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a b s t r a c t

Optimal regimes and physical processes at work are identified for the first round of laser wakefield
acceleration experiments proposed at a future CILEX facility. The Apollon-10P CILEX laser, delivering fully
compressed, near-PW-power pulses of sub-25 fs duration, is well suited for driving electron density
wakes in the blowout regime in cm-length gas targets. Early destruction of the pulse (partly due to
energy depletion) prevents electrons from reaching dephasing, limiting the energy gain to about 3 GeV.
However, the optimal operating regimes, found with reduced and full three-dimensional particle-in-cell
simulations, show high energy efficiency, with about 10% of incident pulse energy transferred to 3 GeV
electron bunches with sub-5% energy spread, half-nC charge, and absolutely no low-energy background.
This optimal acceleration occurs in 2 cm length plasmas of electron density below 1018 cm�3. Due to
their high charge and low phase space volume, these multi-GeV bunches are tailor-made for staged
acceleration planned in the framework of the CILEX project. The hallmarks of the optimal regime are
electron self-injection at the early stage of laser pulse propagation, stable self-guiding of the pulse
through the entire acceleration process, and no need for an external plasma channel. With the initial
focal spot closely matched for the nonlinear self-guiding, the laser pulse stabilizes transversely within
two Rayleigh lengths, preventing subsequent evolution of the accelerating bucket. This dynamics
prevents continuous self-injection of background electrons, preserving low phase space volume of the
bunch through the plasma. Near the end of propagation, an optical shock builds up in the pulse tail. This
neither disrupts pulse propagation nor produces any noticeable low-energy background in the electron
spectra, which is in striking contrast with most of existing GeV-scale acceleration experiments.

& 2013 Elsevier B.V. All rights reserved.

1. Introduction

Acceleration of electrons in laser-driven plasma wakes has been
the focus of keen interest over the last three decades. The introduction
of laser facilities delivering 100-terawatt (TW)-class mid-IR pulses at
high repetition rates greatly advanced this area. With such lasers, it
became possible to achieve a complete ponderomotive blowout of the
electron fluid in low-density plasmas (keeping the much heavier ions
at rest), maintaining the cavity (“bubble”) of electron density over
many Rayleigh lengths. The resulting extension of the acceleration
length to the centimeter range, combined with a GeV/cm-scale
gradient supported by the bubble, culminated in production of low
phase-space-volume electron bunches with energies close to 1 GeV

[1–3]. A sea change in the field of laser plasma acceleration (LPA)
should come with the further progress in laser technology. The state-
of-art systems are presently delivering short (15–30 fs) petawatt (PW)
laser pulses with 0.1–10 Hz repetition rate [3–6]. Per standard LPA
scalings [7], experiments at these facilities promise boosting electron
energy to a few GeV, producing beams with parameters competitive
with the standard linacs, but with the flexibility in parameters not
easily afforded by the standard accelerator technology.

The future CILEX (Centre Interdisciplinaire de la Lumiere EXtrême/
Interdisciplinary Center for the Extreme Light) is one facility of this
kind that targets diverse applications using plasmas produced by 1–
10 PW, short-pulse lasers. It will host the Apollon-10P laser, which will
deliver pulses with an instantaneous power up to 10 PW, and the
associated infrastructure and experimental setups. It will thus offer an
opportunity of scientific breakthroughs in various domains [8]. The
facility is located in France (Paris area) and is expected to open to the
international user community around 2015.
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The LPA is at the core of the CILEX scientific program, with the first
and foremost task to explore the experimental prospects of using
ultrashort PW pulses for multi-GeV acceleration. Starting with a pulse
duration of τL � 25 fs (FWHM in intensity) in preparation for even
shorter pulses, the first shots are expected to have the pulse energy on
target between 15 and 25 J (0.6–1 PW power). The carrier wavelength
of the Apollon-10P laser is λ0 ¼ 0:8 μm. A 30 μm�radius focal spot,
yielding 4–6.6�1019 W/cm2 intensity on target, can be easily afforded
by the laboratory design constraints. Using these parameters, we give
a comprehensive analysis of the laser plasma interaction, including the
associated relativistic optical phenomena. We focus on acceleration
beyond 1 GeV, exploring the regimes that maximize the electron
energy without beam quality degradation. A very basic configuration
will be implemented in the first round of experiments. The accelera-
tion will occur in the blowout regime, taking advantage of electron
self-injection and laser pulse self-guiding (over a few Rayleigh lengths)
in a low-pressure gas/plasma cell. The results of three-dimensional
particle-in-cell (3D PIC) simulations reported here show that few-GeV
electron bunches can be produced with a low phase space volume and
high enough charge to be used for either radiation physics applications
or staged acceleration; both applications are the top priorities on the
CILEX agenda [8].

