions of the
jet, the amount of laser energy that undergoes ionization
blueshifting is drastically reduced.

The dependence of electron yield on focal position
within the plasma density profile was examined. Two
cases are shown in Fig. 3. In Case 1 the laser was fo-
cused on the upstream edge (low density ~ 2x10'¥cm—3)
of the gas jet. In Case 2 the laser was focused into the jet,
at a density around 3x10%cm~3. For Case 2 the peak
plasma density was 25% lower, which is a small correc-
tion compared 1o the difference hetween the densities at,
the two focal locations.
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FIG. 2: Forward laser spectra vs. compressor setting. The
energy wes ~ 460 mJ/pulse and the duration > 50 fs. The
laser was focused on the gas jet upstream edge.

For Case 1, the maximum electron yield did not occur
for the shortest laser pulse duration and was found to be
larger for steep pulses (positive chirp) by about a factor 2
compared to gentle pulses {negative chirp). In some runs,
order of magnitude asymmetries have been observed in
the electron data. For Case 2, significantly less asymme-
try was seen and the yield was found to peak close to the
compressor zero. Although the peak yield is nearly equal
in the two cases, focusing on the gas jet edge produces
gignificantly larger amounts of high energy electrons as
previously shown [8].

To correctly interpret the data, it is essential to es-
tablish the proper compressor zero. Group velocity dis-
persion (GVD) in vacuum windows and other optical el-
ements affects the laser pulse duration at the detector.
This results in a “false” determination of the optimum
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FIG. 3: Electron yield for Ceses 1 and 2 and pulse durs-
tion {dashed line) vs. compressor setting. Clesr asymmetry
in electron yield is observed vs. compressor setting for Case
1. The energy was ~ 460 mJ /pulse and the duration > 50 fs.

grating setting to reach the shortest pulse length at the
gas jet. We relied on two “direct” methods that use ion-
ization blueshifting and measurement of the upstream
location of the plasma edge.

Tonization blueshifting [15] causes a change in local fre-
quency w((, z) that can be estimated from [16] w?({, z) =
wh — [y dz8cw?((, z), where { = z — ct, z is the propa-
gation distance, wp is the initial laser frequency and w,
is the plasma frequency. This model predicts that at op-
timum compression, the shortest laser pulse undergoes
the largest amount of blueshifting. Rate equations us-
ing two-step ionization of He were solved using an ion-
ization rate given by the Keldysh tunneling model and
the experimental gas density profile was used as input.
Transmitted laser spectra as a function of grating sepa-
ration were measured for different gas jet positions, and
moderate laser pulse energies were used (~ 20 mJ/pulse)
50 as to minimize undesirable nonlinear effects (e.g., self-
focusing) that are not accounted for in the blue shift
model. The radiation collection angle was limited to
about 100 mrad. Good agreement, between measured and
calculated blueshifting was obtained, justifying the use of
blueshifting to determine the compressor zero.

As an independent second method for determining the
compressor zero, plasma interferograms were analyzed to
determine the location of the upstream plasma edge and
its dependence on pulse length for constant, laser fluence
(Jfem?). The intensity contour at which the jonization
thraeshold is first exceeded moves upstream from the waist
as the maximum laser intensity increases. The amount
of longitudinal shifting of the location of the plasma edge
was overall in good agreement (less than 10% of Zg de-
viation) with predictions based on Gaussian iso-intensity
contours [17]. The compressor zero location determined
by blueshift, and plasma edge measurements were indis-
tinguishable, and both were consistent, with the S5A mea-

surement, corrected for material GVD.

Several possible mechanisms have been investigated to
explain the asymmetry in yield with compressor setting.
Growth of RFS including chirp effects was studied analyt-
ically [18]. Chirp enhanced RFS could lead to larger par-
ticle trapping through interplay with Raman backscatter
[19]. The asymptotic growth of the RFS space charge
potential d¢¢ can be modeled as d¢ ~ ddyexp Nyrg
where d¢y is the initial seed and Nppg is the num-
ber of e-foldings. Using 1-D cold fluid theory, we find
Nnpg = 2T([¢[t/e)'/?, where T = Tr(1 — Aw|{|/woL)'/?
is the chirp modified growth rate, Tr = wZ|ao|/(v/8v.1w)
is the usual RFS growth rate [20, 21], ¢ is the propagation
time, and a flat-top laser profile a({) = ag for ¢ € [—-L, 0]
with a local frequency given by w = wp + Aw(/ L was as-
sumed. This indicates that RFS growth is increased by
a positive chirp (Aw/fwy < ) everywhere throughout the
pulse. In the standard description for RF3, the growth
of laser intensity modulations is caused by local enhance-
ment of axial energy transport due to plasma wave den-
sity perturbations [22]. Positive chirp increases this axial
transport [4] leading to larger growth, larger accelerat-
ing fields and a more rapid onset of particle trapping.
Growth enhancement, however, is small compared to the
experimental observations, i.e., in 1-D theory a few per-
cent, chirp leads to a change in growth on the order of
few percent. This is in agreement with results of 1-D
PIC simulations using the code XQQPIC [23].

