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Beam-driven plasma wakefield acceleration (PWFA) is a promising technique to generate high-energy
electron bunches for future electron-positron colliders. Longitudinal shaping of high-charge drive beam is
highly desired for achieving high-transformer ratio and loading high-charge witness beam. However, the
existing shaping schemes either focused on relatively low-charge bunch shaping or accompanied with
significant charge-loss rate (typically over 50%). In this paper, a coherent-synchrotron-radiation-free
shaping scheme based on velocity modulation is proposed to generate a high-charge beam with a linearly
ramped profile. A >10 kA-peak-current shaped beam containing >50 nC charge with a low charge-loss
rate is demonstrated by a start-to-end simulation, and the tunabilities of the beam charge and the peak
current, and the robustness of the proposed shaping scheme are also discussed. When loaded by a 3 nC
witness beam, a>GV=m accelerating electric field with a transformer ratio larger than 4 can be achieved in
a uniform plasma for the shaped drive beam, providing the possibility of high-transformer-ratio PWFA for a
high-charge beam.
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I. INTRODUCTION

High-luminosity high-energy electron-positron colliders
are desirable for fundamental physics studies. It is envi-
sioned that high-charge electron bunches with energy of
TeV level are required in the near future. As the accelerating
gradient of current radio-frequency (rf) acceleration is
typically limited to tens of MV/m by breakdowns, different
advanced acceleration techniques have been proposed to
provide much higher gradient to make accelerators
more compact and cost-effective. One of the promising
candidates is the beam-driven plasmawakefield acceleration
(PWFA) [1], which have demonstrated accelerating gradient
of 1–50 GV=m, narrow energy spread, and high-energy
transfer efficiency [2,3]. In PWFA, an ultrarelativistic drive
beam (usually an electron bunch) propagating through
plasma excites strong wakefield, and a customized witness
beam (electron or positron bunch) loaded at a proper phase
can be accelerated with high gradient and high quality.

Concerning the requirements of a PWFA-based electron-
positron collider, two parameters are of great interest. One is
the so-called transformer ratio R ¼ Eþ=E−, the ratio of the
maximum accelerating field Eþ for the witness beam to the
maximum decelerating field E− within the drive beam.
Given the energy loss of the drive beam, a largerR leads to a
higher energy gain of the witness beam. To excite a plasma
wake with high-transformer ratio (R > 2), both the linear
and nonlinear theories indicate that a shapeddrive beamwith
an asymmetric current distribution, typically a triangular
current profile that rises linearly from head to tail and then
drops to zero in a short range, is needed [4–7]. The other
parameter of great concern is the charge of the drive beam.
For electron-positron colliders, higher-charge beam is
desired for improving the luminosity [8]. According to
the law of energy conservation, for achieving the acceler-
ation of a high-charge witness beam in a high-transformer-
ratio (HTR) acceleration, the charge of drive beam should be
at least R times as high as that of witness beam. For a
representative set of parameters: energy transfer efficiency
from the drive beam to the witness beam of ∼30% [3], a
witness beam of 3 nC [9], and R ¼ 4, several tens of nC for
the drive beam is needed.
Various approaches [10] to produce bunches with lin-

early ramped profiles can be roughly categorized as mask-
based shaping [11–17], correlation-based shaping [18–20],
self-fields-based shaping [21–23], photocathode laser
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shaping [24–27], and shaping by entire beamline
optimization [28]. For the high-charge (>10 nC) bunch
shaping, most existing methods are accompanied with
either high-charge-loss rates (typically over 50% for
mask-based shaping), or coherent-synchrotron-radiation
(CSR) effects. Under the situation of high-charge cases,
the high-charge-loss rate can unavoidably induce severe
thermal or radiation issues, while CSR effects can deterio-
rate the shaping quality, transverse emittance, or slices
collimation of the beam. Hence, a high-charge shaping
regime with low charge-loss rate and high beam quality is
pursed.
In this paper, a compact CSR-free scheme for longi-

