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ABSTRACT
This work presents a study on laser wakefield electron acceleration in the self-modulated regime (SM-LWFA) using 50-fs laser pulses with
energy on the mJ scale, at λ = 0.8 μm, impinging on a thin H2 gas jet. Particle-in-cell simulations were performed using laser peak pow-
ers ranging from sub-terawatt to a few terawatts and plasma densities varying from the relativistic self-focusing threshold up to values
close to the critical density. The differences in the obtained acceleration processes are discussed. Results show that bunched electron beams
with full charge on the nC scale and kinetic energy in the MeV range can be produced and configurations with peak density in the range
0.5–5 × 1020 atoms/cm3 generate electrons with maximum energies. In this range, some simulations generated quasimonoenergetic bunches
with ∼0.5% of the total accelerated charge and we show that the beam characteristics, process dynamics, and operational parameters are close
to those expected for the blowout regime. The configurations that led to quasimonoenergetic bunches from the sub-TW SM-LWFA regime
allow the use of laser systems with repetition rates in the kHz range, which can be beneficial for practical applications.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0052831

I. INTRODUCTION

While in conventional electron accelerators the energy gain is
based on resonant radio frequency (RF) cavities,1 a new genera-
tion of accelerators uses plasmas to produce strong driving elec-
tric fields.2,3 Superconducting RF cavities reach and can exceed
100 MV/m, but plasma-based systems4 provide accelerating fields up
to TV/m. In the latter, a perturbation is introduced in the plasma to
cause local electron displacements, generating non-equilibrium local
electric fields, which, in turn, oscillate at the plasma frequency. As
the source of perturbation travels along the medium, the local fields

also propagate with it and a so-called plasma wakefield is formed.
The perturbation can be induced by a charged particle beam, as in
plasma wakefield accelerators (PWFAs), or by a laser pulse, as in
laser wakefield accelerators (LWFAs). In the latter, the oscillating
transverse field of the laser pulse is converted by the plasma into a
longitudinal accelerating field with an amplitude that scales with the
square root of the plasma density. The high accelerating gradients
in these systems allow the production of high-energy bunched elec-
tron beams, up to GeV, in compact systems.5 Many facilities world-
wide continue to explore the frontiers for producing even stronger
wakefields to reach 10 GeV electrons and beyond.6,7
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In addition, increasing the repetition rate of the accelerated
beams to the kHz scale is a real need for many applications, such
as those in which scanning and/or data collection statistics are
required.8,9 The development of high repetition rate laser wakefield
electron accelerators also aims its use for ultrafast imaging, matter
probing, and isotope production.4,10,11 In Refs. 12, 13, and 14, a laser
spectral broadening technique has been reported, producing laser
pulses of 3.5 fs at 1 kHz, with a peak power of 0.8 TW. With such
advances in laser technology, adequate excitation at the kHz repeti-
tion rate can now be achieved and, in association with plasmas with
the appropriate density profile, operated in the so-called blowout
LWFA regime.15,16

On the other hand, tabletop ultrashort laser sources using only
a few (1–2) stages of chirped pulse amplification (CPA), such as
Ti:sapphire and Yb:glass systems, provide hundreds of GW pulses
at kHz or TW pulses at tens of Hz, with longer pulse dura-
tions around 100 fs.17,18 Since these high-peak-power tabletop sys-
tems are widely available today and are easier to operate, many
facilities are focused on using these conventional laser sources to
achieve ∼kHz repetition rates in laser electron acceleration.19,20

Among the LWFA regimes, the SM-LWFA21,22 has features suit-
able for operation with these conventional tabletop sources. In this
regime, the laser self-focusing effect produces a near diffraction lim-
ited spot, enhancing nonlinearities that cause the self-modulation
phenomenon, leading to laser-plasma resonant interaction. When
the self-focusing phenomenon balances the diffraction for several
plasma periods, acceleration of a multi-MeV bunched electron beam
can be obtained. These accelerated electron beams have a broader
energy spectrum and greater divergence compared to the blowout
regime.5,20

Both techniques, operating on TW and sub-TW peak laser
powers, require plasma targets with high densities, around a tenth
of the critical value. Gas jets with a thickness of a few hundred
micrometers are used, with either continuous flow15 or driven by
fast valves, enabling up to kHz operation. Using pure H2, the opti-
cal field-induced ionization fully saturates for intensities as low as
1014 W/cm2.20,23 In these free flow targets, usually with the Mach
number from 1 to 6, the necessary densities require backing pres-
sure in the range of 10–1000 bars24,25 and, in some cases, cryogenic
cooling.26

