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Laser wakefield acceleration (LWFA) is a promising way for producing GeV-scale electron beams within a tabletop
size. Increasing acceleration energy and reducing energy spread are extremely important for many applications. Here, we
experimentally demonstrate that using a plasma channel with a longitudinally up-ramp density profile can simultaneously
boost the accelerated electron energy and lower the final beam energy spread. In a plasma channel with uniform plasma
density, electron beams with a peak energy of 250 MeV and a large energy spread (~ 40%) were obtained. In contrast,
within a plasma channel of the same length with an up-ramp density profile, stable electron beams with energies up to
1 GeV and a small energy spread (~ 20%) were observed. Particle-in-cell simulations show that the plasma channel not
only suppresses laser diffraction, but also affects the self-injection and acceleration of the electron beam. In the up-ramp
plasma channel, the continual electron injection is suppressed and electrons can be locked in the acceleration phase for a
longer duration, which leads to the reduction of energy spread and the increase of electron energy. This method provides a
relatively simple and reliable way toward compact, high-performance tabletop electron accelerators.

Keywords: laser plasma interactions, laser plasma wakefield acceleration, plasma waveguide
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1. Introduction

The chirped pulse amplification (CPA) technique!!! has
enabled ultra-intense, ultrashort lasers and spurred the rapid
development of laser wakefield accelerators (LWFA),>-I
which holds the potential to reduce the conventional
kilometer-scale accelerators to a tabletop size.™””] LWFA
can be broadly applied in medical imaging, materials sci-
ence, and fundamental physics.[8‘11] However, several chal-
lenges may restrict these applications: 1) the limited accel-
eration distance due to the natural laser diffraction and en-
ergy depletion;['?] 2) the limited acceleration energy due to
the electron dephasing;['*! and 3) the not-so-good beam qual-
ity due to the uncontrolled electron injection.!'4]

For the electron injection, self-injection is a simple way
to trap electrons. It usually requires a relatively high laser in-
tensity which can be obtained by tight laser focusing. How-
ever, the tight focusing also leads to fast laser diffraction and
limited acceleration distance. To overcome the natural diffrac-
tion, plasma channels are usually employed, which can effec-
tively guide the laser and increase the acceleration distance.
However, achieving stable acceleration and high beam qual-
ity requires not only active control over laser guiding, but also
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precise management of both the phase of trapped electrons and
their injection positions. Therefore, developing techniques for
the active control of electron injection and acceleration length
is crucial.[15-20)

In this paper, we use a plasma channel with an up-ramp
density profile to simultaneously guide the laser pulse and con-
trol the electron injection and acceleration. Through exper-
imental studies and three-dimensional particle-in-cell (PIC)
simulations, we demonstrate that, compared with uniform-
density conditions, the up-ramp density gradient can tune the
laser evolution and modify the acceleration bubble size. These
enable the electrons to be captured in the optimal acceleration
phase. By this means, electron beams with a higher energy
and a reduced energy spread are ultimately yielded.

2. Experimental setup and results

The experiment was conducted on the Chongming Laser-
plasma Experimental Facility (CLEF) at Shanghai Jiao Tong
University.[>!l The laser pulse has a central wavelength of
800 nm, a pulse duration of 25 fs (FWHM), and an on-target
energy of 3 J. The laser pulse was focused by an f = 20 off-
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axis parabolic (OAP) mirror, yielding a focal spot of 26 pm
(FWHM). A 3-cm-long, hollow-core quartz glass capillary
with a 500 wm inner diameter is used to generate plasma
channel.[??! Helium gas was filled from both ends of the capil-
lary in a 50 ms duration and subsequently ionized by high-
voltage discharge. In this way, an artificially controllable
plasma channel can be produced to guide the laser pulse and
motivate wakefield acceleration.>3! Electron energy is ana-
lyzed by a magnetic spectrometer composed by a dipole mag-
net with a field intensity of 1 T, a DRZ scintillator screen and

a CCD camera. The experimental setup is shown in Fig. 1.

- &y
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Fig. 1. Schematic of the experimental setup. A 3-cm-long capillary is
mounted on a holder, filled with helium gas, and then is discharged to form a
plasma channel. Two electronic pressure controllers (EPCs) are used at both
ends of the capillary to control the gas pressure independently, allowing the
creation of a longitudinally tailored density profile. The optical fibers are used
to collect the discharge light for the diagnosis of plasma density. A thin alu-
minum foil placed behind the capillary blocks the residual laser light. The
electron beam, which transmits through the foil, is then analyzed by a mag-
netic spectrometer.

To control the electron injection and acceleration process,
the capillary was connected to two independent gas inlets at its
two ends, which enabled the separate control of back pressure
through each solenoid valve. After high-voltage discharging,
the helium gas inside the capillary was ionized to a plasma
state. To measure the axial plasma density profile, six optical
fibers were used to collect the discharge light signal, which
was subsequently delivered to an imaging spectrometer to an-
alyze the plasma density by calibrating the spectral broadening
[Fig. 2(a)].

