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ABSTRACT

One limitation in high energy and high-efficiency electron acceleration by laser-driven plasma wakefield is the dephasing due to the acceler-
ated electrons surpassing the acceleration phase of the wake. Here, by utilizing multi-stage plasma channels with different densities, we show
in simulations that electrons can jump from a back acceleration bubble into a front one before getting into the deceleration phase and obtain
relay acceleration in the front bubble when the laser steps into a new stage of the plasma channel. In our numerical studies, the final
maximum energy of the electrons by such relay acceleration can be several times higher than electrons accelerated in a single-stage plasma
channel. The defocusing effects on the beam emittance and charge, caused by electrons crossing the high-density electron layer located
between the neighboring bubbles, can be suppressed by appropriately connecting the staged channels. The current scheme helps to increase
the acceleration energy and efficiency of laser wakefield accelerators.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0042090

I. INTRODUCTION

Laser wakefield acceleration (LWFA) has been proved to be a
promising candidate for the next generation of accelerators due to
its extremely high acceleration gradient.1–3 Nowadays, worldwide
efforts have been made to improve the performance of wakefield
acceleration. Day-scale operation reliability has recently been
demonstrated,4 which makes LWFA beams with hundreds of MeV
energy close to real applications. At the same time, tens of GeV
laser wakefield acceleration is also quite intriguing due to its poten-
tial applications for high-energy physics, such as the electron–
positron TeV colliders. For this, plenty of issues, such as energy
increment and efficiency in a single stage, long-distance laser guid-
ing, staged acceleration, and acceleration repetition rate, should be
resolved. The energy of electrons accelerated by LWFA in a single
stage has reached 7.8 GeV.5 Meter-scale plasma channels for laser
guiding are proposed.6 Staged acceleration with 100MeV energy
gain has also been demonstrated in experiments.7 Lasers with thin-
disk regenerative amplifiers for 100 kHz level repetition rate and
average power of kW are developed, which may be used for LWFA

in the near future.8 All these efforts make LWFA-based dream
beams even close to reality and ready for wide applications.

Among these studies, the performance improvement of a single
laser-driven wakefield acceleration is still extremely important since it
is the baseline for future staged acceleration and applications. In the
single-stage LWFA, even if the laser pulse is carefully guided by the
plasma channel, the maximum energy gain is still limited by electron
dephasing since the accelerated electrons can be faster than the wake
and move to the front part of the wake where the electrons are deceler-
ated and return their energy to the wake. To overcome this issue,
many schemes—such as phase-locked acceleration by using longitudi-
nally up-ramp density profile9 or using spatiotemporal shaped laser
pulses—are proposed.10–13 The former scheme is limited, since along
with the plasma density up-ramp other effects such as laser evolution
or depletion happen; meanwhile, the density for the phase-locked
acceleration should rise exponentially—which limits the total accelera-
tion length. The latter scheme still has to wait for advances in laser
technology. These schemes try to keep the electrons in the same accel-
eration structure. By using analytical studies and one-dimensional
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particle-in-cell (PIC) simulations, Pukhov et al. have proposed an
alternative scheme. They found that by choosing the proper density
gradient and different plasma layers, the dephasing problem can be
overcome. In their scheme, electrons are continuously accelerated in
successive acceleration structures behind the driving laser pulse.14

In this paper, we revisit this issue and give detailed studies on the
acceleration efficiency by using multi-dimensional PIC simulations.
We find that in the nonlinear regime, by using a plasma channel with
proper density modulation, electrons can jump into the acceleration
phase of a front acceleration bubble before getting into the deceleration
phase of the original bubble. The final electron energy gain can be sev-
eral times higher than those of electrons accelerated in the usual uni-
form plasma. A simplified schematic of our scheme is shown in Fig. 1,
where only a part of the acceleration structure is shown. In this
scheme, we use several stages of plasma channels to guide the laser
and support the plasma wave. Electrons are initially injected into a rel-
atively later acceleration structure (i.e., the Nth bubble) and they are
continuously accelerated until reaching the deceleration position. At
this moment, the density of the plasma channel drops down and the
front bubbles expand backward. The electrons thus jump to the front
(i.e., [N � 1]th) bubble and get continuous acceleration in this bubble
until reaching the deceleration position. After that, a plasma density
up-ramp profile can be used to shrink this bubble and keep the elec-
trons in the acceleration phase until the plasma density recovers to the
original density or the electrons reach the dephasing point. Then, the
same density modulation continues until the electrons jump to the first
bubble just behind the laser or the laser energy is depleted. We call this
acceleration process relay acceleration.

