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Electron bunch evolution in laser-wakefield acceleration
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We report on systematic and high-precision measurements of the evolution of electron beams in a laser-
wakefield accelerator (LWFA). Utilizing shock-front injection, a technique providing stable, tunable and
high-quality electron bunches, acceleration and deceleration of few-MeV quasimonoenergetic beams were
measured with cutting-edge technology sub-5-fs and 8-fs laser pulses. We explain the observations with
dephasing, an effect that fundamentally limits the performance of LWFAs. Typical density dependent
electron energy evolution with 57-300 ym dephasing length and 6-20 MeV peak energy was observed and
is well described by a parabolic fit. This is a promising electron source for time-resolved few-fs electron

diffraction.
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I. INTRODUCTION

Laser-wakefield acceleration (LWFA), a laser-driven
electron acceleration scenario, was proposed in 1979 [1].
It was realized first in the hundreds of MeV energy range,
[2-4] then at lower [5,6] as well as higher energies [7-9]
generating multi-GeV beams. LWFA offers longitudinal
accelerating fields on the order of 100 GV /m, many orders
of magnitude larger than conventional accelerators and it
enables the generation of electron bunches with few-fs
pulse duration [10,11]. Therefore, it provides compactness,
novelty and accessibility for possible future applications.
The maximum electron energy in a single accelerator stage
is limited by laser diffraction, laser depletion and by the fact
that the electrons are eventually faster than the laser-driven
plasma wave. The latter is referred to as electron dephasing
and the corresponding maximum acceleration length is the
dephasing length L. It is given approximately by L, 3p =
% \/doA3 /45 for underdense plasmas in the 3D nonlinear
theory [12] or by /I?, /43 in a 1D weakly nonlinear scenario,
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where A,[um] = 3.3 x 10'°/y/n,[cm™3] and 4, are the
plasma and laser wavelengths, respectively, and n, is the
electron density. For acceleration lengths shorter than
the dephasing length, the electron bunch always experi-
ences an accelerating field and, thus, its energy increases.
On the other hand, for acceleration lengths larger than the
dephasing length, the bunch enters the region where the
longitudinal accelerating field within the plasma period has
changed sign and, therefore, it starts to decelerate. The
energy increase continues until the longitudinal electric
field reaches zero, at which point the acceleration length
reaches L, and the maximum energy is obtained. In order
to reach higher energies > GeV, all energy limitations must
be controlled in particular dephasing.

Various techniques have been implemented to mitigate
diffraction such as preformed plasma channels [13], gas-
filled capillary discharge waveguides [9,14,15] or laser
self-channeling [16]. In the high energy experiments cited
above, in order to reach GeV range, a relatively low
(10718 ¢cm=3) electron density was used, thus electron
dephasing was not the primary limiting factor. Instead, the
laser was kept focused as long as possible, so that the
electrons stayed in phase and were accelerated longer. Even
if the electron dephasing is retarded by using low electron
densities, there are still proposals to enlarge the dephasing
length by using a tapered plasma medium with increasing
density [17,18], plasma density tailoring [19], or a faster
driver in a hybrid accelerator [20]. Recently, new concepts

Published by the American Physical Society


https://orcid.org/0000-0002-7694-9066
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevAccelBeams.23.112803&domain=pdf&date_stamp=2020-11-30
https://doi.org/10.1103/PhysRevAccelBeams.23.112803
https://doi.org/10.1103/PhysRevAccelBeams.23.112803
https://doi.org/10.1103/PhysRevAccelBeams.23.112803
https://doi.org/10.1103/PhysRevAccelBeams.23.112803
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.kb.se/samverkan-och-utveckling/oppen-tillgang-och-bibsamkonsortiet/bibsamkonsortiet.html

D.E. CARDENAS et al.

PHYS. REV. ACCEL. BEAMS 23, 112803 (2020)

have even been proposed to circumvent the dephasing
effect [21]. Therefore, better understanding and control of
the maximum energy gain is fundamental to the physics of
laser plasma accelerators.