tudinal shaping based on velocity modulation is proposed,
and its capability of generating high-charge current-shaped
bunch with low charge-loss rate is demonstrated via
numerical simulations. Based on velocity modulation of
a beam at a relatively low energy (several MeV), the
longitudinal shaping can be achieved by using a photo-
cathode gun, a following rf cavity and a drift segment.
Particles injected into the cavity at different phases will
obtain different energy-dependent velocities and finally
achieve different longitudinal positions after the drift seg-
ment. For a typical bunch generated from the gun, a proper
velocity modulation can be introduced by combined
manipulations of the amplitude and the phase of the rf
cavity, and the target current profile can be produced at the
end of the drift.
In the following part of this paper, the shaping scheme

based on velocity modulation is illustrated in Sec. II. In
Sec. III, a simulation is carried out to verify the generation
of a linearly ramped current profile with the charge of over
50 nC. The tunabilities of the beam charge and the peak
current, and the robustness of the proposed shaping scheme
are discussed in Sec. IV. In Sec. V, the >50 nC shaped
bunch is numerically demonstrated to drive a PWFAwith a
transformer ratio larger than 4, and a summary is made
in Sec. VI.

II. SHAPING CONCEPT BASED
ON VELOCITY MODULATION

The key point for an effective longitudinal density
modulation based on velocity modulation is that the
shaping process occurs predominantly at relatively low
beam energy (e.g., several MeV), where the bunch velocity
not very close to the speed of light. Figure 1(a) shows the
sketch of a beamline for the shaping scheme, and the
energy chirp is defined to be negative if the bunch head has
lower energy than the tail in this paper. The generation of a
linearly ramped current profile based on the proposed
shaping scheme is simulated by program ASTRA [29]
(the space charge effects and wakefield effects are
excluded) as an example. Figures 1(b)–1(e) show the
longitudinal phase spaces with corresponding current
profiles at different locations, respectively. The electron

bunch emitted from a photocathode is accelerated to several
MeVat the exit of the gun and then drifts to the entrance of
VM cavity. VM cavity is utilized for providing an appro-
priate velocity modulation, i.e., selecting a proper electric
field and a proper phase in the range of ð−180°;−90°Þ to
impart a negative energy chirp while maintaining a relative
low beam energy of several MeV throughout the cavity. As
the bunch propagating through VM cavity, the imparted
significant velocity modulation is converted to longitudinal
density modulation simultaneously. The curvature of the
longitudinal phase space is also varied accordingly [see
Figs. 1(b) and 1(c)], which is similar with the effect of the
energy modulation impacted by a higher harmonic
cavity [20] or a dielectric structure [21–23]. In the follow-
ing drift segment, due to the low beam energy and large
velocity spread induced by VM cavity, the conversion from
velocity modulation to density modulation is still evident
until the bunch is accelerated to high energy in ACC cavity.
ACC cavity is typically of high gradient operating at ∼0° to
improve the beam energy in a short distance and freeze the
shaped current profile [see the similar current profiles of
Figs. 1(d) and 1(e)]. Figure 1 indicates that if a proper
velocity modulation is imposed, the beam can be fixed to a
desired profile.
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FIG. 1. An illustration of velocity-modulation-based shaping
scheme. (a) A sketch of a beamline for the shaping scheme, where
the subplot defines the electron phase with respect to the wave.
The longitudinal phase spaces with corresponding current pro-
files at (b) the entrance of VM cavity, (c) the exit of VM cavity,
(d) a short distance downstream from the entrance of ACC cavity,
and (e) the exit of ACC cavity. The bunch head is at right.
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We note that the shaping concept is applicable to both
traveling-wave and standing-wave cavities. For the sake of
simplicity, VM cavity is supposed to be a traveling-wave
structure in this section. Phases of the electron with respect
to the wave at different positions are correlated by
ϕ� ¼ ϕe þ Δϕ, where ϕ� is the electron phase after the
drift segment, ϕe is the electron phase at the exit of VM
cavity, and Δϕ is the phase change induced by the
L-distance drift segment, which can be expressed as [30]