Low divergence, quasimonoenergetic electron bunches are gen-
erated for particular SM-LWFA configurations as a minor part
of the main beam. Despite being a phenomenon demonstrated
since 2006,27,28 which occurs with the critical control of the
plasma density, the dynamics of this generation has not yet been
widely studied. In Ref. 29, quasimonoenergetic electron bunches
were generated by SM-LWFA in a process using 9 TW laser
pulses and a tenuous He gas target with a thickness of ∼1 mm.
This generation was associated with the experimental observation
that the regime has evolved to operate in the blowout mode, tr
iggered by the self-modulated laser pulse. In Ref. 30, similar bunches
were obtained in a setup with even more tenuous He gas targets
and 8 TW laser pulses, in a regime not fully identified. The first
realization of SM-LWFA with sub-TW laser pulses (although sub-
TW SM-LWFA has been tested before31) used much denser and
shorter H2 gas flow targets of 150–250 μm FWHM.32 In that work,
quasimonoenergetic electron bunches were observed to occur at
specific plasma densities and peak laser powers, but no study has

been reported so far to correlate these results with a blowout mode.
All these demonstrations used lasers operating at λ ≈ 0.8 μm or λ
≈ 1 μm,31,33 but SM-LWFA with laser pulses of ∼200 GW at λ
≈ 4 μm has also been reported,34 with characteristics and electron
beams analogous to those obtained in Ref. 32, likewise reporting the
generation of quasimonoenergetic electron bunches.

In this work, we simulate the SM-LWFA regime using typical
ultrashort laser pulses from the conventional tabletop sources men-
tioned. The simulated target was formed by a jet of H2 gas with an
extension of 120 μm FWHM, whose laser-induced ionization was
also calculated during the laser pulse propagation. We choose the
laser parameters we have in our laboratory, the same ones used in
some reference works:30,32 λ ≈ 0.8 μm and incident pulse duration
of 50 fs, considering laser peak powers from 0.25 to 4 TW. For
each of these parameters, we also examine the range of possible
plasma densities whose lower limit provides relativistic laser self-
focusing and the upper limit is 80% of the critical plasma density.
In all studied configurations, the initial (incident) laser pulse is not
resonant with the plasma target and self-modulated wakefield accel-
eration occurs. The charge, energy, and emittance of the resulting
accelerated electrons were quantified, allowing a direct comparison
of the beams obtained for each process. For some configurations,
the generation of quasimonoenergetic bunches occurred as part of
the results. These bunches are the main object of this study, and
their characteristics and possible mechanisms of generation were
investigated.

II. LWFA, DLA, and SM-LWFA
A laser pulse with angular frequency ω and initial duration τ0

impinges on an underdense plasma, with the electron density, ne,
below the critical electron density, ne < ϵ0me(ω/e)2 ≡ ncr , where
ϵ0 is the vacuum permittivity, me is the relativistic electron mass,
and e is the elementary charge. The plasma frequency, ωp = (e/ϵ0

1/2)
× (ne/me)1/2, defines the laser phase velocity vp = c/[1 − (ωp/ω)2]1/2

and group velocity vg = c × [1 − (ωp/ω)2]1/2, where c is the speed
of light in vacuum. The laser pulse generates ponderomotive forces
that excite oscillations at ωp so that its propagation is followed by
a plasma wake with wavelength λp ≈ 2πc/ωp. When the dimension-
less laser amplitude, a0, is above unity, a0 ≡ eE0/(ωmec) > 1, where
E0 is the laser electric field peak amplitude, this wakefield starts to
present ion cavities with a sawtooth-like longitudinal electric field.5
Background electrons can be trapped in the ion cavities after a wave
break,5,35 for instance, and then accelerated.

A. Blowout LWFA and SM-LWFA regimes
If the plasma density is adjusted such that cτ0 ≲ λp/2 and the

laser beam diameter is around λp, a wakefield with near spheri-
cal cavities can be generated.5 This allows operation in the blowout
regime,14 thus generating quasimonoenergetic electrons as long as
the laser meets the usual criterion that its peak power, PL, exceeds
the critical power, Pc

(b), where36

P(b)c [GW] = 30(τ0[fs]/λ[μm])2. (1)

Since this is not attainable when using the conventional table-
top laser systems mentioned above, an alternative is to operate in
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the self-modulated laser wakefield acceleration (SM-LWFA) regime,
conceived in the early 1990s,21,28,37 as long as the plasma density
is now readjusted so that the peak laser power exceeds the critical
power for self-focusing,

Pc[GW] = 17(ncr/ne). (2)

In this case, the laser pulse can be modulated by the heterogeneous
distribution of plasma density, evolving into a fragmented enve-
lope, and these pulse fragments are now resonant with the wakefield.
Thin targets are typically used due to the short dephasing length, Ld,
given by Ld = λP

3/2λ2, and to a limited extent that the self-focusing
phenomenon balances the diffraction (few Rayleigh lengths).5,20,32,34

B. Direct laser acceleration
Trapped electrons perform oscillations at the betatron fre-

quency, ωβ = ωp/(2γe)1/2, where γe = (1 + ux
2 + uy

2 + uz
2)1/2 is the

electron relativistic factor and ux, uy, uz are its linear momenta in
each direction, in units of m0c (m0 is the electron rest mass).38 The
electron acceleration can also be driven by the resonant interaction
between these oscillations and the laser magnetic field. This phe-
nomenon is called direct laser acceleration (DLA)39,40 and depends
on the pulse-wake superposition parameter Tp = cτL/Λwake, where
τL is the laser pulse (or fragment) duration and Λwake = (a0)1/2λp is
the nonlinear wavelength.41,42