Before discussing the details of this scheme, it is important to
point that such a plasma density profile is possible to make. In experi-
ments, density tailoring in plasma has already been demonstrated by
different methods.15–19 Sharp density gradient with a ramp length
shorter than the plasma wavelength has also been demonstrated.20 In
addition to the density profile, a stable multi-bubble structure is the
precondition for the current scheme. Simulations show that even
when the laser intensity reaches the nonlinear regime (a0 � 1),
multiple bubbles can still be sustained in the wakefield,21 where
a0 ¼ eEL=mexc represents the normalized laser intensity; e and me

represent the electron charge and mass, respectively;x and c represent
the laser frequency and speed in vacuum, respectively; and EL repre-
sents the amplitude of the laser electric field. It should also be pointed
out that the decay of such stable multi-bubble structures depends on

many factors, such as ions mass, charge state distribution, and initial
plasma temperature. With our simulation parameters, up to seven
bubble structures have been observed and kept for a long time for relay
acceleration.

II. PLASMA DENSITY AND CHANNEL LENGTH
FOR RELAY ACCELERATION

We first use the nonlinear phenomenological scaling theory and
bubble structure to evaluate the requirement for relay acceleration,
especially the plasma density profile. The wake structure is relatively
simple since the high-density electron layer at the back of each acceler-
ation bubble is extremely thin, which makes the electron deceleration
during the stage jumping negligible. The scaling theory shows that the
dephasing length for LWFA in a uniform plasma can be expressed as

Ld ¼ 2
ffiffiffiffi
a0

p

3p

k3p
k2
;22,23 where kp and k are the plasma wavelength and the

laser wavelength, respectively. The transverse radius of the wake bubble
for cases with matched laser and plasma parameters approximately sat-
isfies R ¼ w0 ¼

ffiffiffiffiffi
a0

p
kp=p, where w0 represents the laser waist at the

focal plane. In our relay acceleration scheme, to shift the accelerated
electrons from the center of one acceleration bubble to the tail of the
front bubble, the front bubble should expand to the center of the fol-
lowing one at the end of the density down-ramp region. If we consider
the electrons initially located in the second bubble behind the drive
laser, for efficient relay acceleration, the bubble radius in the second
plasma stage (R2) should be 1.5 times the bubble size in the first stage
(R1), i.e., R2 ¼ 1:5R1. Considering kp / n�1=2

e , it means that the den-
sity of the second uniform plasma stage should satisfy ne2 ¼ 0:44ne1,
and the dephasing length in the low-density stage should satisfy
Ld2 ¼ 3:375Ld1. In practical use, due to laser energy depletion and
group velocity dispersion, the bubble moves backward in the wake
even without the density down-ramp; so, the actual optimal density
decreasing rate and the length of the low-density stage should be
smaller than the theoretical prediction. Moreover, to reinject the elec-
trons from the middle of the Nth bubble to the tail of the [N � 1]th
bubble, the density ratio between the two stages should satisfy neN

ne½N�1�

¼ 1þ 1
2 N�1ð Þ

h i�2
and the density decrease between the adjacent stages

thus is relatively small Dne � neN=ðN � 1Þ. Since the dephasing length
satisfies Ld � n�3=2

e , the length difference between the two stages is
DLd ¼ 2Ld=3N . Theoretical analysis indicates that the current scheme
is more suitable for relays with large N since the corresponding plasma
channel adjustment would be easier and it only requires smaller varia-
tions of channel density and length in different stages.

It is notable that in the above analysis, the intense laser limitation
and the nonlinear wake theory are used to obtain the bubble size. A
rough requirement for the relay acceleration is thus obtained.
However, this theoretical result can only be used for reference since in
the extreme nonlinear condition, there are no multiple wake bubble
structures behind the laser. In the following simulation studies, laser–
plasma parameters with relatively weaker nonlinearity are used, where
the wake structure is not a perfect bubble structure anymore, but
multi-quasi-bubble structure forms. In this regime, the acceleration
phase length inside the wake bubble is reduced and it is in the front
part of the bubble (not the whole bubble anymore), so the relay elec-
trons should be injected into the first half part of the wake bubble, not
the end of the bubble. To get multiple wake bubble structures in

FIG. 1. Schematic of electron relay acceleration. The drive laser is marked by a
dual color plate, the accelerated electrons are marked by black dots, and the wake
bubbles are marked by isosurfaces, the length of each bubble is marked by a red
arrow. The figure shows the process of electrons jumping from the second wake
bubble to the first one.
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simulation studies, the density used is smaller than the theoretical
value and the ratio varies with the simulation parameters and the sim-
ulation geometry [two-dimensional (2D) or three-dimensional (3D)].

Further, when the electrons jump to the front bubble, they should
cross a high-density electron layer between the two bubbles. This elec-
tron layer may defocus the electrons, so the emittance of the jumping
electrons inevitably increases, resulting in electron loss and low cou-
pling efficiency. An appropriate conjunction mode for neighboring
channel stages is thus required. Since the higher the electron energy,
the harder the variation of the transverse divergence, the coupling effi-
ciency turns to be higher for later stages. Our following simulations
show that in the later stages, the coupling efficiency can reach 100%,
which guarantees the feasibility of this scheme.