Δϕ ¼ k
�
γe
. ffiffiffiffiffiffiffiffiffiffiffiffi

γ2e − 1

q
− 1

�
L ≈ kL=2γ2e: ð1Þ

Here k is the rf wave number, and the Lorentz factor of the
electron at the exit of VM cavity γe is invariant during the
drift. Given the initial state ðγ0;ϕ0Þ at the entrance of VM
cavity and the peak electric field Epeak of VM cavity, the
electron state ðγe;ϕeÞ can be numerically solved [30–32],
for example, using the Runge-Kutta method. Note that ϕ�
can be regarded as a function of ϕ0, which represents the
mapping of the beam longitudinal distributions from the
entrance of VM cavity to the end of the drift segment.
Adjusting γ0 (determined by the phase and the amplitude of
the gun) and Epeak can alter the curvature of the ϕ�ðϕ0Þ
curve, while the injected phase at the entrance of VM cavity
ϕ0 determines which part of the ϕ�ðϕ0Þ curve taking effect
in mapping an input current profile to a shaped profile. By
the selection of proper γ0, Epeak, and ϕ0, the longitudinal
beam profile can be shaped to a great extent.
Here a typical operation state of the beamline is

considered. The gun is of high gradient operating at 0°,
γ0 ¼ 12, Epeak ¼ 8 MV=m, L ¼ 7.0 m, and ACC cavity is
operating at 0° with a peak electric field of 24 MV=m. The
relative phases at different locations with ϕ0 are presented
in Fig. 2(a). When ϕ0 is close to 0°, the injected particle is
continuously accelerated inside VM cavity and the phase
slippage from VM cavity entrance to exit (i.e., ϕe − ϕ0) is
relatively small. When ϕ0 is a decelerating phase, espe-
cially when ϕ0 ≪ −90°, the particle first experiences strong
deceleration and then slips to an acceleration phase, thus
the phase slippage ϕe − ϕ0 becomes significant. Hence
ϕeðϕ0Þ is typically shown to be “V-shaped” with the
turning point located at the decelerating region [see the
green dashed curve in Fig. 2(a)]. For Δϕðϕ0Þ, as indicated
by Eq. (1) and the shape of γeðϕ0Þ curve [Fig. 2(b)], part of
the Δϕðϕ0Þ curve appears to be concave, as shown by the
purple dotted curve in Fig. 2(a). Here Δϕðϕ0Þ is defined to
be concave if d2ðΔϕÞ=dðϕ0Þ2 < 0, while defined to be
convex if d2ðΔϕÞ=dðϕ0Þ2 > 0. If γe is low enough, the
concavity of Δϕðϕ0Þ can be significant enough to “cancel
out” the localized convexity of the corresponding region of
ϕeðϕ0Þ, so that a concave region can exist in ϕ�ðϕ0Þ profile
[see the black solid curve in Fig. 2(a)].
If a Gaussian-like beam is injected within a concave

region of ϕ�ðϕ0Þ, it can be mapped to a nearly linearly

ramped distribution. Two examples of mapping Gaussian
distributions are shown in Figs. 2(c) and 2(d), representing
under-compression mode (the beam tail stays behind the
head) and over-compression mode (the beam tail overtakes
the head), respectively. It is worth noting that the phase
change from the entrance to exit of ACC cavity is almost
uniform along the bunch [see the blue dash-dotted curve in
Fig. 2(a)], thus the generated profile can be maintained after
propagating through ACC cavity.
It needs to be mentioned that all collective effects are

neglected in the analysis above. However, under low beam
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FIG. 2. Examples of mapping a Gaussian distribution to a
nearly linearly ramped distribution. (a) Relationships of electron-
phase-related quantities ϕ�, ϕe,Δϕ, andΔϕacc versus the injected
phase at VM cavity entrance ϕ0. (b) Relationship of γe versus ϕ0.
The region surrounded by a pink dotted rectangle in (a) is
depicted as black curves in (c) under-compression shaping mode
and (d) over-compression shaping mode. The red curves at
bottom part of (c) and (d) are current profiles at the entrance
of VM cavity, and the red curves at left part are current profiles
after the drift segment.
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energy and high peak current situations, the space charge
effects and the longitudinal wakefield can induce a non-
linear positive energy chirp, which may wash out the
negative chirp provided by VM cavity for shaping. As a
result, the concave part within ϕ�ðϕ0Þ may even disappear
and the desired triangular profile cannot be obtained. The
impact of these collective effects can be alleviated by
providing a larger negative chirp within VM cavity, such as
adopting a higher Epeak or selecting ϕ0 closer to −90°.
Particle-tracking simulations show that even the space
charge effects and the longitudinal wakefield effect are
included, a linearly ramped profile can still be produced by
selecting proper drive laser duration and proper amplitudes
and phases for the gun and VM cavity.