With the laser parameters prescribed by the amplifier and focusing
system, the acceleration process can be optimized by changing the
pressure (density) in the gas cell and the cell length [9–11]. This way,
electron bunches with charge of a few hundred pC, tunable in energy
up to 3 GeV, having less than 5% root-mean-square (RMS) energy
spread (no low-energy tail), can be produced from 1–2 cm length
plasmas of density less than 1018 cm�3. In Section 2 we give
parameters for background-free GeV acceleration considering the
requirements for stable self-guided pulse propagation. These argu-
ments are supported by extensive parameter scans using quasistatic
PIC simulations with the axi-symmetric code WAKE [12–14] with test
particle tracking [9–11,15,16]. Section 3 provides detailed PIC simula-
tions for the optimal set of parameters taken from the center of the
range defined in Section 2. Section 3.1 uses the results of WAKE
simulation to identify the nonlinear optical processes at work and
explain the details of pulse evolution for acceleration beyond the
theoretical pulse depletion limit. It is found that the optimal choice of
parameters stabilizes the transverse evolution of the pulse after a brief
transient period. The electron density bubble, evolving in lock-step
with the optical driver, self-injects electrons early, and then remains
almost frozen, completely suppressing further injection. The quasi-
monoenergetic (QME) electron bunch thus stays background-free
throughout the entire acceleration process. In addition, frequency
red-shifting of the laser pulse due to wake excitation causes long-
itudinal deformations of the pulse (self-compression and formation of
the optical shock). These deformations have the same physical nature
as in high-density regimes of LPA [15–17], but manifest in a much less
disruptive fashion. Modest frequency red-shifting and incomplete
electron cavitation avoid the intensity build-up in the pulse front
and formation of a steep rising edge. Instead, the optical shock forms
in the pulse tail area at the end of the propagation, and the slowly-
rising, low-amplitude leading edge diffracts freely [18–20]. These
deformations reduce the efficiency of wake excitation, terminating
the acceleration process, but otherwise do not degrade the electron
beam quality. Presented in Section 3.2 results of fully explicit 3D PIC
simulations using CALDER-Circ code [21] confirm this evolution
scenario, demonstrating background-free acceleration to 2.85 GeV.
Section 4 outlines the results and points out the directions of future
work.

2. Parameter space for background-free GeV acceleration

The fundamental physical process underlying the operation of
the CILEX accelerator is the balance between the relativistic and

ponderomotive effects in laser pulse self-focusing. The relativistic
mass effect increases the nonlinear index of refraction near the
axis, compensating for linear diffraction, potentially leading to the
pulse focusing once the pulse power exceeds the threshold
Pcr ¼ 16γ2g GW [22]. Here, γg ¼ω0=ωpb1 is the Lorentz factor
associated with the linear group velocity of the pulse in plasma,
ω0 ¼ 2πc=λ0 is the pulse carrier frequency, ωp ¼ ð4πe2n0=meÞ1=2 is
the plasma frequency, �jej is the electron charge, me is the
electron rest mass, and n0 is the background electron plasma
density. Radiation pressure compresses the electron fluid, increas-
ing the electron density at the pulse leading edge, thus locally
reducing the nonlinear index. Once the pulse is shorter than ω�1

p ,
relativistic and ponderomotive contributions to the index tend to
cancel out each other. The pulse then diffracts as under vacuum
even though its power may exceed the critical power by an order
of magnitude [23–25].