III. BASIC PROCESS AND LIMITATION IN RELAY
ACCELERATION

To investigate the evolution of the electron energy and beam
emittance during relay acceleration, we performed two- and three-
dimensional simulations by using the PIC code OSIRIS24 and
FBPIC.25 Unlike the above analytical studies, to get stable multiple
bubbles, we use lower laser intensity and the wake bucket deviates
from a real void bubble. The deceleration region of the bubble
increases, so the density jumping ratios between the plasma stages are
accordingly varied to make the electrons jump into the correct acceler-
ation phase. However, the above theoretical estimation is still helpful
to get a rough ratio number.

In the simulations, we normalize the time to T0 ¼ 3:33 fs, length
to k0 ¼ 1lm, and plasma density to n0 ¼ 1:0� 1018 cm�3. The simu-
lation box has dimensions of 250� 100 lm2 and is divided into
10 000� 200 cells along x and y directions. The drive laser propagates
along the x direction and its wavelength is kL ¼ k0. The laser pulse has
both longitudinal and transverse Gaussian envelopes. In 2D simulations,
the laser polarization is in the simulation plane. The normalized vector

potential of the laser is a ¼ a0exp � n�x0ð Þ2
c2s2 � r2

w2
0

h i
cos 2p

kL
ðn� x0Þ

h i
,

where n ¼ x � ct, and a0 ¼ 3, s ¼ 18:4T0, w0 ¼ 18:4k0, x0 ¼ �25.
These conditions can be obtained by today’s commercial hundred-TW
lasers. A plasma channel with multiple stages of densities is used to
guide the laser. The transverse density profile of the plasma channel has
a parabolic distribution, i.e., n rð Þ ¼ neN þ DnN r2=r20N, where neN is
the on-axis density of the Nth channel, DnN is the channel depth, and
r0N represents the channel width. With matched conditions for laser
and plasma channel parameters, i.e., r0N ¼ w0; DnN ¼ DncN , the drive
laser can keep its transverse profile for a long time, thus the laser’s natu-
ral defocusing can be well suppressed. Here, DncN ¼ 1=prer20N ¼ 1:13
�1020ðcm�3Þ=r20NðlmÞ, and re ¼ e2=mec2 is the classic electron
radius.2

We first study a relay acceleration with a three-stage plasma
channel by 2D simulations to investigate the fundamental process. A
3D simulation including more details and high-dimensional effects
will be presented later. In the current unoptimized case, electrons are
initially injected into several bubbles of the wake through the density
down-ramp injection scheme with a density ramp length of Lr � kp.
Here, we mainly focus on the electrons in the second bubble to find
the basic features of the relay acceleration. In the first stage, the on-
axis density remains constant, ne1 ¼ n0. Electrons are accelerated to
x ¼ 1:05 cm where they reach the deceleration phase. At this point,

the laser propagates into a lower density stage with on-axis density
ne2 ¼ 0:6n0, where the front bubble expands and traps the accelerated
electrons which are initially in the back bubble. When the electrons
enter the deceleration region in the second stage at x ¼ 2:5 cm, the
plasma density returns to the original density in the third stage with
on-axis density ne3 ¼ n0. In this high-density stage, the bubble
shrinks, and the electrons re-enter the acceleration phase again. Then,
they are continuously accelerated to x ¼ 3:0 cm.

Figures 2(a) and 2(b) show the spatial distribution of electrons
with energy larger than 100MeV at instants of t¼ 9900 and
t¼ 29 947, corresponding to the time before and after the bubble
expansion. The energy distributions along the longitudinal coordinates
are also shown in Figs. 2(c) and 2(d). As one can see, during this pro-
cess some electrons in the second bubble increase their energy from
less than 0.5GeV to more than 1.5GeV, which is much higher than
the energy of the electrons initially in the first bubble (�1.0GeV). To
study the relay acceleration process of these electrons, we have ran-
domly selected 100 electrons from the first and second bubbles and
traced their trajectories. Some typical electron trajectories in the first
and second bubbles are shown in Figs. 3(a) and 3(b). From these tra-
jectories, one can see that electrons in the second bubble show stronger
transverse oscillations than those in the first one. The average energy
of in-bubble electrons and charge evolutions of these two electron
bunches are shown in Figs. 3(c) and 3(d). Some of the electrons ini-
tially in the second bubble are scattered away from the acceleration
bubble at x¼ 10 000. We can see that about 46% of the electrons ini-
tially in the second bubble have been reinjected into the first bubble,
and about 37% of electrons are accelerated to the end, those electrons
are accelerated to about 1.5GeV in the end. In Fig. 3(c), three stages of
acceleration can be seen for these electrons by the black solid line. To
compare, those electrons in the first bubble get both acceleration and
deceleration as the dashed line shows and they always stay in the bub-
ble without charge loss. Our additional simulation shows that the max-
imum energy of electrons accelerated in an untailored plasma channel
is limited by dephasing and it is only about 30% of the energy of the
relay accelerated electrons.

As we can see from this simulation, although the energy can be
increased by relay acceleration, the charge loss and beam quality dete-
rioration still exist. This is because of the electrons scattering when
crossing the high-density electron layer between the adjacent bubbles
where the transverse electric fields are quite strong.