III. BEAMLINE DESIGN AND SIMULATION
FOR A HIGH-CHARGE SHAPED BUNCH

A realistic accelerator beamline configuration is designed
to demonstrate the velocity-modulation-based shaping
scheme via tracking simulations. The beamline can serve
as a bunch-shaping injector, producing high-charge electron
bunches with linearly ramped current profile accelerated to
165 MeV. The injector is simulated by program ASTRAwith
106 macroparticles, and both the space charge effects and the
wakefield effects are included.
A block diagram of the injector is shown in Fig. 3(a). The

corresponding axial electric field Ez and the magnetic field
Bz are plotted in Fig. 3(b). Here a normal conducting
1.3 GHz photocathode gun is adopted for high-charge
bunch generation. The gun is enclosed by a special-
designed solenoid [33], which can generate an asymmetric

field [see the blue dashed curve in Fig. 3(b)] for emittance
compensation. Each of the two accelerator cryomodules
[see CM1 and CM2 in Fig. 3(a)] is composed of four
TESLA-shape 1.3 GHz nine-cell standing-wave super-
conducting radio-frequency (SRF) cavities. The quadru-
pole triplet between two cryomodules is for beam size
control. After CM2, a collimator with half gaps of 2.8 mm
in both x and y dimensions is applied to scrape off the
peripheral particles.
The detailed parameters for the injector are listed in

Table I. The laser spot diameter and the gradient of the
photocathode gun are selected according to Ref. [34]. The
transverse distribution of the laser is 2σ truncated Gaussian,
and the temporal distribution is Gaussian. Figure 4 shows
the evolution of beam parameters along the injector.
Points P, M, and N denote the entrance of cavity 1 [C1
in Fig. 3(a)], the rear part of C1 and the front part of cavity 2
[C2 in Fig. 3(a)], respectively. At point P, the current
profile preserves as Gaussian-like. C1 serves as VM cavity
in Fig. 1(a), where the beam experiences strong velocity
modulation. Along with beam propagation, the velocity
modulation is simultaneously converted to longitudinal
density modulation, as shown by the sharp variation of
the beam length in segment PM [Fig. 4(c)]. At the exit
of C1, the beam energy is reduced from 9.5 to 5.3 MeV
[Fig. 4(d)], and a large energy spread is introduced
[Fig. 4(e)] as expected. Here a high peak gradient of
35 MV=m [35] is adopted to alleviate the space charge
effects and the wakefield effects.
As the beam propagating through segment MN, the

space charge effects keep significant due to the relatively
low beam energy (∼5 MeV) and the short beam length.
Consequently, a growth of the normalized emittance can be
observed in Fig. 4(a). Further analysis indicates that most
of the emittance growth is contributed by the bunch
tail, where the collective effects are particularly severe.

(a)

(b)

FIG. 3. Configuration of the injector for velocity-modulation-
based shaping scheme. (a) A block diagram of elements settings,
where C1–C8 denote SRF cavity 1–8, respectively, and Q1–Q3
are quadrupoles. (b) The Ez of cavities (red solid curves) and Bz
of the solenoid (blue dashed curve) along the injector. The black
boxes denote the position of the triplet, and the purple boxes
denote the position of the collimator.

TABLE I. Parameters set for the injector.

Parameter Value Unit

Initial emitted bunch charge 56 nC
Laser spot diameter 22 mm
Laser duration (rms) 7.45 ps
Thermal emittance (rms) 4.56 mmmrad
rf gun peak electric field 85 MV=m
rf gun phase −0.5 Degree
C1 peak electric field (Eacc) 35 MV=m
C2–C8 peak electric field (Eacc) 24 MV=m
C1 phase −101.4 Degree
C2–C8 phase −20 Degree
Solenoid field Bz 0.2204 T
Quadrupole 1=3 strength 1.72 T=m
Quadrupole 2 strength −1.69 T=m
Collimator half gaps in x=y 2.8 mm
Total length 14 m
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The sharp growth of beam spot sizes is also observed, as
shown in Fig. 4(b). Figure 5 displays the transverse beam
profile with a maximum diameter of 59.6 mm reached in
the injector. Considering the 70-mm aperture of the adopted
cavities and a trajectory instability of 5%–10%, this spot
size is acceptable.