The frequency of the laser in the electron frame is Doppler
shifted, ωD = ω[1 − (uzc)/(γevp)], and DLA requires that it must
correspond to a harmonic of ωβ,43

N = ωD/ωβ = 1, 2, 3, . . . , (3)

which occurs only in some parts of the acceleration path.32,43,44 In
SM-LWFA, DLA can occur and be a relevant additional acceleration
mechanism.32,45

C. SM-LWFA and regions of operation
There are three distinct operating ranges (or sub-regimes) for

SM-LWFA.34 Referring to the self-focusing collapse position, z′,
the first range of parameters leads to z′ occurring in a low-density
region. The laser beam undergoes moderate self-focusing and mod-
erate self-modulation, resulting in little electron entrapment and a
low-charge electron beam. In the second range of parameters, z′

occurs in a region with enough density, leading to a strong self-
modulation, followed by self-channeling, and a beam of electrons
with a higher charge and energy is produced.5,31 The third region of
parameters is associated with denser, near critical plasmas, present-
ing shorter dephasing lengths and a beam of accelerated electrons
with a lower quality than in the previous cases.46

III. RESEARCH METHOD
Our simulations were performed using the quasi-cylindrical

(quasi-3D), Fourier–Bessel Particle-In-Cell (FBPIC) code originally
developed by Remi Lehe at Lawrence Berkeley National Labora-
tory and Manuel Kirchen at CFEL, Hamburg University.47 The local
density of plasma electrons is calculated from the neutral gas using
the Ammosov–Delone–Krainov (ADK) ionization model.48 In the

simulations, the volume evaluated at each step has radius R = 20 μm
and length Δz = 100 μm. The spectral calculation is performed con-
sidering three azimuthal modes. Fields are evaluated in a grid that
has 3750 points in Δz and 600 points in R, a density that corresponds
to 30 points/λ, in the longitudinal direction, and 30 points/wmin, in
the radial direction (estimating an approximate value for the min-
imum laser beam waist wmin ≈ 1 μm), a resolution similar to that
used in Ref. 49, for example. The number of particles per cell (ppc)
is 2 along z, 2 along r, and 12 along θ, following the developer
recommendation.50

In this study, the targets were considered as cylindrical H2 gas
jets flowing in the y direction and with a diameter of 200 μm. The
laser pulse propagates in the z direction and passes through the tar-
get center. The gas density has a radial symmetrical profile with a
linear ascending ramp of 80 μm and a central plateau, therefore a
trapezoidal profile with 120 μm FWHM, in a diametrical cut (see
Fig. 1). This is a good representation for the flow from a submillimet-
ric supersonic nozzle.51,52 The background is assumed to be absolute
vacuum.

There is only one ionization per atom, so the plasma den-
sity, ne, is the same as the hydrogen atom density, natoms, for satu-
rated ionization. We define the plateau plasma density as ne,0. An
example of this distribution cross section (along the z axis) for ne,0
= 2 × 1020 cm−3 is shown in Fig. 1, as well as the calculated local
plasma wavelength.

The main laser and plasma parameters used in the simulations
are given in Table I. Here, some parameter values are the simu-
lation input (defining the physical system) and others are calcu-
lated and presented to facilitate the analysis. The relevant computing
parameters are given in Table II.

The laser pulse is linearly polarized in the x direction and starts
at z = −50 μm. In all configurations, the laser power is above the crit-
ical power for self-focusing (expression 2, using ne,0 as ne). The laser
beam, assumed ideal Gaussian with M2 = 1, is focused on vacuum
(without the target) at z = 40 μm to w0 = 7 μm (this w0 is ∼9λ, similar
to those in Refs. 20, 32 and 34).

FIG. 1. Blue curve (continuous line): distribution of electron density after ionization,
ne(z), equivalent to the atomic density for the H2 gas jet with 2 × 1020 cm−3 peak.
Red curve (dashed line): calculated, local nominal plasma wavelength (without
local relativistic or density variation effects).
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TABLE I. Laser and plasma parameters used in the simulations. Asterisk values are
the independent input data. MIV: measured in vacuum. Values of I0 and a0 are at the
vacuum propagating beam focus position.

Physical parameter Value

Laser, initial pulse duration (FWHM), τ0 (fs) 50
Laser, initial peak power, PL (TW) 1/4, 1/2, 1, 2, 4
∗ Laser, wavelength, λ (μm) 0.8
∗ Laser, pulse center start position, z0 (μm) −50
∗ Laser (MIV), pulse length (FWHM), L0 = cτ0 (μm) 15
∗ Laser (MIV), focus position, zfoc (μm) 40
∗ Laser (MIV), beam waist, w0 (μm) 7.0
∗ Laser (MIV), incident amplitude, a0 0.4–1.6
Laser (MIV), Rayleigh range, zR (μm) 192
Laser (MIV), intensity, I0 (1017 W cm−2) 3–50
∗ Target, species (gas) H2

∗ Target, top atomic density, natoms (1019 cm−3) 1–140
∗ Target, start position in z (μm) 0
∗ Target, total z-extension (μm) 200
∗ Target, length of entry and exit ramps (μm) 80
Plasma, wavelength, λp (μm) 1–10.5
Plasma, dephasing length, Ld (μm) 1–912
Plasma, group velocity (vg/c) 0.44–1

TABLE II. Computing parameters in simulations. The number of particles per cell is 2
along z, 2 along r , and 12 along θ.