IV. EFFECTS OF BEAM PROPERTIES AND CHANNEL
CONNECTION MODE ON RELAY ACCELERATION
A. Beam transverse size and energy effects on relay
acceleration

To find the appropriate conditions for relay acceleration, we investi-
gated the influence of electron beam width and energy on the emittance
variation and charge loss of the beam during the relay process. The nor-

malized rms emittance defined as �y¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Dy2h i Dp2y

� �� DyDpy
� �2q

=mec

has been used, where xh i¼ 1
N

PN
i¼1

xi and Dx¼x� xh i. In this section, we

use an externally injected electron beam with low density to avoid other
effects and simplify the analysis. The beam radius is 1lm and the density
is nebeam¼1�1017 cm�3. It is initially placed at the dephasing point of
the second bubble. The laser parameters are k0¼1lm, a0¼3, and
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w0¼ cs¼15lm. The two-stage on-axis densities of the plasma
channel are set to be ne1¼1�1018 cm�3 and ne2¼3�1017 cm�3,
with a linearly density down-ramp connection from x¼250 lm to
x¼300 lm. The density of the second stage is a little lower than the
theoretical value in Sec. II to ensure the electrons can be completely
injected into the first bubble.

Figures 4(b) and 4(c) show the evolution of the transverse beam
emittance along the acceleration distance when beams with different
injection momentum and transverse position are used. The off-axis
distance is measured by a dimensionless variable r0 ¼ y=w0 [as shown
in Fig. 4(a)] and the laser waist (w0) matches with the plasma channel
radius r0 for an ideal guiding. As one can see, the electrons are trans-
versely scattered away if their initial energies are too small [see the
dashed lines with small px0 in Fig. 4(b)]. With our simulation parame-
ters, if the initial longitudinal momenta of the electrons satisfy
px0 � 50, the large-angle scatterings can be suppressed and the elec-
trons are always trapped in the front bubble. It means that the trans-
verse electron scattering effect can be neglected once the beam energy
is high enough. So, for efficient relay acceleration, the first acceleration
stage should be long enough to accelerate electrons to threshold
energy.

Figure 4(c) shows the beam off-axis effects on transverse electron
scattering. One can see that when the initial off-axis distances are

smaller than 0:2w0, the beam emittance can be kept to a small value.
Otherwise, they will increase in the next acceleration stage and be lost
from the acceleration structure. The dependence of the reinjection effi-
ciency on the electrons’ initial longitudinal momenta and transverse
positions is illustrated in Fig. 4(d); here, the reinjection ratio is defined
as the ratio of beam charge that remains in the bubble to original
beam charge. Electron beams with high energy and small transverse
size have a reinjection ratio close to 100%, which assures the feasibility
of the current relay acceleration scheme.

B. Channel connection mode effects on relay
acceleration

Effects of the plasma channel connection mode, i.e., the connec-
tion region profile and the connection length, are also investigated.
These factors can affect the trajectories of electrons moving along the
bubble boundary and, thus, the tail structure of the acceleration bub-
ble, where the electron layer forms.26 As one can see from Sec. IVA,
the electron layer can scatter the accelerated electrons during relay
acceleration.

Two kinds of channel connection ways are compared in Fig. 5(a):
a plasma region with linearly density down-ramp and a vacuum
region. For the first case, electrons continuously interact with the

FIG. 2. 2D PIC simulation results of relay acceleration. Electron density distribution (a) and phase space distribution (c) at t¼ 9900. The dots represent electrons with energy
lager than 100 MeV. Electron density distribution (b) and phase space distribution (d) at t¼ 29 947.
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scattered field whose amplitude slowly reduces. However, for the
vacuum connection case, the electrons move freely and jump into
the front bubble directly without experiencing the transverse field.
Figure 5(a) shows that a vacuum connection can suppress the beam
emittance efficiently. An electron beam with even but quite low initial
momenta (px0 ¼ 20) can maintain its emittance during relay accelera-
tion. However, for a plasma ramp connection, the electrons should
have initially large enough momenta; otherwise, the emittance will be
increased very quickly in the second stage and electron loss happens—
scattering field at the bubble tail has a more significant influence on
the low-momentum electron beam. Since such a short vacuum region
is practically difficult to achieve in experiments. A plasma connection
is inevitable. Studies here show that initial minimum electron energy is
required for relay acceleration.

We then studied the ramp length effects in Fig. 5(b). The on-axis
plasma density is linearly declined around the connection ramp.
Different connection lengths, i.e., LrampðlmÞ ¼ 50; 100; 200, are com-
pared. To save computational costs, electrons are initially positioned at
x¼ 136 lm with zero emittance. They have the same longitudinal
momenta, i.e., px0 ¼ 100. The results show that when the electron

beam moves, the emittance initially increases due to the self-force.
However, when the electrons jump to the front bubble, they feel evolv-
ing transverse fields in the ramp. The emittance may go down when a
shorter ramp is used. A relatively longer ramp length causes a larger
emittance increase in the second stage, but in general, most electrons
can be injected into the second stage and the emittance does not
increase there. The simulations show that once the other parameters
(such as the beam energy and width) are well selected, it only makes
weak effects on the final beam quality.