C2–C8 are used for energy boosting [serve as ACC
cavity in Fig. 1(a)], and the −20° off-crest acceleration is
adopted to reduce the energy chirp. A relatively lower
gradient of 24 MV=m [9] is adopted here for pursuing
higher quality factor Q0. At the exit of CM1, where the
bunch is accelerated to 74 MeV, the emittance and length of
the beam are basically “frozen,” and a triangular current
profile can be observed from Figs. 6(a) and 6(b). At the exit
of CM2, the beam is accelerated to 165 MeVand the beam
profile is almost unchanged [seen from Figs. 6(c) and 6(d)],
revealing that it has been fixed since the exit of CM1. The
triangular part of the profile with a peak current over 10 kA
contains the charge of >51 nC, as shown in Fig. 6(d).
The phases of the beam particles at the exit of CM2 (ϕout)

versus the injected phases into C1 (ϕin) is shown in Fig. 7.
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It turns out that the main part of the injected region of
ϕoutðϕinÞ is concave. It proves that though the collective
effects affect the current profile and impose more restric-
tions on some parameters (e.g., the requirement for high
gradient of C1), suitable parameters can still be found to
generate a linearly ramped profile.
A bifurcated longitudinal phase space can be observed in

Figs. 6(b) and 6(d). Particle tracking shows that the left
branch contains about 3 nC charge and originates from the
initial bunch tail. In addition, a long trailing tail can be
observed (see “CD” part of the red curve in Fig. 7). Particle
tracking shows that it contains 4.8 nC charge and mainly
originates from the initial bunch head, which slips back-
ward due to the deceleration in C1. Both the phase space
branching and the long trailing tail are principally contrib-
uted by the collective effects, which are particularly
significant at the bunch head and tail.
For the phase space branching, the discrepancy in

relative energy spread between the branches will be
narrowed after further accelerated in the main linac, thus
it turns out to be not a severe problem for final focusing. For
the long trailing tail, most particles are far off the z axis,
which can be scraped off by the collimator following CM2.
As shown in Fig. 8, after bunch scraping, 50.85 nC charge
is still kept in the triangular part, while only 280 pC charge
remains in the trailing part. Besides, accompanied with
the scraping process, the emittance is also effectively
reduced, as shown in Fig. 4(a). Note that the charge-loss
rate of 8.7% here is much lower than mask-based shaping
scheme [12–17], since the bunch-scraping process is just
for tail cutting and emittance control rather than trans-
versely shape of a triangular profile. If further improvement
of the shaping quality is needed, a transverse-deflecting-
cavity-based collimator for removing tails from the beam
longitudinal profile can be considered [36].

IV. PERFORMANCES ON CHARGE TUNABILITY,
PEAK CURRENT TUNABILITY,
AND SHAPING ROBUSTNESS

In this section, the charge tunability, the peak current
tunability, and the shaping robustness of the proposed
shaping scheme are discussed. As shown in Fig. 9, the
proposed scheme shows good performance on the tunability
of bunch charge and peak current. By adjusting drive laser
duration and the amplitudes and phases of thegun andC1, the
desired profiles can be produced for different bunch charge
[Fig. 9(a)], and the peak current is to a large extent tunable for
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TABLE II. Considered jitters of the beamline.

Parameter Jitter (rms)

Initial emitted bunch charge 2%
Peak electric field of the gun 0.01%
Phase of the gun 0.02°
Strength of the solenoid 0.05%
Peak electric fields of SRF cavities 0.01%
Phases of SRF cavities 0.015°
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a given bunch charge [Fig. 9(b)]. Simulations indicate that
the maximum bunch charge or peak current is mainly
restricted by the maximum acceptable beam sizes in cavities.
For the case shown in Sec. III, the bunch charge or peak
currentmaybe further increased by optimization of laser spot
at photocathode, replacing C1 with a normal conducting
cavity to add solenoids nearby, or adopting larger-aperture
SRF cavities (e.g., 650 MHz SRF cavities) in CM1.
Considering the high-charge and low energy features of

the proposed shaping scenario, the robustness should also
be validated. As mentioned in Sec. III, the linearly ramped
profile has been fixed since the exit of CM1, thus only the
longitudinal jitter sources before the exit of CM1 are
concerned here. 100 simulations of the injector beamline
(from the cathode to the exit of CM1) are performed for
investigation of the shaping sensitivity to the shot-to-shot
jitters, which are randomly generated using a Gaussian
probability function with standard deviations listed in
Table II. The listed jitter values are referred to state-of-
the-art accelerator technology [9,28,35,37].
Figure 10 presents the current profiles of the ideal case