Simulation parameter Value

Start position of the simulation box (μm) −100
Simulation box length, Δz (μm) 100
Simulation box diameter, 2R (μm) 40
Number of grid points along z 3750
Number of grid points along r 600
Number of azimuthal modes, nm 3
Number of particles per cell 48
Speed of the moving window, vw(c) 0.6–1
Simulation time step, Δt (as) 89
Simulation length, maximum z (μm) ∼300

The general configuration is similar to that found in the first
SM-LWFA experiments using sub-TW laser pulses.20,32 Since the
considered plasma densities range from ne,0/ncr ≈ 0.006 to ne,0/ncr
≈ 0.8 and the electrons can be subjected to deceleration from dephas-
ing, we have chosen to save and analyze electrons with uz ≥ 0.1
m0c, which is equivalent to energies above ∼2.5 keV. Electrons of
all energies are considered when running the simulations.

IV. RESULTS
A. Ranges of acceleration processes

In this section, we describe the parameter ranges for SM-
LWFA that led to similar behaviors in processes and results, as
stated in Sec. II. In the first parameter range, self-focusing and self-
modulation occurred with maxima in a position (z′) around the

middle of the density exit ramp. The acceleration processes had the
following characteristics:

● a nonlinear wakefield was excited when the laser pulse
approached z′;

● extensive self-channeling did not occur;
● laser pulse fragments, after self-modulation, presented a

superposition parameter of 0.8 ≤ Tp < 2;
● the generated electron beam was composed by bunches with

duration in the range of fs to tens of fs and low divergence;
● no quasimonoenergetic bunch was obtained; and
● under the same initial laser peak power, the maximum

electron energy increases with the plasma density.

In our study, the results with characteristics in this range
occurred for the following configurations:

● PL = 1/4 TW, ne,0 < 5 × 1020 cm−3;
● PL = 1/2 TW, ne,0 < 2 × 1020 cm−3;
● PL = 1 TW, ne,0 < 1 × 1020 cm−3;
● PL = 2 TW, ne,0 < 5 × 1019 cm−3; and
● PL = 4 TW, ne,0 < 3 × 1019 cm−3.

As an example, we highlight the simulation using incident
peak power PL = 1 TW, a0 ≈ 0.8, and target peak density ne,0
= 7 × 1019 cm−3 (∼0.04 ncr). The maximum field and minimum
duration occur at z′ ≈ 164 μm, with a new laser amplitude a0

′ ≈ 1.7
and a main fragment length L0

′ ≈ 5.9 μm. A nonlinear wakefield is
formed, persisting until the end of the target. When comparing L0

′

with the simulated nonlinear plasma wavelength, the superposition
parameter found is Tp ≈ 1.2.

The transverse momentum angles, right after the electrons
leave the target, x′ = ux/uz and y′ = uy/uz , were determined as
functions of x and y, respectively. The normalized transverse rms
emittance in the x direction, εx,rms = [⟨x2⟩⟨γe

2(x′)2⟩ − ⟨xγex′⟩2]1/2,
was then calculated, resulting in εx,rms ≈ 7.5 mm mrad. An anal-
ogous formula applies to the y direction,53 and we obtained εy,rms
≈ 8.0 mm mrad. The energy spectrum of the electrons is quasi-
exponential, presenting a median value of 0.34 MeV and a maximum
of 9 MeV. The nominal dephasing length (at the plateau) is longer
than 50 μm (a typical value for this range of SM-LWFA); thus, this
acceleration process could be performed in slightly thicker targets.

The second parameter range led to self-focusing and self-
modulation with maxima near the end of the density plateau. A
nonlinear wakefield was excited, and the acceleration processes had
the following characteristics:

● subsequent laser self-channeling occurred;
● laser pulse fragments presented a superposition parameter

of 0.3 ≤ Tp < 1;
● the generated electron beam was composed by bunches with

duration in the range of a few fs and moderate divergence;
● quasimonoenergetic bunches occurred; and
● under the same initial laser peak power, the maximum

electron energy does not change significantly with plasma
density.

The simulation results that shared these similarities occurred
for the following configurations:
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● PL = 1/2 TW, ne,0 ∈ [2, 3] × 1020 cm−3;
● PL = 1 TW, ne,0 ∈ [1, 3] × 1020 cm−3;
● PL = 2 TW, ne,0 ∈ [0.5, 3] × 1020 cm−3; and
● PL = 4 TW, ne,0 ∈ [0.3, 2] × 1020 cm−3.