The above relay studies mainly occur in the first two bubbles and
simulations are based on 2D simulations. Since 2D simulations usually
give an inaccurate description of following bubble structures,27 in the
following, we use 3D simulations to check the high-dimensional effects
in the wake generation and the relay acceleration begins from the
fourth bubble. We use OSIRIS code to perform 3D simulations. The
simulation box has dimensions of 100� 40�40 lm3 and is divided
into 2000� 160� 160 cells along the x, y, and z directions.

Typical 3D simulations of electrons shifting from the back bubble
to the front one with different initial electron beam momenta are
shown in Fig. 6. As we can see, they show similar results as the 2D

FIG. 3. Trajectories of five typical electrons initially in the first (a) and second (b) bubbles. (c) The black lines show the evolutions of the average energy of the electrons initially
in different bubbles. The red line shows the on-axis plasma density distribution of the three-stage plasma channels. (d) Charge evolutions of accelerated electrons in each bub-
ble along the acceleration distance.
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simulations. Electrons with larger px0 can be fully injected into the
front bubble and receive continuous acceleration in the next stage.

A series of 3D simulations to study the effects of the initial beam
and channel connection conditions on the relay process have also
been performed. Figures 7(a) and 7(b) show that electrons with higher
initial longitudinal momenta and lower transverse off-axis deviation
can overcome the scattering field and inject into the second stage.
These results are qualitatively consistent with the 2D simulations
shown in Figs. 4(b) and 4(c). In Fig. 7(c), we checked the effects of the
second stage density fluctuation and found that there is about 610%
tolerance on the second stage density and the fluctuation toward the
lower density is acceptable. In these cases, electrons can still be injected
into the front bubble; otherwise, the average beam emittance increases
and electron loss happens in the second bubble. Connection length
effects are also found to be similar to the 2D simulations as shown in
Fig. 7(d). A longer ramp length may increase the beam emittance. In
general, as one can see that the 3D simulation shows that 2D simula-
tion can give a qualitatively reliable analysis for this relay acceleration
process.

V. RELAY ACCELERATION FOR GeV ELECTRON BEAM

Based on the above studies, we have performed a full simulation
with multi-stage relay acceleration. To reduce the computational time,
a quasi-3D PIC code (FBPIC) is used. We use four successive plasma
channels with in turn decreased and increased density stages to accel-
erate an externally injected electron beam. As we analyzed in Sec. II,
theoretically, each channel should have a unique density to make elec-
trons perfectly jump to the right phase of the front bubble. Such a
complicated structure is not easy for experiments. Here, we show that
by using only two types of channels one can still complete the relay
acceleration. However, the cost is that the energy gains in some stages
are much smaller.

The on-axis density of the plasma channel is shown in Fig. 8. The
maximum plasma density is ne1 ¼ ne3 ¼ ne5 ¼ nh ¼ 5� 1018 cm�3,
and the minimum density is ne2 ¼ ne4 ¼ nl ¼ 0:7nh ¼ 3:5
�1018 cm�3, with linear density ramp as the connection. The theoreti-
cal value for the matched jump is ne4=ne3 ¼ 0:73, and we choose the
ratio nl=nh ¼ 0:7 as a compromise of theoretical calculation and
experimental feasibility. A 30 TW laser with both transverse and

FIG. 4. (a) Spatial distribution of the plasma density and the externally injected electron beam (black dots). (b) Beam emittance evolution with different electron injection
momenta px0. (c) Beam emittance evolution with different off-axis injection positions r 0. (d) Reinjection ratio of electrons with different r 0 and px0. The shaded regions in figures
(b) and (c) represent the plasma density transition regions where the electrons shift from the back bubble to the front one. The insets show typical beam distributions in the
wake.
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longitudinal Gaussian profiles and a spot size of w0 ¼ 10 lm propa-
gates along the z direction. The laser wavelength is k0 ¼ 0:8lm and
the focus is at z ¼ 0 cm. Its normalized peak amplitude is a0 ¼ 3. The
pulse length is cs ¼ 10lm. The simulation box has dimensions of
100� 20lm2 and is divided into 2000� 50 cells along the z and r
directions. An electron beam with an initial energy of 51.1MeV
(px0 ¼ 100) is injected into the tail of the fourth acceleration bubble.
The beam has a spherical shape with a radius of 1lm and a uniform
density of nebeam ¼ 1� 1017 cm�3.