In order to resonantly excite a plasma wave, the laser pulse
length should match half of the plasma wavelength, i.e.,
CTpuise = 4p/2 [1]. Up to now, ultrashort ~25 fs, highly
intense (I > 10'"® Wem™, g, > 1, where q is the normal-
ized laser vector potential) Ti:sapphire laser pulses
(4o = 800 nm) were typically employed, which led to
dephasing lengths of many mm’s. As Ly & 4, & 7). [6],
shorter pulses, matched densities and relativistic intensities
lead to dephasing effects within 10s gm. Optical parametric
chirped pulse amplification (OPCPA) [22] technology allows
the production of multi-TW sub-10-fs laser pulses as
demonstrated by the Light Wave Synthesizer 20 (LWS-
20). The upgraded sub-5-fs [23] (older 8-fs [24]) version of
LWS-20 is (was) the most intense few-cycle laser system in
the world.

A possible application of the electron bunches is ultrafast
electron diffraction (UED). Traditional UED utilizing an
electron gun [25,26] is an effective tabletop technique to
study atomic motions in matter with femtosecond temporal
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resolution. The resolution of UED is determined by the
duration of the electron bunches and the time-of-arrival
jitter between these bunches and a laser pulse. A recent
development is the application of relativistic electron pulses
to suppress space charge effects that degrade the electron
bunch duration [27]. Typical main parameters of state-of-
the-art MeV UED facilities [28,29] are 2.5-6 MeV electron
energy with about 0.1% energy spread, 1-10 fC electron
bunch charge, 20-50 prad divergence, about 20 nm trans-
verse normalized emittance, and 50 fs FWHM temporal
resolution at best [30].

In this article, we present the first systematic measure-
ment of the electron beam evolution in a LWFA. The short
sub-10-fs laser pulses give rise to acceleration to an electron
energy of up to 10-20 MeV, and a dephasing within about
57-300 um. To reveal electron beam evolution, the accel-
eration length is scanned by varying the position of electron
injection into the plasma wave. The injection mechanism
used in this experiment is the so-called shock-frontinjection
[31]. It has proven to work for long pulses (~25fs) [19,
32-34] as well as for short ones [31] providing stable, high-
quality, quasimonoenergetic electron beams with low
energy spread (AErwpm < 5 MeV) and tunability of the
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Typical laser parameters of the < 5-fs system. (a) Spectrum of the LWS-20; (b) compressed (4.53 fs) and Fourier limited

temporal intensity profile; (c) LWS-20 focal spot profile using an off-axis parabola with f# = 3.3.
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electron spectrum over more than 1 order of magnitude by
using a long laser, as in [32]. Shock-front injection is
realized by placing a razor blade or silicon wafer on top of a
supersonic gas nozzle, creating an ultrathin (<5 gm) shock
front which separates two different plasma regions with a
certain density ratio (1.6 in our case [31], n,; > n,,;
Ap1 < 4p, in case of a down-ramp transition). As the laser
passes the density shift, a fraction of the background plasma
electrons, forming the end of the first plasma period in n, 1,
is injected. These electrons are inserted in the accelerating
phase of the first plasma period in the lower density range
n.». In this configuration, such a sharp density transition
allows an instantaneous and precise injection and therefore,
very low and peak-energy-independent (constant) absolute
energy spread of the electron beam. This simple but
effective method provides high control over the electron
injection position and thus over the final peak energy, by
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shifting the blade and correspondingly the shock-front
position.

II. EXPERIMENT

In the first part of our experiments, we focused the old
version of LWS-20 with 8 fs, 800 nm central wavelength,
65 m] on-target energy pulses (130 mJ at the end of the
laser) to a spot of 12 yum (FWHM) with f# = 6, reaching a
peak intensity of 1.6 x 10'® Wem™2 [31]. In the second
part, we used the upgraded LWS-20 (see Fig. 1) with <5 fs,
740 nm, 37 mJ on-target energy pulses (75 mJ at the end
of the laser) focused to a spot of 5.5 ym (FWHM) with
f# = 3.3 obtaining a peak intensity of 1.2 x 10" Wcm™
(which was higher than the applied input peak intensity due
to prechirping the pulses as described later).