As representative of these processes, we highlight the con-
figuration using PL = 1/2 TW, a0 ≈ 0.6, and peak density ne,0

= 2 × 1020 cm−3 (∼0.1 ncr). The laser pulse has the maximum field
and minimum duration at z′ ≈ 140 μm, with a new laser ampli-
tude a0

′ ≈ 1.4 and a main fragment length L0
′ ≈ 1 μm. A nonlinear

wakefield is formed, persisting until the end of the target, and the
superposition parameter is Tp ≈ 0.3.

Trapped electrons are accelerated along an extension that cor-
responds to most of the downramp (although the nominal dephas-
ing length is only Ld ≈ 10 μm on the target plateau). Figures 2(a)
and 2(b) show two x–z cross sections of the charge density field: (a)
the nonlinear wakefield in the middle of the downramp and (b) the
electrons leaving the target. The bunch on the right in Fig. 2(b), high-
lighted by the dashed rectangle, is quasimonoenergetic, with a mean
energy of 8.4 MeV and FWHM of 2.6 MeV, while the remaining

FIG. 2. In (a) and (b), snapshots of the charge density field in the x–z plane, ρ(x,
z), from the simulation with initial PL = 1/

2 TW and target peak electron density ne,0

= 2 × 1020 cm−3. The color scales are saturated, and the full-scale values are
[−9.2, 2.2]× 107 C/m3 in (a) and [−7.9, 3.1]× 106 C/m3 in (b). Part (c) presents the
energy distribution of all electrons leaving the target in a histogram with 120 bins
over the entire energy range. The highlighted portion of the spectrum (in red) cor-
responds to that of the highlighted quasimonoenergetic bunch [dashed rectangle
in (b)].

electrons show a quasi-exponential distribution with a median of
0.4 MeV, as shown in the energy spectrum in Fig. 2(c).

The transverse normalized rms emittances of the accelerated
beam were calculated just as before. Considering all the electrons
leaving the target, εx,rms ≈ 11.5 mm mrad and εy,rms ≈ 9.8 mm mrad.
The quasimonoenergetic bunch has much lower values: εx,rms
≈ 0.6 mm mrad and εy,rms ≈ 0.3 mm mrad.

In the third parameter range, self-focusing and self-modulation
presented maxima in the first half of the target. Processes had the
following characteristics:

● the laser beam faded quickly, permanently diffracted right
after z′; laser self-channeling did not occur;

● other weaker local maxima sometimes occur; nonlinear
wakefields are formed close to the positions of the maximum
laser amplitude;

● the laser pulse fragments presented a superposition parame-
ter Tp ≲ 1;

● the electron beam has a duration of several tens of fs, with
lower energy and a broad, quasi-exponential spectrum;

● no quasimonoenergetic bunch is obtained; and
● under the same initial laser peak power, the maximum

electron energy decreases with increasing plasma densities.

In our study, these occurred for the following configurations:

● PL = 1/4 TW, ne,0 ≳ 5 × 1020 cm−3;
● PL = 1/2 TW, ne,0 > 3 × 1020 cm−3;
● PL = 1 TW, ne,0 > 3 × 1020 cm−3;
● PL = 2 TW, ne,0 > 3 × 1020 cm−3; and
● PL = 4 TW, ne,0 > 2 × 1020 cm−3.

Here, we highlight the simulation with incident peak power PL
= 1 TW, a0 ≈ 0.8, and target peak density ne,0 = 6.3 × 1020 cm−3

(∼0.4 ncr). The laser pulse shows a maximum amplitude a0
′ ≈ 2.3 at

z′ ≈ 76 μm. The main fragment has L0
′ ≈ 0.9 μm, and the super-

position parameter at z′ is Tp ≈ 0.5. The electrons leaving the tar-
get exhibit a quasi-exponential energy spectrum with 0.51 MeV
median and 6 MeV maximum. The obtained normalized rms emit-
tances of the accelerated beam are εx,rms ≈ 13.9 mm mrad and
εy,rms ≈ 15.1 mm mrad.

B. Comparative study
Figure 3 presents the energy distributions of the electrons that

just left the target for PL = 1 TW and cases in each of the three ranges
discussed. The processes show spectra that contain Maxwellian-
like, quasi-exponential distributions, with median energies of (a)
0.34 MeV, (b) 0.40 MeV, and (c) 0.51 MeV. In case (b), the spectrum
also contains a second distribution that corresponds to a quasi-
monoenergetic bunch similar to that highlighted on the right in
Fig. 2(b), presenting a mean value of 10.6 MeV and a FWHM of
10.4 MeV. The phenomenon “two-temperature distribution” has
similar spectral characteristics, frequently attributed to a
“population of hot electrons heated directly by the laser”44 and is
also seen in SM-LWFA.31,54 However, the high-energy part of the
spectrum in Fig. 3(b) (in red) was obtained in this case entirely from
a distinct ultrashort electron bunch, spatially separated and ahead
of the background electrons.
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FIG. 3. Energy distributions of the electrons leaving the target from three exam-
ple simulations with initial PL = 1.0 TW (a0 ≈ 0.8) and peak densities (a) ne,0

= 7 × 1019 cm−3, (b) ne,0 = 1.6 × 1020 cm−3, and (c) ne,0 = 6.3 × 1020 cm−3.
The histograms have 500 bins over the entire energy range. In (b), the highlighted
portion of the spectrum (in red) corresponds to a quasimonoenergetic bunch.