Tipping the balance between the two effects in favor of
relativistic self-focusing occurs when ωpτLZ1, which sets the
lower limit of electron density,

n0Zn� ¼ 3:144� 1020ðτL½fs�Þ�2 cm�3: ð1Þ
Under the condition n0 � n� , the uncompensated relativistic self-
focusing inhibits the diffraction [25,26] if

PZ10Pcr � P� ¼ 2:835� 1017ðn0½cm�3�Þ�1 PW: ð2Þ
Electron energy gain in the regime n0 � n� can be estimated from
the following considerations. At the plasma entrance, the pulse is
sufficiently intense to produce a bubble that rapidly expands and
self-injects an electron bunch. As the pulse diffracts, the bubble
turns into the first period of the nonlinear plasma wave. Injection
thus stops and never resumes, whereas phase space rotation
reduces the beam energy spread to a few-percent level [9–11,
15,16]. The first wake period contracts as the wave amplitude
drops [25,26], releasing the accelerated electrons after a propaga-
tion over a couple of Rayleigh lengths. This sets the effective
acceleration length L�

acc � 2zR ¼ ð2π=λ0Þr20, where r0 is the laser
beamwaist at expð�2Þ of the peak intensity. As the pulse diffracts,
the wake amplitude remains close to the maximum amplitude
accessible in the blowout regime [7]. This yields the energy gain

E� ¼ 2zRE
�
acc � 23=2ðP=PcrÞ1=6ðmeωpc=jejÞzR:

The choice of the laser waist, r0 ¼ 30 μm, yields merely 0.7 cm
acceleration length in the diffraction-limited regime. There are
two ways to extend the pulse propagation length and increase the
energy gain. One is to enforce the relativistic self-focusing by
raising the laser power, and the other is to increase the plasma
density. Raising the power suppresses diffraction, but going
beyond P ¼ 25Pcr seems unreasonable. WAKE simulations indicate
that, at this high power ratio, the pulse spot and intensity start
oscillating before the stable self-guiding sets in. The resulting
periodic self-injection degrades the electron bunch spectrum [9].
The upper limit on the laser power is thus

Pr25Pcr � Pþ ¼ 7:1� 1017ðn0½cm�3�Þ�1 PW: ð3Þ
Increasing the density also enhances relativistic self-focusing,
eventually leading to self-channeling with almost complete elec-
tron cavitation [7,12]. In this regime, the pulse propagation and
electron acceleration are limited by the pulse depletion, which
yields Lþ

acc � cτLγ2g [7]. The acceleration length thus increases by a
factor

ΔLacc ¼ Lþ
acc=L

�
acc ¼ 2πðcτL=λ0Þðωpr0=cÞ�2:

Because of rapid pulse depletion, self-injected electrons remain far
from dephasing, staying close to the peak of accelerating gradient,
Eþ
acc � 21=2ðP=PcrÞ1=6ðmeωpc=jejÞ. This results in an energy-efficient
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acceleration process (cf. Section 3.2) with the energy gain

Eþ � 21=2ðP=PcrÞ1=6γ2gðmeωpc=jejÞcτL:

This gain, however, scales as E½GeV� � 1:3� 105ðn0½cm�3�Þ�1=3

�ðP½PW�Þ1=6τL½fs�. Therefore, increasing density too much reduces
the efficiency. And, as P approaches Pþ , transient oscillations the
laser spot and intensity degrade electron beam quality. Parameter
scans using WAKE simulations indicate that for P� rPrPþ and
ωpτL ¼ π=2 the pulse propagation is not yet compromised. This sets
the upper limit on density:

n0rnþ � ðπ=2Þ2n� ¼ 7:76� 1020ðτL½fs�Þ�2 cm�3 ð4Þ

Fig. 1 shows the parameter space defined by Eqs. (1)–(4) for the 25 fs-
length pulse. Its lower-left corner, n� ¼ 5� 1017 cm�2 and P� ¼
0:56 PW, yields L�

acc � 0:7 cm, E�
acc � 1:4 GV=cm, and E� � 1 GeV.

The upper-right corner, nþ � 1:24� 1018 cm�3 and Pþ � 0:57 PW,
yields Lþ

acc � 1:06 cm, Eþ
acc � 2:6 GV=cm, and Eþ � 2:75 GeV. WAKE

simulations with test particles and CALDER-Circ simulations corrobo-
rate these estimates within a 15% margin of agreement.