A fully characterized 300 ym, for the <5-fs case,
(500 ym for the 8-fs case) supersonic de Laval nozzle
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FIG. 2. Experimental setup: The laser beam was focused on helium gas emanating from a 300 yum (< 5 fs) and 500 ym (8 fs)
supersonic de Laval nozzle. A razor blade produced a sharp down-ramp density transition with a density ratio 1.6, the so-called shock
front. The blade was positioned 100 gm above the nozzle and 100-200 um below the laser and was moved longitudinally to tune the
acceleration length of the injected electron bunch. A removable scintillating screen (BIOMAX) was used for absolute charge
measurement and beam profile observation. A permanent dipole magnet with entrance aperture, equipped with BIOMAX as well, was
installed to measure the electron spectrum. A probe beam propagated through the nozzle perpendicularly to the main beam. Different
injection positions are illustrated corresponding to different acceleration lengths: longer (1), similar (2) and shorter (3) than the
dephasing length. Typical electron spectra from (1), (2) and (3) are shown in Fig. 3. Inset: Typical electron beam profile in the sub-5-fs

case: 2 pC charge and 10-mrad root-mean-square (rms) divergence.
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FIG. 3. Average electron spectrum with 8 MeV peak energy

over 20 shots (for L) and standard deviation band in the shaded
area, and two typical single-shot electron spectra (for L, and L5)
at 7.7 x 101 ecm™ and <5-fs LWS-20 pulses with peak energies
(centroid of a Gaussian fit after background subtraction) of 9.5
and 6 MeV, respectively. The measured dephasing length is
L, ~ 130 um (see Fig. 6). Inset: Longitudinal electric field of the
plasma in the comoving frame inside the first plasma period.

with helium gas and a razor blade on a translation stage
provided the acceleration medium with controlled injec-
tion, as seen in Fig. 2. The background electron density was
tuned within the range of 4-21 x 10'° cm™ to approx-
imately match the corresponding laser pulse duration.
Shadowgraphy with a probe beam propagating perpen-
dicularly to the main beam was used to observe the plasma
channel, the plasma wave and the injection position of the
electrons. The plasma wavelength, i.e., the electron density,
is matched to the laser pulse duration in a pure LWFA

(a) (b)

scenario. However, within a small range of densities away
from this resonance, wakefield excitation and electron
acceleration also take place. This enabled us to measure
the electron energy evolution in more than two cases, even
though only two different pulse durations were employed.
Furthermore, although instabilities in the accelerator are
expected at higher densities in the self-injection regime
[35], these are not present for the external injection
mechanism used in this work. While scanning the injection
position, the focus of the laser was moved accordingly in
order to compensate the laser diffraction. For each injection
position, especially in the sub-5-fs case, chirping the laser
pulse about +10 to +20 fs? before the interaction helped to
compensate the dispersion in the plasma (—7 fs?/100 ym
at 1 x 10%° ¢cm™3). The input peak intensity was thus lower
(%1/2), ie., ~4-6x 10" Wem™ but remained more
stable throughout the acceleration medium.

For the 8-fs case, typical electron bunches had approx-
imately 8 pC charge, peak energies of 5-20 MeV and
approximately 4 mrad rms divergence. While for the sub-
5-fs case, 2 pC [36] bunches with rather large divergence
(10 mrad rms) were generated at <10 MeV peak energies.
Due to the divergence of the electron beam with our typical
energy spread, peak energies below 2-3 MeV cannot be
measured properly and low (5 MeV) as well as medium
(12 MeV) energies have a maximum central energy shift of
5%. The electron spectra are plotted for different accel-
eration lengths in Fig. 3 using sub-5-fs laser pulses. The
acceleration length is determined from the relative injection
position [see Fig. 4(a)] with the help of a parabolic fit as
described later. The electron energy increased with accel-
eration length L5, reached its maximum at L, and
decreased at L;. The acceleration lengths were scanned

T T L T T
20 20 F
P&
%16 XC — |
S 150
8 £
8 >
950 1000 1050 1100 1150 1200 9 10 F
Measured shock-front position (um) dc)
(] )
o x 9.8
S 1) 8 5 11,54
! o 13,2
5 ' v 21,0
c 8} f
% /Eb O " 1 . 1 . 1 . 1 . 1 " 1 "
e Y 0 100 150 200 250 300 350 400
0

0 100 200 300
L 4= Const. - (Measured shock-front positions) (um)

FIG. 4.