The plasma density was determined from the Stark broad-
ening of the helium-f line (A = 587.6 nm). By analyzing the
spectral broadening of each optical fiber, the local plasma den-
sity at each position was deduced. The Stark broadening for-
mula for the helium-f line is

[T. |T. | T
1 = — — lg (AA).
g(ne) =a+bx TC+ Te+ T +plg(AL)

In the formula, 7; represents the plasma electron tempera-
ture, and AA is the full width at half maximum of the broad-
ened line. The remaining terms are constants. As found in
the literature, [>*2%! the values are a = 23.2871, b = 0.08306,
p =0.98894, T. = 11648, T,, = 132390. By substituting the
measured AA for each fiber into the formula, the local plasma

density n can be calculated.

In our experiments, under a back pressure of 2.1 bar, a

3

plasma density of 1.6 x 10'® cm™ can be measured around

the corresponding gas inlets. By reducing the back pressure
at the laser entrance, a plasma channel with a longitudinally
up-ramped density profile can be constructed. As shown in
Fig. 2(b), by using the same gas-inflation back pressure, the
plasma density along the capillary axis is uniform. When
we changed the entrance back pressure to 1.8 bar, a typi-
cal linear up-ramp density profile from 1.4 x 10'® cm™ to
1.6 x 10'8 cm~3 can be obtained.
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Fig. 2. Typical spectral broadening of helium-587.6 nm characteristic
line (a) and the deduced axial plasma density profile of the discharged
capillary (b). The spectral broadening is determined by the full width
at half maximum of the Lorentzian fitting. In (b), each data point repre-
senting an average over 10 consecutive shots.
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Fig. 3. Comparison of electron spectra under different axial plasma density

profiles. (a) Uniform density profile. (b) Up-ramp density profile. (c) Statisti-
cal results of the central energy and energy spread of electron beams.
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Figure 3 shows two typical electron energy spectra ac-
celerated from plasma channels with a uniform density pro-
file [Fig. 3(a)] and an up-ramp density profile [Fig. 3(b)]. As
one can see, the spectrum in the uniform density case shows
a broad energy spectrum and a peak energy around 250 MeV.
In contrast, in the up-ramp density case, the spectrum exhibits
a sharp quasi-monoenergetic peak centered around 0.99 GeV
and the relative energy spread (AE/E) is reduced to 14.9%.
More statistical results are shown in Fig. 3(c). It clearly con-
firms that by using an up-ramp density profile, the maximum
electron energy can be remarkably increased and the energy
spread can be reduced. In the next section, we will explain the
underlying physical mechanism through particle-in-cell simu-
lations.

3. Particle-in-cell simulations and mechanism
analysis

To analyze the reason for the improvement of the
electron beam quality, three-dimensional simulations us-
ing the Fourier—Bessel particle-in-cell (FBPIC) code were
performed.[?®! The simulated laser parameters are similar to
the experimental conditions. The normalized amplitude of the
laser pulse is ap = eEp/(mwc) = 1.7, the pulse duration is
25 fs, and the focal spot radius is 25.5 pm. Along the laser
propagation direction, a plasma channel whose depth matches
the laser radius is used to reproduce the experimental condi-
tions. The total simulation length is 35 mm, with the plasma
channel in the central 30 mm section. Two density profiles
were implemented for comparison: a uniform profile with a
density of 1.6 x 10'® cm™> (uniform case), and an up-ramp
profile with a density increasing from 1.4 x 10'® cm™ to

1.6 x 10'® cm™3 (up-ramp case). The numerical setup em-
ployed open boundary conditions in both longitudinal (z) and
radial (r) directions, and a moving window (velocity Vyindow =
0.999c¢) to follow the laser propagation. The plasma-vacuum
transitions at the channel entrance and exit were smoothly
modeled with linear axial ramps over 2.5 mm and gradual
radial transitions over 100 um. Key simulation parameters
are listed as follows: azimuthal modes N, = 2, solver or-
der norger = 32, particle initialization with p,, = 2, p, = 2,
pnt = 8 per cell, grid dimensions N, = 3200, N, = 600 cor-
responding to resolutions Az = 50 nm and Ar = 0.2 um, and
time step At = Az/c = 1.67 x 10716 s,