The important point to be made is that as the laser power grows,
the density window for the background-free acceleration closes very
rapidly. For P¼0.6 PW, almost the entire range n� rn0rnþ is
available, whereas for P � 1 PW the upper density limit reduces to
n0 � 7� 1017 cm�3, narrowing the density window by a factor of 3.5.
Further, there is practically no freedom in accelerator parameters for
P � 1:5 PW. This is not surprising; for PW pulses as short as ωpτL � 1,
the balance between vacuum-like diffraction and catastrophic self-
focusing critically depends on a few-percent variation of power and
density, reducing our ability to control the acceleration process and the
final parameters of electron beams.

3. Physical processes at work in the optimal regime:
Back-ground-free 2.85 GeV electron bunch from 2 cm plasma

To explore in detail the physical processes at work in the optimal
acceleration regime, we select the parameters from the center of the
window in Fig. 1. With these parameters, our reduced and full 3D PIC
simulations reproduce all the hallmarks of the regime: (1) relativistic
self-focusing of the pulse sufficient to create the ponderomotive
blowout (the bubble); (2) transient evolution of the system sufficient
to cause self-injection of ambient plasma electrons; (3) rapid termina-
tion of self-injection and formation of a QME electron bunch;
(4) acceleration of this bunch to a few-GeV energy over at least
1 cm distance, with identically zero low-energy background.

The laser pulse and plasma parameters are as follows. The
plasma begins at x¼0 and has a 0.5 mm-length entrance ramp
followed by a flat portion with the density n0 ¼ 8:62� 1017 cm�3.
The pulse is focused at the foot of the ramp and propagates toward
positive x. The pulse carrier wavelength, λ0 ¼ 0:8 μm, corresponds
to γg � 45. The amplitude of normalized vector potential is given
by aðx¼ 0Þ ¼ a0exp½�ðr=r0Þ2�2 ln 2ξ2=ðcτLÞ2�, where ξ¼ ct�x,
r¼ ðy2þz2Þ1=2, τL ¼ 25 fs (ωpτL ¼ 1:31), r0 ¼ 30 μm
(ωpr0=c¼ 5:24), and a0¼4.3. The latter yields the peak intensity
at focus I0 ¼ 4� 1019 W=cm2, average power P¼0.6 PW, and
P=Pcr � 18. The pulse spot is 15% wider than the matched size,
rm ¼ ðc=ωpÞ23=2ðP=PcrÞ1=6 � 26 μm. Even though the pulse depletion
length, Ld � cτLγ2g, is only 1.5 cm, we run the simulations through
x� 2 cm (or 5:7zR) to find details of pulse and electron bunch
beyond the theoretical depletion limit. Details of the laser pulse
evolution and self-injection process presented in Figs. 2–7 corre-
spond to this set of parameters.

3.1. Evolution of optical driver

The cylindrically symmetric, time-averaged (over ω�1
0 ) quasi-

static PIC code WAKE [12] computes the complex envelope of
the laser vector potential using an extended paraxial solver.
To preserve group velocity dispersion (GVD) over a broad fre-
quency range and to calculate precisely radiation absorption due
to wake excitation in the situation with large frequency shifts
[13,14], we use the longitudinal grid Δξ� λ0=4� 0:2 μm. The radial
grid is three times coarser. We use 30 particles per radial cell and
the time step ω0Δt � 10:125. Under these conditions, WAKE
correctly captures all relevant physics of pulse propagation and
evolution of the bubble [9–11].

The envelope code WAKE is perfectly suited for studying the
nonlinear optical evolution of the driver, with the focus on spectral
modifications and amplitude distortion caused by the wake excitation
[13,14]. Variation of the pulse integral characteristics and peak
amplitude in the course of propagation is shown in Fig. 2. The integral
characteristics are the energy [Fig. 2(a)]; radially integrated mean
frequency and frequency variance [Figs. 2(b) and (c), respectively],