Acceleration length (pm)

(a) Retrieval of acceleration lengths L, from the measured shock-front positions (see details in text). (b) Peak energy of the

electron spectrum for 8-fs (< 5 x 10" cm™) and sub-5-fs (all others) laser pulses for different acceleration lengths for various electron
densities. The vertical error bars indicate the standard error over 50 shots whereas the horizontal error bar is approximately 5 ym, which
is comparable to the symbol size and therefore not plotted. The lines are fits using Eq. (2).
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FIG. 5. Evolution of the electron bunch at 14.4 x 10! cm™ driven by sub-5-fs laser pulses for 12 different injection positions.
(a) Peak energy of the measured (black squares) and PIC simulated (gray filled circles) electron spectra, and parabolic fit (continuous red
line) from Eq. (2); (b) electron bunch charge; (c) measured (black squares) and PIC simulated (gray filled circles) relative energy spread;
(d) beam divergence (black squares) and 635/y, mrad fit (continuous line) from Eq. (2) as a function of the acceleration length. Error
bars correspond to the standard deviation of about 50 shots per injection position. Horizontal error bars from (a) apply as well to (b)—(d).

in arange large enough for the dephasing effect to manifest.
This procedure was repeated for electron densities of 4.1 x
10" cm™ and 4.6 x 10" cm™ for the older 8-fs LWS-20
and from 7.7 x 10! cm™ up to 21 x 10! cm™3 with the
<5-fs system. The observed peak energies are plotted as a
function of the acceleration lengths in Fig. 4(b).

We observed in many cases that for long enough accel-
eration lengths, L, > L, , the peak energy of the electron
beam increased again, as plotted in Fig. 5(a) for
14.4 x 10" cm™, in contrary to the results in [37]. The
charge continuously decreased along the whole acceleration
length [see Fig. 5(b)] with the slope of —0.8 pC/10 ymup to
L,~ 100 ym and later remained constant. The absolute
energy spread stayed constant (=3.5 MeV) up to the first
dephasing point L, ~ 60 ym due to the injection technique
[32]. Consequently, the relative energy spread improved
by almost a factor of 3, proportional to the energy gain, and
afterwards it remained approximately constant [see
Fig. 5(c)]. Finally, the divergence of the electron bunch
behaves as 1/y, throughout the whole process, where y, is
the gamma factor of the electron bunch [see Fig. 5(d)].
Moreover, the spatial profile of the accelerated beams
remains roughly circular for all acceleration lengths indicat-
ing a very weak interaction of the electrons with the laser

during the acceleration [38], in particular at the dephasing
region.

III. ANALYSIS AND DISCUSSION

Through parabolic fitting of the experimental data, as
shown in Fig. 4(b), we obtained the dephasing length as
well as the accelerating fields in each case. The analysis and
the retrieval of the results are expected to work under the
following approximations.

(i) The longitudinal accelerating field €comoving Scales
linearly with the longitudinal coordinate £ in the comoving
frame, which is a characteristic feature of nonlinear plasma
waves (see the inset in Fig. 3). Furthermore, this linear
dependence is also valid within the laboratory frame, which
is reasonable for constant speed difference between elec-
trons and plasma wave. This forms the basis of the fit as it
will be shown.

(i) The whole wakefield generation takes place in a
flattop electron density profile, where effects from plasma
gradients at the edges are insignificant.

(iii) The parabolic fitting is based on a 1D-like weakly
nonlinear plasma wave [39] and further relativistic effects
generated by the laser are not taken into account. Such a
scenario fits well to shock-front injection [31,32].
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(iv) Any dynamical changes of the first plasma period,
referred as bubble, or variations in the group velocity of the
laser are not included. Thus, it does not cover the whole
physical picture [12,40-43] and rather assumes a constant
accelerating field.

