
 

Near-GeV Electron Beams at a Few Per-Mille Level from a Laser Wakefield Accelerator
via Density-Tailored Plasma

L. T. Ke ,1,2 K. Feng ,1 W. T. Wang ,1,* Z. Y. Qin ,3,† C. H. Yu,3 Y. Wu,1 Y. Chen,1 R. Qi,1 Z. J. Zhang,3 Y. Xu,1

X. J. Yang,1 Y. X. Leng,1,4 J. S. Liu,1,3,‡ R. X. Li,1,2,4,§ and Z. Z. Xu1,2,4
1State Key Laboratory of High Field Laser Physics and CAS Center for Excellence in Ultra-intense Laser Science,

Shanghai Institute of Optics and Fine Mechanics (SIOM), Chinese Academy of Sciences (CAS), Shanghai 201800, China
2Center of Materials Science and Optoelectronics Engineering, University of Chinese Academy of Sciences,

Beijing 100049, People’s Republic of China
3Department of Physics, Shanghai Normal University, Shanghai 200234, People’s Republic of China

4School of Physical Science and Technology, Shanghai Tech University, Shanghai 200031, People’s Republic of China

(Received 16 June 2020; revised 18 March 2021; accepted 28 April 2021; published 25 May 2021; corrected 8 July 2021)

A simple, efficient scheme was developed to obtain near-gigaelectronvolt electron beams with energy
spreads of few per-mille level in a single-stage laser wakefield accelerator. Longitudinal plasma density was
tailored to control relativistic laser-beam evolution, resulting in injection, dechirping, and a quasi-phase-
stable acceleration. With this scheme, electron beams with peak energies of 780–840 MeV, rms energy
spreads of 2.4‰–4.1‰, charges of 8.5–23.6 pC, and rms divergences of 0.1–0.4 mrad were experimentally
obtained. Quasi-three-dimensional particle-in-cell simulations agreed well with the experimental results.
The dechirping strength was estimated to reach up to 11 TeV=mm=m, which is higher than previously
obtained results. Such high-quality electron beams will boost the development of compact intense coherent
radiation sources and x-ray free-electron lasers.
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Plasma-based accelerators can accelerate electron beams
(e beams) to the gigaelectronvolt (GeV) level within a few
centimeters owing to their extremely high accelerating
gradient [1–4]. Such high-energy e beams are typically
produced by capillary-discharge waveguides [5,6] or long
gas cells [7–9], and an energy level of 7.8 GeV has been
achieved [10]. Although laser wakefield accelerators
(LWFAs) can produce e beams with high energy, their
energy spreads remain at a few percent level. This inherent
problem hinders their potential applications in developing
novel light sources [11–13] for which the energy spreads
should be at a few per-mille level. Some theoretical
schemes with an additional tailored escort e beam [14],
tailored plasma profiles [15–17], or threshold-controlled
ionization injections [18,19] have been proposed over
recent years to reduce the energy spread down to the
few per-mille or even millesimal level. These proposals,
however, are experimentally challenging. In the experi-
ments, the energy spread has been significantly reduced
from 100% [20] to tens-of-percent levels [4] and from the
few percent level [7,21,22] to the few per-mille level.
Typically, per-mille-level e beams are realized by cascaded
acceleration [23,24] wherein the injection and acceleration
processes are separated and a minimum level of 4‰ has
been achieved. However, this scheme requires a sophisti-
cated configuration and is complicated. Hence, viable
schemes to achieve the per-mille level are still unavailable
and further research is required.

Recently, several types of dechirpers were proposed for e
beams from linear accelerators [25–27] to reduce energy
spreads from the percent level to the few per-mille level.
The dechirping process utilizes a suitable field with a
positive (negative) slope to reduce the negative (positive)
chirp of an e beam. Similar processes are also applicable
for LWFAs [17,28]. Generally, an injected beam with a
negative chirp will rapidly undergo a chirp inversion owing
to the positive-slope accelerating field, which is common in
a blowout regime. Once the chirp reverses and becomes
positive, the energy spread continues increasing. Therefore,
the construction of an appropriate field and the method of
interaction of the field with the e beam pose a challenge to
effective dechirping.
The relativistic self-focusing of a laser is significant in