〈ωðxÞ〉¼ ω0

W2ðxÞ

Z 1

0
r dr

Z 1

0
ωjaðx; r;ωÞj2 dω ð5Þ

〈ΔωðxÞ〉2 ¼ 1

W2ðxÞ

Z 1

0
r dr

Z 1

0
ðω� 〈ω〉Þ2jaðx; r;ωÞj2 dω ð6Þ

where aðx; r;ωÞ ¼ R þ1
�1 aðx; r; ξÞexp½� iðω0�ωÞξ=c� dξ=c is the Fourier

transform, and W2ðxÞ ¼ω2
0

R1
0 r dr

R1
0 jaðx; r;ωÞj2 dω; and the mean

pulse length computed as a ξ-variance of the energy density on axis
[Fig. 2(d)],

〈ΔτðxÞ〉2 ¼ 8 ln 2

U2ðxÞ

Z 1

�1
ðξ�c〈τ〉Þ2jaðx;0; ξÞj2 dξ ð7Þ

where 〈τ〉¼ cU�2 R1
�1 ξjaðx;0; ξÞj2 dξ is the position of the beam

centroid, and U2ðxÞ ¼ c2
R1
�1 jaðx;0; ξÞj2 dξ. Snapshots of the pulse

amplitude jaðx; r; ξÞj are shown in Fig. 3 near the points of the
strongest transverse and longitudinal compression [panels (a) and
(b), respectively], and through the process of optical shock formation
[panels (c) and (d)]. Fig. 4 links longitudinal distortion of the pulse [cf.
axial lineouts of normalized intensity in panels (a.1)–(d.1), which
correspond to the amplitude snapshots in Fig. 3(a)–(d)] to the local
frequency shift on axis [panels (a.2)–(d.2)]. This shift is extracted from
the complex envelope of the vector potential, aðx;0; ξÞ ¼ jajexpðiϕÞ,
using two independent methods. First, the Wigner transform of
the envelope, Wðx; ξ;ωÞ ¼ ð2πcÞ�1 R þ1

�1 aðx; ξþðξ′=2ÞÞanðx; ξ�ðξ′=2ÞÞ
exp½� iðω0�ωÞξ′=c� dξ′ yields the distribution of “photon density” in
the “photon phase space,” ðξ;ωÞ. Secondly, we calculate the “instanta-
neous” frequency as the rate of the envelope phase change,

0.5 0.6 0.7 0.8 0.9 1 1.1 1.2

0
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P
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W

)

n− n+
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Fig. 1. Parameter space for the background-free, GeV LPA with a 25 fs pulse [the
area delimited with red (gray) curves]. The lower density limit, n� , corresponds to
the diffraction-limited propagation (ω�

p τL ¼ 1); nþ corresponds to the depletion-
limited propagation without catastrophic self-focusing (ωþ

p τL ¼ π=2). The lower
power limit, P� ¼ 10Pcr , corresponds to diffraction-limited propagation; the upper
limit, Pþ ¼ 25Pcr, corresponds to the self-channeled, depletion-limited propagation
with minimized oscillations of the laser spot size. The cross marks the parameters
of the optimal regime studied in detail in Section 3. Figs. 2–7 correspond to this
regime.
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ωðξÞ ¼ ω0�dϕ=dt ¼ ω0þc∂ϕ=∂ξ. Photon density, frequency (5), fre-
quency bandwidth (6), and pulse duration (7) are experimentally
measurable quantities [20]. These markers of nonlinear optical

processes make it possible to distinguish between the regimes of
laser pulse propagation and wakefield excitation.

The transient stage of pulse propagation lasts for a couple of
Rayleigh lengths. Fig. 2(e) shows that the pulse self-focuses near
x¼0.35 cm, increasing the intensity by approximately a factor of
2.5. It is during this stage that the expanding bubble self-injects
electrons. Fig. 2(d) indicates that the mean pulse length (7) drops
through the focusing stage, reaching the minimum near x¼0.6 cm.
Fig. 4(a) reveals that the reduction in central frequency and the
bandwidth increase are only 10% at this point, which rules out
strong longitudinal distortion associated with the negative GVD of
the plasma. This reduction in 〈Δτ〉 is thus a purely transverse effect
associated with the stronger focusing of the most intense central
part of the pulse.