(v) Beamloading is not significant, as shortly dis-
cussed later.

(vi) Electron beam interactions with the laser are not
significant. In a more realistic case, the laser pulse is shorter
than half a plasma period ¢z, <1,/2, due to self-com-
pression in plasma [44]. Therefore, this condition is
fulfilled at least until the dephasing point even for the
strongly nonlinear blowout case.

The longitudinal electric field of the plasma at the
position of the electron bunch € as a function of its position
in the laboratory system x is

€
e(x) =€y — L—O!x;
a

0<x<2L, (1)
where € is the longitudinal accelerating field at the rear of
the first plasma period (see inset in Fig. 3). The accelerating
field is zero at the position where the dephasing limit is
reached. The electron energy is obtained by adding to the
initial kinetic energy the integral of the field Eq. (1) from
the injection position x =0 up to a certain acceleration
length L,. We assume that the initial kinetic energy of a
trapped electron in the plasma wave matches the linear
group velocity of the laser and it is determined by E;, =
0.511 MeV (4,/4y — 1). This yields

L, L
Ep(La) = / ee(x)dx + E, = eL e (1 __a) 1 E,.
0 2L,
(2)

The peak energy of the electron spectrum E, depends
quadratically on the acceleration length L ,. In areal scenario,
L, is not directly measured due to the gradient of the plasma
profile. Nevertheless, only the relative injection positions
into the wakefield determine the fit. From the fit coefficients,
the accelerating field as well as the dephasing length are
retrievable. For lower densities, eL/E,, > E, applies.
However, in this highly dense regime, the phase velocity
of the plasma is also not negligible (£, ~ 1-3 MeV) com-
pared to the maximum obtained energy (8§-20 MeV) and
therefore this last term on the right side of Eq. (2) is not
negligible. Figure 4(b) shows fits given by Eq. (2) to the
measured electron peak energies as functions of the accel-
eration length for different densities. In the few cases where
the spectra are not Gaussian-like, we used the first moment of
the spectral distribution. Our investigations show that this
definition is much more accurate than taking the high-energy
cutoff of a continuous energy distribution [37,45]. These fits
and the acceleration length were obtained in the following
way [see Fig. 4(a)].

Density (10" cm®)
27.2 121 6.8 4.4 1.1 0.8 0.6 0.4
50F T T T T 7% '/
/ 4
’é‘ 25 _ 7 i
\Er -~ P
<
£ 0.3 ]
c
Q2
g’ 0.2 i
7]
2
a 0.1 i
o
[a]
0-0 = 1 1 1 1 1 1 1 Kl 1 1 1 1 1.
3 4 5 10 12 14 16

Plasma wavelength (um)

FIG. 6. Measured (black squares) and predicted dephasing
lengths according to L, (continuous red line [12]) using
aps fsrcarp = 1.5 and agg ¢ = 0.8; and 1D weakly nonlinear
theory (dashed green line). The result at 1, 9.5 ym is from [37]
with an q, of 2.5, while at /11, ~ 12.7 ym is from [45] with an a
of 2.9. Vertical error bars are the standard deviation from the fits
while horizontal error bars correspond to 15% uncertainty in the
electron density determination.

(i) Plot the peak energy determined from the (averaged)
spectrum with respect to the relative injection positions,
measured directly from the plasma channel observation.
Increasing injection positions correspond to decreasing
acceleration lengths.

(ii) Fit a parabola to this plot via the least-squares method
and mirror (invert) it and the measurement points horizon-
tally with respect to the center of the parabola. Shift the
parabola along the (horizontal) acceleration length axis
until the intersection with the peak energy axis matches E,.
The acceleration length plotted in Fig. 4(b) is then the
distance between the x = 0 and the inverted and shifted
injection positions. Since E,, is calculated directly from the
electron density measurements, the fit has only two degrees
of freedom. The corresponding L, is a constant minus the
injection position.