In the simulation, we find the electrons can get energy gain in
each stage. However, due to the imperfect matching, the energy
gains in the third and fourth stage are quite small. At the end of the
simulation, the beam is located in the second bubble. We find that
in this case, the first bubble is not suitable for further relay accelera-
tion since after the long-distance propagation, the drive laser is
depleted and deformed. With the current laser condition, for a

uniform plasma with density nh, the theoretical energy gain at the
dephasing position is about DEtheory ¼ 389:2MeV according to the

scaling formula DE GeV½ � ¼ 1:7 P TW½ �
100

� �1
3 1018

np cm�3½ �

� �2
3 0:8

k lm½ �

� �4
3:21

However, by using the multi-staged plasma channel and relay
acceleration, the final accelerated beam energy reaches
DE ¼ 1:1GeV, which is approximately three times the theoretical
limit. This typical simulation proves that the relay acceleration has
the potential to further break the limitation of single-stage accelera-
tion. However, it should be pointed out that the current simulation
is still not well optimized for the consideration of experimental fea-
sibility. One can see that electrons only receive slight acceleration
in the middle stages and the beam transverse emittance is inevitably
increased in the later stages as shown in Fig. 8. The current scheme
may be more useful for radiation source applications since trans-
verse electron oscillations help in enhanced radiation.

FIG. 5. Evolution of beam emittance during the relay acceleration process under different channel conditions. The gray areas represent the connection regions between the
two stages. (a) The channel connection mode effect. Two different connection modes and initial beam momenta are compared. (b) Effects of the connection length between
the stages.

FIG. 6. 3D simulation results of electrons jumping to the front bubble with different initial longitudinal momenta. (a) px0 ¼ 100 and (b) px0 ¼ 10. The charge distribution and
laser are represented by isosurface and the electrons are marked with black dots.
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It is notable that we have used a relatively high plasma density
and a tightly focused laser pulse, for which both the simulation box
size and the total simulation time are reduced and the computational
cost is thus affordable. The current relay acceleration scheme is still
suitable for lower plasma density where it has the potential to acceler-
ate electrons to multi-GeV energies.

VI. CONCLUSION AND DISCUSSION

In summary, we have numerically studied and demonstrated a
relay acceleration scheme to overcome usual dephasing in LWFA.
Under a properly tailored plasma density profile, electrons initially in
the later acceleration bubble can jump into the front bubbles and get
continuous acceleration to higher energies, which can be a few times
larger than that in an untailored plasma. The transverse scattering and
charge loss of electrons can be suppressed by pre-acceleration and
proper channel connection. We notice that this work is conceptually
similar to a previous work based on one-dimensional analysis.14

However, in our work, multi-dimension effects, especially electron
scattering and charge loss, are studied in detail. The current scheme
makes acceleration with a longer distance possible compared with the
traditional phase-lock acceleration where the plasma density requires

FIG. 7. Evolutions of the average beam emittance under different initial beam and channel connection conditions. The gray areas represent the connection regions between
the two stages. (a) Initial longitudinal beam momentum px0 effect. (b) Electron off-axis ratio r 0 effect. (c) Effect of density fluctuation in the second stage. (d) Stage connection
length effect.

FIG. 8. Energy spectrum evolution of an externally injected electron beam. The
electron beam is initially injected in the fourth bubble and is accelerated to the sec-
ond bubble after four stages. The three small top figures show the beam position
when the laser propagates to z cmð Þ ¼ 0:1; 0:7; 1:2, respectively.
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continuous increase. In our scheme, the density profiles with both
down- and up-ramps can use the laser energy more efficiently. The
current scheme may provide a prospect for future meter-scale laser
wakefield acceleration where the plasma density is relatively low and
the staged channel length is larger, which further reduces the experi-
mental difficulty to make such staged plasma channels.

ACKNOWLEDGMENTS

This work was supported by the National Natural Science
Foundation of China (Grant Nos. 11991074 and 11774227) and
Science Challenge Project (No. TZ2018005). Simulations were
performed on the PI Supercomputer at Shanghai Jiao Tong University.

AUTHOR DECLARATIONS
Conflict of Interest

The authors have no conflicts to disclose.

DATA AVAILABILITY

The data that support the findings of this study are available
from the corresponding author upon reasonable request.

REFERENCES
1T. Tajima and J. M. Dawson, “Laser electron accelerator,” Phys. Rev. Lett. 43,
267 (1979).
2E. Esarey, C. B. Schroeder, and W. P. Leemans, “Physics of laser-driven
plasma-based electron accelerators,” Rev. Mod. Phys. 81, 1229 (2009).

3M. Chen, F. Liu, B. Y. Li, S. M. Weng, L. M. Chen, Z. M. Sheng, and J. Zhang,
“Development and prospect of laser plasma wakefield accelerator,” High
Power Laser Part. Beams 32, 092001 (2020).

4A. R. Maier, N. M. Delbos, T. Eichner, L. H€ubner, S. Jalas, L. Jeppe, S. W. Jolly,
M. Kirchen, V. Leroux, P. Messner, M. Schnepp, M. Trunk, P. A. Walker, C.
Werle, and P. Winkler, “Decoding sources of energy variability in a laser-
plasma accelerator,” Phys. Rev. X 10, 031039 (2020).

5A. J. Gonsalves, K. Nakamura, J. Daniels, C. Benedetti, C. Pieronek, T. C. H. de
Raadt, S. Steinke, J. H. Bin, S. S. Bulanov, J. van Tilborg, C. G. R. Geddes, C. B.
Schroeder, C. T�oth, E. Esarey, K. Swanson, L. Fan-Chiang, G. Bagdasarov, N.
Bobrova, V. Gasilov, G. Korn, P. Sasorov, and W. P. Leemans, “Petawatt laser
guiding and electron beam acceleration to 8 GeV in a laser-heated capillary
discharge waveguide,” Phys. Rev. Lett. 122, 084801 (2019).