(without jitters) and 100 cases with jitters. It indicates that a
stable current profile can be maintained. It is worth noting
that the strict control of the amplitude/phase jitters is only
necessary in cavities in CM1 (in particular, C1 and C2),
where the energy is still not high and the current profile is
not fully “frozen.” Thus the subsequent cavities have more
tolerance on jitters and can gain more freedom on opti-
mization of beam quality.

V. APPLICATION TO HIGH-TRANSFORMER
RATIO PWFA

In this section, the performance of a >50 nC high-
energy shaped beam to drive HTR PWFA is validated. The
shaped beam obtained from the end of the injector is
imported to a main linac for energy boosting and final
focusing, and then serves as a drive beam for PWFA.

The particle tracking in the main linac is simulated by
ELEGANT [38], including longitudinal space charge effects
and wakefield effects. The main linac is composed of a
matching section, six periodical accelerating-matching
sections, and a final focusing system, as shown in
Fig. 11(a). Each periodical section includes a cryomodule
and a quadrupole doublet, and each cryomodule includes
eight TESLA-shape 1.3 GHz nine-cell SRF cavities with
Eacc of 22 MV=m. Due to the strong longitudinal wakefield
for such a high-current bunch, −40° off-crest acceleration is
applied to compensate the wake-induced energy chirp. At
the end of the main linac, the energy is boosted to 1 GeV,
and the bunch is focused to 93 μm (rms) transversely with
normalized emittance of 102 mmmrad. Figure 11 shows
the evolution of the beam parameters along the main linac.
The longitudinal phase space with corresponding current
profile of the bunch at the end of the main linac are shown
in Fig. 12, revealing that the current profile remains
unchanged during the propagation through the main linac.
The bunch obtained at the end of the main linac is

exported to QuickPIC [39,40] as the input for demonstra-
tion of HTR PWFA. Note that the charge of the bunch tail is
only 0.6% of the triangular part, and the twiss parameter β
of the bunch tail is several times greater than that of the
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FIG. 10. Current profiles of the ideal case (without jitters) and
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triangular part. The bunch tail is thus expected to have little
effect on PWFA and most of its particles will loss due to the
large β. Here a uniform plasma section with a density of
1.4 × 1014 cm−3 is adopted and only the particles in the
first plasma bubble (50.62 nC) are considered in simu-
lation. A >3 nC witness beam with inverted trapezoidal
current profile is loaded to make the accelerating field flat.
As shown in Fig. 13, the maximum decelerating gradient
experienced by the drive beam is 0.385 GV=m, and the
maximum accelerating gradient experienced by the witness
beam is 1.553 GV=m, leading to the transformer ratio of
4.03. The transformer ratio is expected to be further
improved if making more refinements on the bunch head
(e.g., generation of a doorstep distribution [4]), which is the
subject of future dedicated studies. Note that due to the high
peak current of the drive bunch, the witness beam can be
generated in a plasma-based injector, such as density-
downramp injection [41].

VI. SUMMARY

In this paper, a CSR-free scheme of manipulating the
longitudinal bunch profile by velocity modulation is
proposed, and its capability to generate a shaped bunch
with charge of >50 nC and charge-loss rate of <10% is
demonstrated via start-to-end simulations. The proposed
shaping scheme is also presented to be charge-tunable,
peak current-tunable, and robust by further analysis.
Finally, the high-charge shaped bunch with a linearly
ramped current profile is numerically demonstrated to be
capable of loading a 3 nC witness bunch and producing a
transformer ratio larger than 4 with an accelerating wake-
field over GV/m in plasma. Future work is still required to
investigate the beam dynamics at low energy region in
detail, explore new methods to deal with the long trailing
tail or charge loss, and generate better bunch profile for
improvement of the transformer ratio.
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