Figure 6 shows the retrieved L, from the fits using
Eq. (2) in Fig. 4(b). Even though for the longest accel-
eration lengths extinction of the wakefield or nonlinearities
may affect the acceleration process, the energy evolution
seems to be mainly limited by the dephasing of the electron
beam. Our results match very well the 1D weakly nonlinear
dephasing formula 43 /43. They also fit the 3D nonlinear
formula shown in the introduction since in a weakly
relativistic regime both expressions predict similar results,
as visible in Fig. 6. For the sub-5-fs case, a lower a is used
in the 3D formula due to the experimentally applied initial
chirp. For the sake of completeness and to validate our
analysis at other densities and laser parameters, we plot
the results retrieved from the experiments from [37,45].
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The very good agreement with theory confirms that our
simple but consistent analysis describes dephasing well and
laser propagation does not influence significantly our high
density results as changes of the laser pulse in these studies
[37,45], at lower densities, are much less relevant compared
to our parameters. Particularly, the result from [37] was
identified as longitudinally self-injected electrons. In this
regime, nonlinearities are not significant, as stated by the
authors. Moreover, the fact that the fit also describes
correctly the results from other groups, where different
gas targets were utilized, supports our claim that potential
effects arising from plasma density modulations or gra-

dients are not significant. Furthermore, in our case PL <3
cr

initially for both laser systems, where P,, is the critical
power for relativistic self-focusing [46], except for at n, =
2.1 x 10 cm™ where the retrieved L, deviates signifi-
cantly from the expected value. Short dephasing lengths
(57-300 pm) are a direct consequence of employing highly
dense plasmas and sub-10-fs pulses. Moreover, these
results clearly indicate that in order to reach high energy
electrons, longer pulses and lower electron densities
should be applied to excite the wakefield, i.e., E,, may
eegL; ﬂf,, as observed using these two laser systems,

20 MeV/8 MeV ~ (3™ in Fig. 4(b). Furthermore, we

3 um
present two experimental reasons to support the fact
dephasing has limited the electron energy: (i) the laser
energy depletion was measured to be 10%-20%, at the
most, after the interaction; (ii) all the acceleration lengths
considered to plot the fits are shorter than the measured
confocal length (2Z ~ 240 um in the sub-5-fs case). These
previous observations allow us to claim that neither
diffraction nor depletion played a significant role.
Moreover, no self-injection was observed when the blade
was removed. The inefficient laser energy coupling to the
plasma, along with the observation of only blueshift in the
transmitted laser spectrum, further contribute to understand
that our experiments were not in the strongly nonlinear
regime [44] but rather in a weakly nonlinear scenario.
Corrections to the wake phase velocity as studied in [43]
would represent a maximum deviation of 5% from the
current dephasing length results. Therefore, the linear laser
group velocity is a good approximation. The longitudinal
accelerating fields from the fit were on the order of
100-250 GV/m. The values were smaller than the theo-
retical values of up to 1 TV/m due to our modest intensities
ap~1, far away from the complete blowout a, >4
[47-49]. Furthermore, low energy coupling into the plasma
hinders charge separation during the plasma wave excita-
tion resulting in a low accelerating field, as measured.
Beamloading was recognized [50] but turned out only to
have an effect of 20%, at the most, in the electron peak
energy and almost no effect in the absolute energy spread.