laser-plasma interaction. Such self-focusing usually occurs
when the power of a laser P≳ Pc, where Pc is the critical
power for self-focusing [29]. Self-focusing can be used to
extend the acceleration distance and control the injection
process [30]. When the relevant parameters are appropri-
ately set, it is found that the defocusing can induce both
chirp mitigation and quasi-phase-stable acceleration
(QPSA) [31,32], implying that the accelerated e beam in
an LWFA remains in a quasistable phase in a wakefield
where the e beam witnesses an almost stable acceleration
field. During the laser defocusing process, a sawtoothlike
accelerating field is formed, leading to an interaction
between a positive-chirped e beam and an accelerating
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field with a negative slope. Thus, high-energy e beams with
ultralow energy spreads can be generated.
In this Letter, we propose an efficient and viable scheme

to achieve few per-mille level near-GeV e beams by using a
tailored plasma density profile to guide the self-focusing
process of the laser pulse. As a positive feedback, the
focusing process controls the injection of electrons, and the
defocusing process induces a QPSA and dechirping proc-
ess. In the experiments, the generated e beams have peak
energies of 780–840 MeV, root-mean-squared (rms) energy
spreads of 2.4‰–4.1‰, charges of 8.5–23.6 pC, and rms
divergences of 0.1–0.4 mrad. These e beams with high-
quality characteristics may be applied in compact, intense,
coherent LWFA-based free-electron lasers (FELs) and
radiation sources.
The experiments were conducted using a 200-TW Ti:

sapphire laser system with 1-Hz repetition rate based on
chirped pulse amplification [33]. The setup is shown in
Fig. 1(a). A laser pulse with 800-nm central wavelength was
focused onto a gas target by an f=30 off-axis parabolic
mirror. Thevacuum focal spot sizes ðwFWHMÞweremeasured
to be 40� 1 μm and 38� 1 μm full width at half maximum
(FWHM) in the vertical and horizontal directions, respec-
tively (which for a Gaussian profile implies 1=e field profile
radius r0 ¼ wFWHM=

ffiffiffiffiffiffiffiffiffi

2ln2
p

≈ 34� 1 μm). The peak inten-
sitywas estimated as2.9–3.6 × 1018 W=cm2, corresponding
to a normalized amplitudea0 ≈ 1.2–1.3. The target assembly
consisted of a perforated baffle and a pulsed heliumgas valve
connected to a nozzle with a bore diameter of 6 mm. By
adjusting the relative distance between the baffle and the
nozzle along the optical axis, a structured gas profile with a
shock wave can be produced. The baffle was inserted in the
upstream region of the supersonic flow to generate a density

down ramp. A probe beam split from the main laser pulse
passed perpendicularly through the gas target and entered a
Michelson-type interferometer using a 4f optical imaging
system formeasuring the shockwave andplasmadensity. The
e beams were characterized by a 1.1-T magnet spectrometer,
with which the energy spectrum, charge and divergence
could be obtained. The energy spectrometer has an energy
resolution of 0.2%at 780MeVwith 0.1mrad divergence, and
the uncertainty of the measured peak energy is 2% consid-
ering the pointing fluctuation of �0.6 mrad of the e beams.
In the experiments, the laser pulse was focused at the gas

behind the baffle. A shock wave was formed at a distance
less than the λos scale by adjusting the position of the baffle
along the optical axis, as shown in Fig. 1(b), where λos is
the oscillation period of the laser in a constant density
plateau [34]. The e beams were expected to be injected into
the bubble before the laser defocused. Figure 1(c) shows
the constructed plasma density which peaks at ð5� 0.5Þ ×
1018 cm−3 and has a down ramp of ∼160 μm. This can also
be seen from the shock-wave shadow graph shown in
Fig. 1(b). The down ramp is followed by a nearly 6-mm
long ð2.6� 0.5Þ × 1018 cm−3 density plateau. Figure 2(a)
shows the spectra of the e beams achieved using these
parameters. The e beams have peak energies of 780–
840 MeV, rms energy spreads of 2.4‰–4.1‰, charges
of 8.5–23.6 pC, and rms divergences of 0.1–0.4 mrad. The
spatially integrated energy spectrum of the 13th shot
shown in Fig. 2(b) indicates that the charge per energy
interval was 1.5 pC=MeV. The average 6D brightness
B6D;n ¼ I=ðϵ2nσδÞ, and it is defined as the peak current
in the e beam core divided by the product of the rms
transverse normalized emittances and the rms fractional
energy in units of 0.1% [35]. In the calculation of B6D;n,
the transverse normalized emittance is estimated by ϵn ¼
γσxσθ, where γ is the relativistic Lorentz factor, and σx and
σθ are the transverse size and the rms divergence of the e
beam, respectively. Although e beam size σx and pulse
duration at the exit of the LWFA are not measured, they are
assumed to be 1.5 μm and 2 fs for an estimation [36–38].
The σθ and the σδ were set as 0.2 mrad and 0.3% with γ ¼
1600 and a charge of 16 pC. By using the aforementioned
parameters, B6D;n was estimated as ∼1016 A=m2=0.1%.
The beam properties, including the charge, energy spread,
and even chirp degree can be controlled by manipulating the
focal location and plasma density [34]. The average accel-
erating field was estimated as ∼142 GV=m by assuming an
accelerating length of 5.8 mm (according to the following
simulation results). As the density transition used in this
scheme is insufficient for the expansion of the bubble to
capture the e beam from the second bubble into the first
bubble at the density down ramp, the cascaded acceleration
was excluded. In addition, only one e beam was detected on
the scintillating screen for each shot, which excludes the
beam driven acceleration. Thus, a QPSA stage in the first
bubble is essential for achieving high energy in such a short
distance.