The results in Figs. 4–7 show the calculated values for the main
parameters of all electron beams obtained as a function of the peak
plasma density in the target (on the plateau) and the incident laser
peak power. The electrons were considered immediately after leav-
ing the target. Figure 4 presents a plot of the total charge, QT (abso-
lute value), which, as a general trend, grows with ne,0. We defined a
reference kinetic energy for the electron beam as its median value,
K̃ , whose values show a peak around 2 × 1020 cm−3 (Fig. 5). Another
parameter of interest is the maximum kinetic energy of the electrons
in the beam, Kmax, which shows peaks distributed in the range from
5 × 1019 to 5 × 1020 cm−3 with higher density values for decreasing
laser power (Fig. 6).

We evaluated the normalized transverse rms emittance for elec-
trons with longitudinal momentum uz ≥ m0c, thus corresponding
to K ≥ 0.21 MeV, justified by the fact that the studied processes
occur using peak plasma densities over a range of two orders of

FIG. 4. Total charge of the electrons leaving the target, as a function of the peak
plasma density, for all the studied laser peak power values.

FIG. 5. Reference energy of the electrons leaving the target, as a function of the
peak plasma density, for all peak laser powers.

FIG. 6. Maximum energy of the electrons leaving the target, as a function of the
peak plasma density, for all peak laser powers.

FIG. 7. Normalized transverse rms emittances of all electrons leaving the target,
in the x (upper graph) and y (lower graph) directions, as functions of the peak
plasma density, for all peak laser powers. Electrons with energy above 0.21 MeV
were considered.
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TABLE III. Selected configurations generating well-formed quasimonoenergetic bunches obtained at each laser peak power
and respective initial parameters PL and ne,0. Also shown are the maximum laser amplitude, a0

′, and its average value along
the segment of acceleration, ⟨a0⟩. Qb is the quasimonoenergetic bunch charge, Kb is its mean energy, ΔKb is its energy
width (FWHM), and εx,rms, εy,rms are its transverse normalized emittances.

PL (TW) ne,0 (1020 cm−3) a0
′ ⟨a0⟩ Qb (pC) Kb (MeV) ΔKb (MeV) εx,rmsεy,rms (mm mrad)

0.5 2.0 1.4 4 8.4 2.6 0.6
1.3 0.3

1.0 1.6 2.7 12 11 10 1.8
2.3 5.4

2.0 1.6 4.4 259 4.6 4.6 7.2
3.5 8.3

magnitude. As a result, both transverse normalized emittances show
values from few tenths to several tens, increasing with the den-
sity of the plasma, as shown in Fig. 7. Note that in the previously
cited experimental works,20,32 the beam emittance is quantified only
for electrons with energies above 1 MeV, which leads to lower
values.

The well-formed quasimonoenergetic bunches are those spa-
tially and energetically separated (for the most part) from the back-
ground electrons, such as the example shown in Figs. 2(b) and 2(c).
The parameters of some well-formed quasimonoenergetic bunches
obtained for different initial laser peak powers, PL, are listed in
Table III, where Qb is the bunch charge, Kb is its central energy
(mean value), ΔKb is its energy width (FWHM), and ε(x,y),rms is
the transverse emittance. Also shown are the peak plasma density,
ne,0; the maximum laser amplitude, a0

′; and its average value in the
wakefield ⟨a0⟩.

V. DISCUSSION AND CONCLUSIONS
A. Quasimonoenergetic bunches

Well-formed bunches were obtained for incident peak laser
powers in the range of 0.5–2 TW and for peak densities between
1.5 × 1020 and 2.0 × 1020 cm−3. For parameters slightly outside this
range (PL, ne,0), bunches with quasimonoenergetic characteristics
are not well formed, spatially or in energy, or do not appear at all.
Although in some cases we were limited by the discrete values of
the parameters used, this behavior was a consequence of the gen-
eral configuration parameters (density profile, gas species, and initial
focus of the laser beam) chosen close to the experimental realiza-
tions of sub-TW SM-LWFA regimes. The emittances ε(x,y),rms are of
the order of a few mm mrad in the first two lines of Table III, but
higher values are obtained for PL = 2 TW (ne,0 = 1.6 × 1020 cm−3),
which is related to the fact that the best simulated density in this case
is not yet ideal (this can also be inferred from the lower value of Kb
obtained).

Experimental SM-LWFA studies using sub-TW to few-TW
laser pulses have demonstrated28,32,55 that the quasimonoenergetic
bunch charge (Qb) is typically in the pC range, with fractional charge
Qb/QT ≈ 0.2%;32 the central (mean) energy (Kb) is up to 20 MeV;
and the width (ΔKb) is of a few to several MeV. We point that
our simulation results are in good agreement with those that occur
experimentally.