6B. Miao, L. Feder, J. E. Shrock, A. Goffin, and H. M. Milchberg, “Optical
guiding in meter-scale plasma waveguides,” Phys. Rev. Lett. 125, 074801
(2020).

7S. Steinke, J. van Tilborg, C. Benedetti, C. G. R. Geddes, C. B. Schroeder, J.
Daniels, K. K. Swanson, A. J. Gonsalves, K. Nakamura, N. H. Matlis, B. H.
Shaw, E. Esarey, and W. P. Leemans, “Multistage coupling of independent
laser-plasma accelerators,” Nature 530, 190–193 (2016).

8O. Jakobsson, S. M. Hooker, and R. Walczak, “GeV-scale accelerators driven
by plasma-modulated pulses from kilohertz lasers,” Phys. Rev. Lett. 127,
184801 (2021).

9W. Rittershofer, C. B. Schroeder, E. Esarey, F. J. Gruner, and W. P. Leemans,
“Tapered plasma channels to phase-lock accelerating and focusing forces in
laser-plasma accelerators,” Phys. Plasmas 17, 063104 (2010); W. Li, J. Liu, W.
Wang, Z. Zhang, Q. Chen, Y. Tian, R. Qi, C. Yu, C. Wang, T. Tajima, R. Li,
and Z. Xu, “The phase-lock dynamics of the laser wakefield acceleration with
an intensity-decaying laser pulse,” Appl. Phys. Lett. 104, 093510 (2014).

10S. Smartsev, C. Caizergues, K. Oubrerie, J. Gautier, J.-P. Goddet, A. Tafzi, K. T.
Phuoc, V. Malka, and C. Thaury, “Axiparabola: A long-focal-depth, high-
resolution mirror for broadband high-intensity lasers,” Opt. Lett. 44,
3414–3417 (2019).

11J. P. Palastro, J. L. Shaw, P. Franke, D. Ramsey, and D. H. Froula,
“Dephasingless laser wakefield acceleration,” Phys. Rev. Lett. 124, 134802
(2020).

12J. D. Sadler, C. Arran, H. Li, and K. A. Flippo, “Overcoming the dephasing limit
in multiple-pulse laser wakefield acceleration,” Phys. Rev. Accel. Beams 23,
021303 (2020).

13C. Caizergues, S. Smartsev, V. Malka, and C. Thaury, “Phase-locked laser-
wakefield electron acceleration,” Nat. Photonics 14, 475–479 (2020).

14A. Pukhov and I. Kostyukov, “Control of laser-wakefield acceleration by the
plasma-density profile,” Phys. Rev. E 77, 025401 (2008).

15W. T. Wang, W. T. Li, J. S. Liu, Z. J. Zhang, R. Qi, C. H. Yu, J. Q. Liu, M. Fang,
Z. Y. Qin, C. Wang, Y. Xu, F. X. Wu, Y. X. Leng, R. X. Li, and Z. Z. Xu, “High-
brightness high-energy electron beams from a laser wakefield accelerator via
energy chirp control,” Phys. Rev. Lett. 117, 124801 (2016).

16A. J. Gonsalves, K. Nakamura, C. Lin, D. Panasenko, S. Shiraishi, T. Sokollik, C.
Benedetti, C. B. Schroeder, C. G. R. Geddes, J. van Tilborg, J. Osterhoff, E.
Esarey, C. Toth, and W. P. Leemans, “Tunable laser plasma accelerator based
on longitudinal density tailoring,” Nat. Phys. 7, 862–866 (2011).

17C. G. R. Geddes, K. Nakamura, G. R. Plateau, C. Toth, E. Cormier-Michel, E.
Esarey, C. B. Schroeder, J. R. Cary, and W. P. Leemans, “Plasma-density-gradi-
ent injection of low absolute-momentum-spread electron bunches,” Phys. Rev.
Lett. 100, 215004 (2008).

18K. Schmid, A. Buck, C. M. S. Sears, J. M. Mikhailova, and L. Veisz, “Density-
transition based electron injector for laser driven wakefield accelerators,” Phys.
Rev. Spec. Top.-Accel. Beams 13, 091301 (2010).

19J. Faure, C. Rechatin, O. Lundh, L. Ammoura, and V. Malka, “Injection and
acceleration of quasimonoenergetic relativistic electron beams using density
gradients at the edges of a plasma channel,” Phys. Plasmas 17, 083107 (2010).

20T. Y. Chien, C. L. Chang, C. H. Lee, J. Y. Lin, J. Wang, and S. Y. Chen,
“Spatially localized self-injection of electrons in a self-modulated laser-wake-
field accelerator by using a laser-induced transient density ramp,” Phys. Rev.
Lett. 94, 115003 (2005).