(a)

(b)

(c)

FIG. 1. Schematic of the experimental setup. (a) A perforated
baffle was inserted upright into the flow of a supersonic gas
nozzle. A 100–120 TW, 25-fs laser pulse polarized along the
horizontal direction was focused onto the gas target and propa-
gated through the hole of the baffle. The spectra of the generated
electrons were measured with a 1.1-T magnetic spectrometer.
(b) The shock wave in the shadow graph is circled with a dashed
line. The optical axis is at zero. (c) The retrieved on-axis plasma
density profile ranges from the center of the baffle. The evolution
of the laser beam in vacuum (dashed line) and in the plasma (red
shaded area) are also shown, respectively.
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To further explore the underlying physics behind the
generation of near-GeV e beams with ultralow energy
spreads, quasi-three-dimensional particle-in-cell simula-
tions were performed with Fourier-Bessel particle-in-cell
(FBPIC) code [39,40]. The parameters used in the simu-
lations matched the experimental conditions. The longi-
tudinal and transverse window sizes were 50 and 120 μm,
respectively. The grid cell size was determined as Δz ¼
0.04 μm and Δr ¼ 0.12 μm, with 16 macroparticles per
cell. A linearly polarized laser pulse with a wavelength
λ0 ¼ 0.8 μm, a normalized amplitude a0 ¼ 1.24, a pulse
duration τ ¼ 25 fs, and a focal spot radius r0 ¼ 34 μmwas
launched from the left boundary of the simulation box
along the z axis and focused at 1.4mmbehind the entrance of
the plasma. The laser pulse was assumed be described by a
Gaussian function. The density profile used in simulations
was close to the measured one in experiments, as shown by
the black line in Fig. 3(a).

The density up ramp at the entrance of the plasma offered
an appropriate distance for laser evolution. Electrons were
not injected into the bubble throughout the density up ramp.
As the laser entered the density down ramp, the bubble
expanded, and the wake phase velocity βp at the rear of the
bubble reduced considerably. These changes were caused
by an increase in a0 and a decrease in plasma density. The
injection was triggered near the end of the density down
ramp, as indicated by the gray area in Fig. 3(a) because of
the synergistic function of the density down ramp and the
self-focusing of the laser. Hence, the injection is termed
synergistic injection. In both the experiments and simu-
lations, the injection ceased when the focal location was
shifted forward (in the propagation direction) or backward
from the density peak by more than 1 mm [34]. The
reduction in charge was due to the decrease in a0 and a00,
which is the derivative of a0 with respect to the propagation
distance, at the injection point [34], indicating that the self-
focusing in our scheme plays an important role in realizing
localized injections [22,30,41]. The influence of down
ramp width Lramp was also investigated, which showed
that a larger or smaller Lramp would lead to a reduced
injected charge. Thus, the results show that both the density
down ramp and the laser self-focusing contributed to the
occurrence of injection in our scheme [34].
Figure 3(b) shows the evolution of the energy and AES

of the e beam. The corresponding fitted chirp and MLWS
over the length of the e beam are shown in Fig. 3(c). Chirp
evolution was dominated by the MLWS. As a0 decreased
after injection, the positive MLWS became negative and the
chirp of the e beam was compensated gradually. Under
optimized conditions, the chirp was fully removed, and
the corresponding AES decreased from 4.5 to 2.4 MeV
[Fig. 3(b)]. After that, the chirp remained approximately

(a) (b)