After the focus, the pulse propagates rather uneventfully through
x¼1.5 cm. The average frequency steadily drops, the bandwidth
grows, and stable self-guiding, accompanied by steady self-compres-
sion, begins near x¼0.8 cm, at which point 〈Δω〉 is nearly 3 times its
initial value. The pulse fully compresses at x¼1.45 cm, at which point
the instant frequency ωðξÞ is almost constant across the pulse body
[cf. Fig. 4(b.2)]. This means that the pulse has reached the transform-
limited duration permitted by the local bandwidth 〈ΔωðxÞ〉. From Fig. 2
(d), this duration is 〈Δτ〉� 14 fs, whereas the FWHM in intensity is half
this value [cf. Fig. 4(b.2)]. Fig. 4(b.2) indicates that self-compression is
quite symmetric with respect to the pulse centroid, which is strikingly
different from the front etching and optical shock formation of the
high-density regimes, n045� 1018 cm�3 [15–17]. The low-density
plasma mitigates longitudinal deformations of the pulse. Indeed,
variation of the nonlinear susceptibility at the pulse front is propor-
tional to n0. Nonlinear index perturbations, created by the pulse, have
thus much lower contrast at low densities, resulting in much slower
accumulation of the frequency red-shift. A drop of 30% in 〈ω〉, requires
1.5 cm of propagation at the density n0 ¼ 8:62� 1017 cm�3, while
only 0.7 mm at n0 ¼ 1:3� 1019 cm�3 [17]. Moreover, an ultrashort
pulse (ωp〈Δτ〉o1) of moderate amplitude (jaðxÞj � 3:5) does not
maintain full blowout: electron density behind the driver always stays
higher than 20% of the background. The red-shifted photons thus keep
slipping towards the pulse tail. A strong intensity buildup is thus
prevented, the positive outcome of which is complete insensitivity of
the bubble size to the longitudinal deformations of the driver, the
absence of continuous injection, and identically zero low-energy
background in the electron spectra. It will be further explored in
Section 3.2.

It appears that pulse front-etching arguments [7] do not strictly
limit the acceleration length. Reaching the theoretical depletion point,
x¼1.5 cm, pulse still retains 70% of its energy. From this point on, the
pulse evolution becomes rather unusual, with strongly asymmetric
compression, previously reported for a similar density range in Refs.
[18–20]. Fig. 3(c) and (d) indicates that the optical shock builds up in
the pulse tail as the red-shifted photons accumulate. The shock
amplitude, however, is weakly relativistic, and gradually diminishes
as the pulse propagates further. The slippage of red photons through
the pulse produces noticeable negative chirp evident in Fig. 4(c.2) and
(d.2), and also leads to the steady growth of 〈Δτ〉 [cf. Fig. 2(d)]. As a
result, the pulse acquires a triangular shape [cf. Fig. 4(c.1)] with a steep
tail and slowly rising front that subsequently diffracts, as is seen in
progression from Fig. 3(b)–(d). This pulse shape leads to inefficient
wake excitation, and accelerations halt after x¼2 cm. Pulse depletion
at this point is slightly above 50%.

3.2. Electron self-injection and background-free acceleration

The fully-3D PIC code CALDER-Circ [21] uses poloidal mode
decomposition for the electromagnetic fields and currents, while
computing macroparticle trajectories in the 3D Cartesian space.
With our choice of initial conditions, using the two lowest-order
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Fig. 2. Evolution of the laser pulse parameters in the course of pulse propagation.
The pulse propagates from left to right. (a) Laser pulse energy, (b) mean frequency
(in units of ω0), (c) frequency bandwidth (in units of ω0), (d) pulse length computed
from the ξ-variance of the energy density on axis, (e) normalized peak amplitude of
the pulse vector potential. (WAKE simulation.)

Fig. 3. Snapshots of the laser vector potential jaðr; ξÞj at (a) x¼0.6 cm, (b) 1.45 cm,
(c) 1.8 cm, and (d) 2.1 cm. The pulse propagates from left to right. The amplitude is
normalized to its peak value in each snapshot; the linear color map spans from 0 to
1. The strongest pulse compression occurs at x¼1.45 cm [cf. Fig. 2(e)], at which
point formation of the optical shock begins in the tail [cf. panels (b)–(d)]. As red-
shifted radiation slides through the pulse, building up the shock, the RMS pulse
length grows [cf. Fig. 2(e)], and the low-amplitude, slowly rising front diffracts.
(WAKE simulation).
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modes is sufficient to accurately capture the most important
aspects of the interaction [9,27]. The simulation uses the long-
itudinal grid resolution Δx¼ 0:125c=ω0 � 16 nm, radial grid reso-
lution Δy¼ 12Δx, 50 macroparticles per cylindrical cell, a time
step Δt ¼ 0:124ω�1

0 , and propagates the laser pulse through
x¼1.86 cm.