B. DLA contribution
DLA demands Tp ≳ 0.5.32,41 A superposition parameter value

Tp ≈ 0.5 occurred in the processes that gave rise to the beams in
Table III. Electron beams generated by DLA-dominated processes
have41 the electric charge accumulating at its transverse ends and
the highest-energy electrons presenting the largest divergence. How-
ever, in all quasimonoenergetic bunches obtained, no significant
charge concentration was found at the transverse ends of the beam
and its divergence does not show any significant growth trend with
energy.

In addition, where the DLA process is significant, the energy
variation of the electrons throughout the acceleration history is syn-
chronized with their betatron oscillations, with energy gain occur-
ring when expression (3) is satisfied. When tracking a macroparticle
along the acceleration processes, the energy values can be juxta-
posed to its transverse linear momentum in the laser polarization
direction and then analyzed. We conducted many of such assess-
ments, and they indicate that the processes in Table III do not
have significant acceleration contribution from DLA. This can be
seen from the analysis of Fig. 8(a) generated for the configuration
ne,0 = 1.6 × 1020 cm−3, PL = 1 TW. This figure shows a graph
of the kinetic energy, K, of the 15 highest-energy macroparticles
along their acceleration path, as well as their associated transverse
momenta, ux. The highlighted red curve shows the evolution of K
for a single macroparticle, and the highlighted blue curve shows its
ux values. The faded colored curves show those quantities for the
other macroparticles, evidencing that they have similar evolutions.
In this graph, one can see that the energy of the electrons increases
smoothly (a monotonic gain), regardless of the transverse momen-
tum oscillations, with some deceleration due to dephasing only near
the end of the target.

In turn, the modulation of energy gain in synchronicity with the
betatron oscillations can be found among the configurations using
PL = 2 TW or PL = 4 TW. Figure 8(b) shows an example from the
simulation with PL = 4 TW and ne,0 = 7 × 1019 cm−3: a graph of
the kinetic energy and the transverse momentum of the 30 highest-
energy macroparticles. The transverse momentum, ux, has periodic
values with a length around the calculated betatron wavelength, λβ

= Λwake (2γe)1/2 ≈ 30 μm, and K changes with λβ/2, which is a behav-
ior characteristic of the DLA energy gain.49 Note that in our simu-
lations for PL = 4 TW, the typical superposition parameter obtained
was Tp ≳ 0.8, therefore exceeding the Tp condition for DLA.
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FIG. 8. (a) Kinetic energy (red) and transverse momentum (blue) of (a) the 15
highest-energy macroparticles, throughout the history of their acceleration, in
the simulation with PL = 1 TW and ne,0 = 1.6 × 1020 cm−3 and (b) the 30
highest-energy macroparticles, throughout the history of their acceleration, in the
simulation with PL = 4 TW and ne,0 = 7 × 1019 cm−3.

C. Blowout regime
As stated in Sec. IV A, in the description of the “second

parameter range,” in the cases that generate quasimonoenergetic
bunches, the acceleration processes have the following dynamics.
Self-channeled laser propagation occurs, as well as a nonlinear
wakefield, along the entire length of the exit ramp. This wakefield
is formed by prominent regions of clean positive charge, or ion
cavities, albeit with an elongated shape (as can be seen from the
typical example in Fig. 2). A small bunch of electrons is trapped
in the first and/or second periods of the wakefield, starting from
the z′ position. The typical energy gain follows the example in
Fig. 8(a).

In the simulated configurations presenting quasimonoener-
getic bunches, the average superposition parameter at z′ is Tp

(1)

≈ 0.6, not varying much along the acceleration path (the exit down-
ramp) and the average transverse superposition ratio is w0

′/Λwake

≈ 0.6. For all simulation results, we obtained the PL
′/Pc

(b) ratio, where
PL
′ is the peak power of the laser pulse fragment at z′ and Pc

(b) is
the blowout threshold power, calculated from expression (1) using
the parameters of the self-modulated laser pulse, i.e., the fragment
duration τ′ instead of τ0. The obtained values are represented by
the surface in Fig. 9. It can be easily seen that this ratio is well
below the unit (reference plane) in most of the simulations, includ-
ing those with well-formed quasimonoenergetic bunches, indicated
by red dots superimposed on the surface.

FIG. 9. Ratio of the laser pulse fragment peak power to the calculated critical power
for the blowout regime (expression 1), PL

′/Pc
(b), for all the studied configurations.

The plane PL
′/Pc

(b) = 1 is also shown. Red dots: all simulated configurations that
show well-formed quasimonoenergetic bunches.