We first study the electron injection process in the two
cases. Simulations reveal that using a plasma channel al-
lows the laser to propagate over a long distance without
diffraction while undergoing a nonlinear self-focusing effect,
which raises its normalized amplitude () at specific positions
and then results in electron self-injection under the nonlinear
wakefield. The details of such processes are shown in Fig. 4.
Figures 4(a) and 4(d) show the evolutions of laser intensities
and the injection positions for the two cases. The correspond-
ing wake bubble and electron energy spectrum at the begin-
ning and end moments of the injection process are shown in
the second and third rows in Fig. 4. For the uniform-density
case, the electron self-injection occurs earlier due to the ini-
tial plasma density being higher than that in the up-ramp case.
During this stage, a large number of electrons are continuously
trapped over an extended injection period, leading to a broad
energy spread. However, for the up-ramp density case, due to
the initial low density, the onset of laser self-focusing and elec-
tron injection are both delayed. The effective injection region
is shorter, which leads to a lower energy spread.
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Fig. 4. Differences in electron injection and acceleration for the two cases. Panels (a) and (b)—(c) show the evolution of the normalized laser
amplitude ap and the electron energy spectrum (with the electron position inside the bubble presented in the insets)at the injection trigger point and
injection cut-off point, respectively, for the uniform density case. Panels (d)—(f) display the corresponding results for the up-ramp density case.
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Self-injection usually occurs when the longitudinal veloc-
ity of background electrons is larger than the phase velocity of
wake fields. Both the laser intensity (ag) and the local plasma
density can affect the size of the wake bubble, thereby influ-
encing the phase velocity of wake fields. The bubble size de-
pends on the plasma density 7, and the laser’s normalized am-
plitude ag as r o< \/ay/+/n..?’?°! In the uniform density case,
the bubble size mainly depends on the laser intensity which pe-
riodically increases to cause the bubble expansion and reduce
the wake phase velocity, finally triggering the electron injec-
tion. The sustained focusing leads to the continuous injection,
which produces a large energy spread of the electron bunch.
However, in the up-ramp plasma channel, the bubble size tends
to decrease as the plasma density rises, which exerts a signif-
icant counteracting effect on the electron self-injection. The
self-injection depends on the local balance of the laser self-
focusing and the increase of plasma density, which is quite
sensitive and only lasts for a short region. This leads to a re-
duction of electron energy spread. As shown in Fig. 4, in the
entire simulation, the injection process only takes place be-
tween the points labeled “injection occurred” and “cut off”.
For the uniform case, injection started at 15.19 mm and ended
at 18.44 mm, lasting for 2.75 mm. However, for the up-ramp
case, injection was delayed to the position at 18.99 mm and
ended at 19.49 mm, only lasting for 0.5 mm.

After being injected into the wake bubble, electrons gain
energy in the acceleration phase. The final energy gain de-
pends on the acceleration stage. In the plasma, the wakefield
phase velocity may remain subluminal. As the electron ve-
locity approaches the speed of light, electrons gradually move
towards the head of the wake bubble. Eventually, they enter
the deceleration phase — a process known as dephasing. The

z2=21.74 mm
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dephasing length in a longitudinally uniform density plasma
is given by ldephasing = % @,[30’32] which is typically on the
order of millimeters to centimeters. Therefore, in long plasma
channels of several centimeters, electron dephasing is a com-
mon effect that limits the maximum energy. In the experiment,
it is observed that the fluctuations in peak energy are larger in
the channel with an up-ramp density profile compared with the
channel with a uniform density profile [Fig. 3(c)]. This is be-
cause the fluctuation of the gas-filling in the density up-ramp
channel is larger, thereby affecting the acceleration length.
In the uniform channel case, all electrons are eventually de-
phased, resulting in smaller energy fluctuations.

From the simulations, we see that in a uniform channel,
the injected electrons are continuously accelerated at the be-
ginning, with the maximum energy even approaching ~ 1 GeV
(but with large energy spread) as shown in Fig. 5(a). However,
in the latter part of the channel, the electrons enter the decel-
eration phase and steadily lose energy as shown in Fig. 5(b).
Finally, the mean energy of the electron bunch is reduced to
about 500 MeV when exiting the plasma channel [Fig. 5(c)].
By contrast, in the up-ramp density channel, the injected elec-
trons always remain in the acceleration phase, as shown in
Fig. 5(e). This allows continuous acceleration until the exit
of the plasma channel, achieving a final energy gain of 1 GeV
[Fig. 5(f)]. It should be noted that even if the uniform channel
is truncated before the electrons enter the deceleration phase,
the energy spread of the resulting GeV electron beam is still
larger than that produced in the up-ramp channel. Therefore,
the up-ramp density channel offers a distinct advantage over
the truncated uniform channel for obtaining a high-quality
electron beam.
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Fig. 5. (a) Simulated electron energy spectrum at z = 21.74 mm in the uniform channel. (b) Electron beam location inside the plasma bubble corre-
sponding to (a) and the on-axis electric field profile. (c) Final electron energy spectrum after passing through the entire uniform channel. (d)-(f) The
corresponding results for the case using plasma channel with up-ramp density profile.
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4. Conclusion

In summary, our study shows that the up-ramp plasma
channel could improve the electron beam quality compared to
the uniform plasma channel. First, during the injection stage,
it can cut off the self-injection faster, resulting in a low-energy-
spread electron bunch. Second, in the acceleration stage, the
density increase effectively maintains the phase-locking of the
electron beam, achieving higher energy gain in a long plasma
channel. These advantages finally lead to a significant increase
in the electron energy and a reduction in the energy spread.
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