21Z. Zhang, W. Li, J. Liu, W. Wang, C. Yu, Y. Tian, K. Nakajima, A. Deng, R. Qi,
C. Wang, Z. Qin, M. Fang, J. Liu, C. Xia, R. Li, and Z. Xu, “Energy spread mini-
mization in a cascaded laser wakefield accelerator via velocity bunching,” Phys.
Plasmas 23, 053106 (2016).

22S. Gordienko and A. Pukhov, “Scalings for ultrarelativistic laser plasmas and
quasimonoenergetic electrons,” Phys. Plasmas 12, 043109 (2005).

23J. Vieira, R. Fonseca, L. Silva, W. Lu, M. Tzoufras, C. Joshi, F. Tsung, and W.
Mori, “Generating multi-GeV electron bunches using single stage laser wake-
field acceleration in a 3D nonlinear regime,” Phys. Rev. Spec. Top.-Accel.
Beams 10, 061301 (2007).

24R. A. Fonseca, L. O. Silva, F. S. Tsung, V. K. Decyk, W. Lu, C. Ren, W. B. Mori,
S. Deng, S. Lee, T. Katsouleas, and J. C. Adam, “OSIRIS: A three-dimensional,
fully relativistic particle in cell code for modeling plasma based accelerators,”
in Proceedings of the Second International Conference on Computational
Science—ICCS Amsterdam, The Netherlands, 21–24 April (Springer Berlin,
Heidelberg, 2002), Vol. 2331, p. 342.

25R. Lehe, M. Kirchen, I. A. Andriyash, B. B. Godfrey, and J. LucVaya, “A spec-
tral, quasi-cylindrical and dispersion-free Particle-In-Cell algorithm,” Comput.
Phys. Commun. 203, 66–82 (2016).

26J. Luo, M. Chen, G. B. Zhang, T. Yuan, J. Y. Yu, Z. C. Shen, L. L. Yu, S. M.
Weng, C. Schroeder, and E. Esarey, “Dynamics of boundary layer electrons
around a laser wakefield bubble,” Phys. Plasmas 23, 103112 (2016).

27A. A. Golovanov and I. Y. Kostyukov, “Bubble regime of plasma wakefield in
2D and 3D geometries,” Phys. Plasmas 25, 103107 (2018).

Physics of Plasmas ARTICLE scitation.org/journal/php

Phys. Plasmas 29, 013101 (2022); doi: 10.1063/5.0042090 29, 013101-9

Published under an exclusive license by AIP Publishing

https://doi.org/10.1103/PhysRevLett.43.267
https://doi.org/10.1103/RevModPhys.81.1229
https://doi.org/10.11884/HPLPB202032.200174
https://doi.org/10.11884/HPLPB202032.200174
https://doi.org/10.1103/PhysRevX.10.031039
https://doi.org/10.1103/PhysRevLett.122.084801
https://doi.org/10.1103/PhysRevLett.125.074801
https://doi.org/10.1038/nature16525
https://doi.org/10.1103/PhysRevLett.127.184801
https://doi.org/10.1063/1.3430638
https://doi.org/10.1063/1.4867536
https://doi.org/10.1364/OL.44.003414
https://doi.org/10.1103/PhysRevLett.124.134802
https://doi.org/10.1103/PhysRevAccelBeams.23.021303
https://doi.org/10.1038/s41566-020-0657-2
https://doi.org/10.1103/PhysRevE.77.025401
https://doi.org/10.1103/PhysRevLett.117.124801
https://doi.org/10.1038/nphys2071
https://doi.org/10.1103/PhysRevLett.100.215004
https://doi.org/10.1103/PhysRevLett.100.215004
https://doi.org/10.1103/PhysRevSTAB.13.091301
https://doi.org/10.1103/PhysRevSTAB.13.091301
https://doi.org/10.1063/1.3469581
https://doi.org/10.1103/PhysRevLett.94.115003
https://doi.org/10.1103/PhysRevLett.94.115003
https://doi.org/10.1063/1.4947536
https://doi.org/10.1063/1.4947536
https://doi.org/10.1063/1.1884126
https://doi.org/10.1103/PhysRevSTAB.10.061301
https://doi.org/10.1103/PhysRevSTAB.10.061301
https://doi.org/10.1007/3-540-47789-6
https://doi.org/10.1007/3-540-47789-6
https://doi.org/10.1016/j.cpc.2016.02.007
https://doi.org/10.1016/j.cpc.2016.02.007
https://doi.org/10.1063/1.4966047
https://doi.org/10.1063/1.5047274
https://scitation.org/journal/php

	s1
	s2
	f1
	s3
	s4
	s4A
	s4B
	f2
	f3
	s5
	f4
	f5
	f6
	s6
	f7
	f8
	l
	c1
	c2
	c3
	c4
	c5
	c6
	c7
	c8
	c9
	c10
	c11
	c12
	c13
	c14
	c15
	c16
	c17
	c18
	c19
	c20
	c21
	c22
	c23
	c24
	c25
	c26
	c27