However, it should be noted that expression (1) is derived from
a study developed in a specific domain.36 By defining the similar-
ity parameter S ≡ ne/(a0

′ncr), the source model of expression (1)
assumes S ≪ 1 and a0

′ ≫ 1 (or an ultra-relativistic, tenuous under-
dense plasma regime). Our simulations exhibit quasimonoenergetic
electrons from regimes with a0

′ of few units and S of several hun-
dreds; therefore, it is useful to compare our results with the predic-
tions of another model, with a more appropriate domain. This is the
case of the analytical-heuristic model developed by Lu et al.,56,57 con-
sidering the blowout LWFA in the case of laser beam channeling.
In addition to a condition for the ideal laser spot radius, w0/Λwake
≈ π−1, and a condition for the laser pulse length, L0 ≲ w0, it presents
(as its main parameter) the critical laser amplitude a0c ≈ 2 (ncr/ne)1/2.
Therefore, this model indicates that smaller values of laser amplitude
are needed as the plasma density increases.

Throughout our study, only those simulations that simultane-
ously exhibited laser self-channeling and focused laser amplitude
a0
′ ≳ 1.5 and for which both geometric conditions (transversal and

longitudinal) are approximately met produced well-formed quasi-
monoenergetic bunches. Conversely, bunches with much less dis-
tinction (from the accelerated background) were obtained for con-
figurations with Tp ≳ 0.8 (mainly those using PL = 4 TW) as well
as for those presenting a0

′ ≲ 1.5 (mainly those with PL = 0.25 TW).
Finally, we note that it is known from experimental results that the
blowout regime can occur even when the laser amplitude is slightly
below the a0c threshold and with geometric conditions not strictly
fulfilled.57

D. Quasimonoenergetic beam applications
Systems designed to operate in the LWFA pure blowout regime,

at ∼kHz repetition rate, use few-cycle laser pulses, with τ0 ≤ 5 fs
(at λ ≈ 0.8 μm) and mJ energy. State-of-the-art results in such
cases usually generate a beam of quasimonoenergetic bunches with
Kb ≈ 5 MeV, ΔKb/Kb ≈ 0.5, Qb ≈ 4 pC, and ε(x,y),rms ≈ 0.6 mm
mrad, with low dependence on plasma density adjustment.12,14,58

However, such bunches are often followed by a low-energy back-
ground with a much higher normalized transverse emittance (of few
orders of magnitude) and comparable charge.8,16 A noticeable dif-
ference between this behavior and the quasimonoenergetic results
in TW and sub-TW SM-LWFA is that, in the latter (our case), the
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background electrons in the beam have a charge two orders of mag-
nitude greater than that of the quasimonoenergetic bunch. Nev-
ertheless, it should be noted that the quasimonoenergetic param-
eters have similar values in the two techniques: the mean energy,
the energy width (FWHM), the bunch charge, and the transverse
emittances. Electron beams with this set of parameters, at a high
repetition rate, are suitable for applications such as for ultrafast elec-
tron diffraction and pulsed radiolysis. These sources have also been
pointed for the irradiation of biological samples, ultrafast imaging,
and femtosecond x-ray generation.14,59

E. Full beam applications
As is well known, the full beam of accelerated electrons

obtained from SM-LWFA has a quasi-exponential spectrum. In our
study, most of the charge is in the range of 1 MeV, with transverse
emittances of tens of mm mrad (≲10 mm mrad for 1 TW and sub-
TW). However, the fact that the total charge is on the nC scale makes
these beams relevant for applications where a high dose of radia-
tion is required,46,54,59 with the advantage of allowing compact high
repetition rate systems.

F. Summary and conclusions
In this work, we used PIC simulations to study SM-LWFA gen-

erated by 50-fs laser pulses at λ = 0.8 μm with peak powers from
0.25 to 4 TW using a target formed by a jet of H2 gas with a thick-
ness of 120 μm FWHM. These and the other parameters consid-
ered place the simulated configurations close to those of important
recent experimental demonstrations.20,32 The various characteristics
of the processes obtained were discussed and classified into three
sub-regimes that depend on the initial laser and plasma parameters.
In the best cases, laser self-channeling is achieved and a continu-
ous wakefield occurs along the entire exit ramp. These cases are
obtained for peak density in the range from 5× 1019 to 5× 1020 cm−3,
generating electron bunches with total charge on the nC scale. For
initial laser peak power in the interval 0.5 to 2 TW and optimal peak
plasma density around 2 × 1020 cm−3, well-formed quasimonoener-
getic bunches are produced, with central (mean) energy in the range
of 5–11 MeV, widths from 3 to 10 MeV (FWHM), about 0.5% of
the total charge, and normalized transverse emittances of a few mm
mrad. These values are fully in line with the experimental results of
TW and sub-TW SM-LWFA. We point out that these quasimonoen-
ergetic bunches can be suitable for many high repetition applica-
tions, although further studies on directional and long-term stability
are still needed.59,60 We have also shown that the processes that give
rise to such bunches in TW and sub-TW SM-LWFA do not have
the typical DLA energy gain, nor the expected DLA signatures are
verified on their electrons.41 Instead, the bunch characteristics and
the acceleration history are compatible with those of the blowout
LWFA. We verified that the configurations that present well-formed
quasimonoenergetic bunches have the operational parameters clos-
est, among all tested, to the conditions expected for this regime,
considering the theoretical model that assumes laser channeling and
no restrictions on plasma density.57
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