The CALDER-Circ results yield a complete kinetic description of
the accelerator dynamics predicted in WAKE simulation with test
particles. Fig. 5 shows, in full quantitative agreement with Fig. 2(e)
(WAKE simulation), that the laser pulse focuses upon entering the

plasma, reaching peak amplitude at x� 0:35 cm. As the pulse
focuses, the bubble expands. The length of the accelerating phase
on axis (the region of negative longitudinal electric field) grows
through x� 0:4 cm, triggering electron injection. As the bubble
stabilizes and contracts, injection permanently stops. The collec-
tion volume of accelerated electrons reaching x¼1.86 cm is shown
in the inset in Fig. 5. Initially, all these electrons had with the radial
offsets slightly below the local spot size of the pulse, and were
trapped during the period of pulse focusing and bubble expansion.
There is no evidence of self-injection from the near-axis area. The
bubble size varies little over the distance as pulse self-guiding
(x40:6 cm), showing remarkable insensitivity to the longitudinal
deformation of the driver. This nearly frozen bubble traps no
electrons, and the accelerated charge remains constant.

The electron density distribution in the laser polarization plane at
the end of simulation (x¼1.86 cm) is shown in Fig. 6. The electron
bunch is clearly far from the longitudinal center of the bubble, and
hence far from dephasing. Thus, there is a prospect of further energy
gain in a longer plasma. Although this image gives the evidence of

Fig. 4. Local frequency shifts and longitudinal amplitude deformations of the pulse in the course of its propagation. Panels (a), (b), (c), and (d) correspond to x¼0.6, 1.45, 1.8,
and 2.1 cm (as in Fig. 3) respectively. The pulse propagates from left to right. Panels (a.1)–(d.1) show the normalized intensity profile on axis. Panels (a.2)–(d.2) show the
absolute value of the Wigner transform (grayscale) and the local frequency shift (in units of ω0) extracted from the phase of the complex pulse envelope [red (gray) curves].
Insets show the radially integrated normalized spectral power SðωÞ ¼ R1

0 ω2jaðx; r;ωÞj2r dr [black for the incident pulse and red (gray) corresponding to the given location x.]
Panels (b.1) and (b.2) indicate that the pulse if fully compressed at x¼1.45 cm: the frequency profile ωðξÞ is almost flat across the body of the pulse. As pulse propagates from
x¼1.45 to 2.1 cm, the red-shifted components slide through the pulse, imparting a negative frequency chirp and building up an optical shock at the rear. The intensity of the
shock, is however, gradually decreasing, and the RMS pulse length [cf. Fig. 2(d)] is constantly increasing. The spectral energy density, SðωÞ, does not show noticeable changes
through this process, which agrees with the mean frequency and frequency bandwidth remaining almost constant after x¼1.4 cm [cf. Fig. 2(b) and (c)]. (WAKE simulation).

Fig. 5. Evolution of the laser pulse peak amplitude a [red (gray)], injected charge Q
[blue (dark gray)], and the length of the rear half the bubble Lb [green (light gray)].
Lb is defined as the length of the accelerating phase on axis (the interval of negative
electric field inside the bubble). All quantities are normalized to their respective
global maximum values: Qmax ¼ 0:43 nC, Lb max ¼ 29:2 μm, and amax ¼ 7:36. Inset:
initial positions of self-injected electrons. (CALDER-Circ simulation).

Fig. 6. Electron density in the laser polarization plane (in units of 1019 cm�3),
x¼1.86 cm (CALDER-Circ simulation).
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pulse compression to roughly 2λ0 duration, the bubble remains
remarkably axisymmetric. The pulse is apparently neither short
enough nor relativistic enough to allow bubble shape distortion due
to the carrier-envelope phase effects [15,16,28].