IV. SIMULATIONS

3D particle-in-cell (PIC) simulations with a 5-fs driver
laser were performed using the code ELMIS3D [51] and
VORPAL [52] code for the 8-fs driver to investigate details of
the dephasing process and post-reacceleration. The simu-
lation boxes were 30 x 30 x 30 um®> and 20 x 30 x
30 um? for the 5-fs and the 8-fs cases, respectively; and
moved at the speed of light. They were divided into 512 x
256 x 256 and 400 x 300 x 300 cells, each one containing
20 and 1 macroparticle inside for the 5-fs and the 8-fs cases,
respectively. In the simulations the electrons are not exactly
trapped at the injection position at the shock front. After the
sharp down-ramp transition (from 1.1 x 10%** cm™ to 7 x
10" cm~ within <3 pm) and intense dynamics in the first
few um’s, a significant portion of the electrons leave the
first period and most of the particles that will be trapped fall
back almost to the end of the first plasma period similarly to
the case in [31]. Therefore, the trapping process does not
shorten significantly the dephasing length. Moreover, the
location of the shock front is 100 ym in front of the focal
plane “in vacuum” resembling the experimental conditions,
which contribute to a lower, but more stable on-axis laser
intensity along the acceleration. The simulated results
agree qualitatively with the experimental observations
and yield similar dephasing lengths: =50 ym for n, =
7% 10" cm™ and 5-fs pulses and ~130 ym for n, =
4 x 10" cm™ and 8-fs pulses. In the 8-fs simulations, we
observed an improvement of the relative energy spread up
to L, =~ L,;. The wakefield in the latter case is stable for at
least 200 ym. The simulations with the 5-fs driver show
two regimes: (1) one in which a single bunch dephases in a
classical scenario (Fig. 7); and (2) an extreme case where a
second bunch is self-injected and accelerated in the plasma
wakefield driven by the original bunch [53]. For the normal
dephasing case (1), the absolute energy spread remains
constant until the dephasing point and similar parabolas are
obtained for the energy vs acceleration length as exper-
imentally observed. In Fig. 7(a) we can even see the start of
the acceleration of a weak second electron bunch at around
45 um, which signals the start of the plasma wakefield.
Although, the plasma wakefield case (2) is beyond the
scope of this paper, this scenario is only observed when the
driver is powerful enough (x1.5 higher energy) and initially
chirped to compensate the plasma dispersion. This exotic
case resembles the “double parabola” energy evolution
shown in Fig. 5(a). Most importantly, the dephasing length
retrieved from the first parabola is almost identical to the
corresponding one in Fig. 7. In the experiments, an extra
“on-target” optimized wave front and correspondingly
35%—40% higher energy content of the focus, and therefore
higher peak intensity, led to the observations of this rare
regime in 25% of the cases. The above numerical results
allow us to claim that dephasing was reached in all cases
and other effects, such as depletion, diffraction, or laser
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(a) 3D PIC simulation of the energy evolution of an electron bunch in a wakefield with a background density of n, =

7 x 10" cm™ driven by a 5-fs pulse with a, = 2.25 with a central wavelength of 800 nm. (b) Density n, and transverse electric field E,
evolution during the dephasing processes at different acceleration lengths.

pulse elongation, did not limit the electron energy. We
notice also that PIC simulations seem to agree better at
lower densities and intensities. Further discrepancies
between the simulations and the sub-5-fs experimental
results are attributed to the use of: (i) 800 nm as the
simulated driver wavelength as well as (ii) Gaussian beams
with an ideal M?, instead of 740 nm and M? > 2, typical
for flattop beams. Moreover, (iii) propagation effects in the
experiments were reduced by moving the focal plane of the
laser accordingly for each shock-front position and finally,
(iv) an uncertainty in the electron density determination of
up to 15%-20%. A typical systematic difference is that
while a relevant broadening occurs in the PIC simulations
towards both the red and the blue sides of the laser
spectrum after the interaction, experimentally only blue-
shift was observed.

V. CONCLUSION

In conclusion, a systematic and direct measurement of
the dephasing effect in a laser wakefield accelerator has
been performed utilizing shock-front injection and sub-10-
fs laser pulses. The evolution of various electron parameters
during dephasing has been observed. Through a parabolic
fit, we describe the electron energy evolution during
dephasing in a weakly nonlinear LWFA scenario.
Despite its simplicity, it provides good agreement with
our experimental findings as well as with those from other
groups obtained in the regime of the acceleration length
being shorter than the dephasing length. Our study of the
dephasing effect is of primary importance for (i) plasma
accelerators since it provides the most accurate characteri-
zation of this fundamental energy limitation of LWFA in a
single stage and (ii) optimization of electron acceleration
in the near-single-cycle regime, where dispersion plays an

important role [54,55]. Last but not least, using short laser
pulses as delivered by LWS-20 allows the generation of
stable sub-10 MeV quasimonoenergetic electron beams.
This is a promising electron source for ultrafast electron
diffraction [56,57] with sub-10-fs temporal resolution,
which is still about an order of magnitude better than
standard technology, once other challenges such as the
large divergence and energy spread are overcome.
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