(c)

FIG. 3. Simulated evolution of various parameters. (a) Normal-
ized vector potential (a0), wake phase velocity (βp), and plasma
density. Here, βp (blue line) is calculated at the rear of the bubble
where the longitudinal electric field is zero. It reached the
minimum near the end of the density down ramp. The evolution
of a0 (red line) can be separated as an oscillation period (blue
shaded area) and a nearly matched period (red shaded area). (b),
(c) The absolute energy spread (AES; red line) has a maximum of
4.5 MeV corresponding to a relative energy spread (RES) of 1.7%
and a minimum of 2.4 MeV corresponding to an RES of 4.6‰.
The red dashed lines indicate the locations where the dechirping
process started and completed. The green dashed line shows the
fitted of the mean longitudinal wakefield slope (MLWS).
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FIG. 2. Measured e beams energy spectra. (a) The raw energy
spectra of 15 shots with energy spreads ranging from 2.4‰–
4.1‰. The color map represents the charge density
(pC=MeV=mrad) on the detector. (b) The spatially integrated
energy spectrum of the 13th shot in (a). The peak energy of this
shot is 817 MeV, and the rms relative energy spread is 3.3‰. The
filled area represents the charge of the beam corresponding to
10.6 pC within a threefold relative energy spread. The inset
shows a magnification of shot 13 rotated 90° clockwise. The rms
divergence is 0.25 mrad.

PHYSICAL REVIEW LETTERS 126, 214801 (2021)

214801-3



zero during the subsequent acceleration. The process is
described in detail as in the next paragraph.
When the density down ramp terminated, βp increased,

and injection ceased. The chirp of the e beam that had just
been injected into the bubble was negative as the head of
the beam was injected earlier and gained much more
energy than the tail. Since the slope of the accelerating
field was positive, the trailing electrons experienced a
higher longitudinal accelerating field than the front
[Figs. 4(a) and 4(e)]. Consequently, the chirp reversed
rapidly after an accelerating length of hundreds of microm-
eters, as shown in Figs. 3(c) and 4(f). When the laser
intensity decreased from the maximum, the density singu-
larity at the rear of the bubble abated, creating a sawtooth-
like accelerating field [Fig. 4(b)]. At this position, the
estimated chirp was 4.7 MeV=fs [Fig. 3(c)] [28]. Owing to
the transformation of the accelerating field during the
dechirping process, the e beam with the positive chirp
gradually slipped back to the rear of the bubble during
transition from the accelerating field with a positive slope to
one with a slightly negative slope [Fig. 4(f)]. Although the
entire beam remained in the accelerating phase, the trailing
electrons witnessed a weaker accelerating field. Thus, the
chirp was compensated and decreased to 0.4 MeV=fs after
about λos=2 [Fig. 3(c)] indicating a dechirping strength of
11 TeV=mm=m [26]. The total energy spread of the e beam
after dechirping was almost equal to the slice energy
spread. With increasing energy gain, the e beam moved
away from the rear of the bubble and reverted to the
accelerating field with the positive slope. The beam-loading
effect was clearly observed at this point. Each part of the e

beam witnessed almost the same acceleration gradient as
shown in Figs. 4(c) and 4(g). The subsequent increase in
the AES after reaching the minimum (over the complete
accelerating process, to be precise), was due to betatron
slippage [42] and betatron-motion-induced transverse
dependence of the accelerating fields [43]. Finally, an e
beam with a peak energy of 817 MeV, a charge of 16.6 pC
and an rms energy spread of 5‰ was achieved [Figs. 4(d)
and 4(h)], and it agreed well with the experimental results.
Further simulations showed that the key to the generation of
a small final RES is the matching between the initial chirp
and the dechirping process. If the dechirping process did
not match the initial chirp, even a small initial chirp would
lead to a large energy spread at the percent level [34].
Simulations with higher spatial resolution were performed
to ensure convergence.
In conclusion, we proposed and experimentally demon-

strated a feasible scheme to achieve near-GeV e beams with
few per-mille RES based on the tailored plasma density
profiles. The simulation results agreed with the experimental
results. Further, the simulations showed that laser evolution
controls the complete laser-plasma interaction process,
including the injection and the dechirping process.
Matched dechirping can induced a reduction in the RES
by a factor of 3 and the total energy spread of the e beams can
be approximated as the slice energy spread.We believe these
e beams will promote advances in the field of tabletop x-ray
FELs and stable x-ray and gamma ray sources in the future.
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