The dominant, cause for the asymmetry of the electron
yield with chirp was found to be the dependence of the
laser pulse shape on chirp, as shown in Fig 1. Using the
experimental laser pulse shape, the plasma response was
calculated using the 1-D non-linear fluid equations [1].

Figure 4{a) shows the plasma wave potential d¢ pon-
deromotively excited by the positive a4 () and negative
a_(¢{) skewed laser pulse shapes with TrywmaM=76 5. A
larger wake is excited within the laser pulse for the pos-
itive compared to the negative skew case. RFS is seeded
by the density perturbations which contain Foyrier com-
ponents at the relativistic plasma frequency w,. Figure
4(b) shows the ratio of the Fourier components {evalu-
ated for w, at peak intensity) of the RFS seeds (a1d¢1)
for the positive and negative skew pulses from Fig. 4(a)
for varying density. This shows a large asymmetry in the
RFS seed when wpymrwrm ~ 10. Also shown in Fig. 4(b)
is the maximum amplitude of the seed [a4+d¢y(C)|meax
which decreases with increasing density or pulse dura-
tion, ie., for large density or pulse duration, the pulse
envelope contribution to seeding RFS is small.

In the experiment for Case 1, the laser is at high in-
tensity throughout the whole plasma: it enters at high
intensity and then relativistic guiding keeps it focused.
Ag the pulse encounters the low density plasma in the
front of the jet profile, the fast rise time is able to excite
large plasma waves when wyrrwam ~ 10, resulting in
larger noise. In the slow rise time case, the response is
weaker and lower amplitude plasma waves ensue. In ad-
dition, the asymmetry in redshifted sidebands observed
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FIG. 4 (&) Plasma wave potential d¢+ (solid curves) ex-
cited by pulse envelope a+(¢{) (dashed curves) for positive
(red curves) and negative {blue curves) skewed pulses with
wpoTFwrn = 6 for 2x10'® cm—3 density (gas jet ramp). (b)
Solid curve is the ratio of the Fourier compounents (evaluated
for w, at pesk intensity) of the RFS seed for {a+d¢p1 ) with
pulse shapes of (a) 8s & function of density. Dashed curve is
the maximum of [@4+d¢+{C)]max-

in the experiment is also consistent with enhanced RFS
for fast rise time pulses.

When the laser pulse was focused deeper into the jet
(Case 2), before the pulse reaches high intensity, it has

4

traversed much of the lower density gas at lower inten-
gity. As can be seen in Fig. 4(b), in the high density
region, where wpo7rwaM 2 20, seeding of the plasma
wave due to envelope effects is much less sensitive to
pulse asymmetries. Furthermore, on the ramp, the lower
laser pulse intensity results in smaller plasma wave am-
plitudes and again smaller seeds. The maximum wave
amplitude (electron yield) then occurs for shorter laser
pulses, i.e., near the normal compressor zero. Note that
ionization induced refraction and blueshifting may cause
some steepening of the pulse, independent, of chirp, and
therefore mask any chirp induced asymmetries.

Simulations (1-D) with XOOPIC qualitatively con-
firmed these results. A fast rising pulse propagating up a
ramp followed by a flat, density region yielded ~ 3 times
more electrons with energy > 156 MeV than for a gentle
riging pulse. However, when starting the pulse on the flat,
region the number of electrons was nearly identical.

In conclusion, experiments have demonstrated for the
first, time that optimization and significant enhancement,
of laser driven accelerators can be accomplished using
properly shaped laser pulse envelopes. Electron yields
can be produced with fast rising pulses which in some
cases are nearly an order of magnitude larger than for
slow rising pulses. The effect of envelope asymmetry on
enhancement of RFS and self-modulation is found to be
much more important than that of linear chirp in pulses
with symmetric {e.g., Gaussian) temporal envelopes.
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