Fig. 7 shows the electron energy spectrum and longitudinal phase
space at the end of the acceleration. The spectral peak has the average
energy of 2.85 GeV, 4.3% RMS spread, and no noticeable low-energy
background. The pulse central energy is fairly close to the estimate Eþ
derived in Section 2 from the considerations of depletion-limited
propagation. This background-free electron beam has total charge 0.43
nC, RMS spot size 3:57 μm, 4.9 mrad divergence, and the normalized
transverse emittance ɛN? ¼ 98 mmmrad, where ɛN? ¼ ½ðɛNx Þ2þ
ðɛNy Þ2�1=2, and ɛNi ¼ ðmecÞ�1½ð〈p2i 〉� 〈pi〉

2Þð〈r2i 〉� 〈ri〉2Þ�ð〈piri〉� 〈ri〉
〈pi〉Þ2�1=2. Theory of beam loading in the blowout regime [29] tells
that the beam has a factor of 4.5 less charge than needed to fully load
the bucket and disrupt acceleration. Thus, the bubble in Fig. 6 remains
closed, and acceleration can possibly go beyond the depletion-limited
estimate.

The density of CALDER-Circ macroparticles in longitudinal phase
space (cf. Fig. 7) shows negligible traces of particles between the main
beam and the background (px¼0). The predictive capability of WAKE
for this acceleration regime is verified in Fig. 7 by direct comparison of
the test electron distribution (red markers) with the CALDER-Circ
macroparticle density. The similarity of the phase spaces and precise
agreement on the low-energy cutoff after the long-distance propaga-
tion indicates that, in spite of the approximations, orders of magnitude
larger mesh and time steps, and the absence of beam loading, the
WAKE simulations have remarkable predictive capability for the
whole system dynamics (except for the transverse phase space of
the bunch [16]).

Finally, we find that by x¼1.86 cm the pulse deposits 8 J of its
energy to the plasma, of which 1.22 J is transferred to the electron
beam. A significant pulse depletion thus improves energy effi-
ciency to almost 10%, which is much higher than any QME LPA
experiments have shown to date. Realization of this regime at the
CILEX facility should be a significant step forward in advanced
acceleration methods.

4. Summary and outlook

The physical processes at work in sub-30 fs, PW laser-driven
plasma accelerators are identified. Acceleration occurs in the

blowout regime with electron self-injection and pulse self-
guiding beyond the theoretical depletion limit. Maintaining the
delicate balance between vacuum-like diffraction and a pulse
collapse due to the relativistic self-focusing helps achieve suffi-
cient flexibility in the parameters of the accelerated electrons. The
range of parameters is established for production of QME, 100 pC-
scale electron beams with the energy up to 3 GeV and identically
zero low-energy background. To this effect, the density of uniform,
sub-2 cm-length plasmas should stay within the range from
n0 ¼ 5� 1017 to 1018 cm�3. The hallmarks of this optimal regime
are (a) early transient evolution of the optical driver and the
accelerating bucket that causes injection of ambient plasma
electrons, and (b) subsequent transverse stabilization of the
system that turns off injection for good, preserving absolute
energy spread of injected bunch through the end of acceleration.
At low plasma density, the frequency red-shift is greatly reduced,
precluding rapid self-steepening of the pulse leading edge into a
relativistic optical shock [15–17]. The shock forms instead in the
pulse tail after propagation beyond the theoretical depletion limit,
thus having little effect on the wakefield. The phase space volume
of the electron bunch thus remains low through the entire
acceleration process.

The simulation results show that acceleration extends well
beyond the theoretical pulse depletion limit. Pulse quality degra-
dation eventually limits wake excitation, thus preventing electrons
from reaching dephasing and limiting their energy to 3 GeV.
At this limit, the relative energy spread drops below 5%. With
nearly 10% of pulse energy transferred to the electron bunch, the
acceleration process shows higher energy efficiency than any of the
QME LPA experiments reported to date. This interaction regime is
relevant to the upcoming experiments with the Apollon-10P CILEX
laser whose goal is the production of nC-charge, background-free
GeV electron beams for staged acceleration and radiation physics
applications.
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