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The twin-bunch technique has been a subject of intense investigation due to its application in diverse
fields, such as two-color free-electron lasers and beam-driven wakefield acceleration. In this paper, we
investigate the generation of twin bunches (tunable in both time and energy space) via a velocity bunching
(VB) scheme in a traveling wave accelerator (TWA) by varying the TWA phase across a very large range
for the first time. The results of both simulations and experiments are presented. The results show that when
the phase injected into the TWA tube is set to ≪ −100 degrees, VB occurs in a deep overcompression
mode, where the twin bunches are continuously and widely tunable under a large TWA phase acceptance.
The energy and time spaces can be adjusted in the ranges [0–3] MeVand [0–6] ps, respectively, by varying
the phase of the injected bunch train from −170 degrees to−120 degrees. The deep overcompression mode
is a newly explored working mode for the VB scheme. Moreover, the emittance of each sub-bunch can be
preserved when the strength of the long solenoid surrounding the TWA is optimized for emittance
compensation, thus maintaining the high-quality beams from photoinjectors.
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I. INTRODUCTION

The recent development of two-color x-ray free-electron
lasers (FELs) [1–6], as well as the successful demonstration
of high-gradient witness-bunch acceleration in wakefields
(plasma wakefield and structure-based wakefield) [7,8],
has generated strong interest in the generation of two
closely spaced electron bunches (“twin bunches”), where
two bunches are generated, accelerated and compressed in
the same accelerating bucket [9,10].
Twin bunches are applicable to x-ray FELs for generating

two-color x-ray pulses with high power for time-resolved
x-ray pump/x-ray probe experiments. They can also be used
in the fresh bunch scheme for seeded FELs to reduce spectral
noise [11].Moreover, the twin-bunch scheme is applicable to
witness-bunch acceleration in plasma wakefield accelera-
tion, aswell as structure-basedwakefield acceleration, which
provides great flexibility in controlling the charge distribu-
tion and time delay, thus helping to stabilize the witness
bunch at the best accelerating phase [7,12–14]. Finally, the
twin-bunch method has also been used for two-color
Thomson scattering sources [15].

Taking X-FEL performance as an example, twin bunches
with a tunable spacing (in both time and energy space) are
desired to produce x-rays with varying delays and wave-
lengths. In addition, a flexible time space up to picoseconds
for twin electron bunches is important since electron
dynamics typically occur on the scale of a few to tens
of femtoseconds; reaching picosecond delays is crucial for
the time-resolved investigation of nuclear motion in x-ray-
excited samples [11]. Moreover, high-quality beams with
unspoiled emittance from photoinjectors are also preferred
for FEL lasing processes [16,17].
The longitudinal dynamics of twin bunches have been

extensively discussed in the scientific literature, where the
beam is compressed with 4-dipole chicane [11,18] or with
velocity bunching (VB) schemes [10,19]. In the VB scheme,
the compression occurs along a rectilinear trajectory, free
from coherent synchrotron radiation emission, which is the
primary cause of emittance degradation in magnetic com-
pressors [20–22]. Moreover, the VB scheme is generally
associated with emittance compensation for low-energy
beams, in which the beams emittance growth is optimized
by tuning the long solenoids surrounding the accelerating
section, thus maintaining the high-brightness beams from
photoinjectors, which may be crucial for advanced applica-
tions in single-phase FELs and other advanced applications
in wakefield accelerations [23,24].
Twin-bunch compression by the VB scheme has been

studied in Refs. [10,25,26]. Reference [26] has presented
an optimized compression scheme for bunch train com-
pression, called the deep overcompression mode of the VB
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scheme, where the phase of the bunch train injected into the
TWA tube is set to ≪ −100 degrees. The main benefits of
this scheme are the relatively large phase acceptance and the
uniformity of compression for the bunch train. Based on
theory, in this paper, we investigate for the first time the
generation of twin bunches with tunable spacing via the VB
scheme by varying the TWA phase in a very large range. The
results of both simulations and experiments are presented for
a typical photoinjector, such as the Tsinghua Thomson x-ray
light source beamline (TTX) [27]. The results show that
when the phase injected into the TWA tube is set to the deep
overcompression mode phase, the generated twin bunches
are continuously and widely tunable in time and energy
space within a large TWA phase acceptance. In our case, the
energy and time spaces can be adjusted continuously from
0 to 3 MeVand from 0 to 6 ps, respectively, by varying the
phase of the injected bunch train from −170 degrees to
−120 degrees. In addition, simulations show that the emit-
tance of each sub-bunch can also be preserved when the
strength of the long solenoid surrounding the TWA is
optimized for emittance compensation.
The remainder of this paper is organized as follows. We

begin in Sec. II with basic considerations and detailed
descriptions of the VB scheme, including the beamline
parameters, different working modes of the VB scheme,
and the emittance compensation scheme used in the simu-
lations. In Sec. III, we present some typical simulation results
for twin-bunch compression. In Sec. IV, experimental results
for twin-bunch compression are presented and compared
with the results of simulations. Finally, we provide conclud-
ing remarks in Sec. V.

II. VELOCITY BUNCHING WITH THE
TRAVELING WAVE ACCELERATOR

The VB technique is a tool for compressing electron
beams in modern high-brightness photoinjector sources
[28–31]. The longitudinal phase space rotation in the VB
process is based on a correlated time-velocity chirp in the
electron bunch such that electrons on the tail of the bunch are
faster than electrons in the bunch head. This rotation occurs
inside the longitudinal potential of a traveling rf wave, which
accelerates the beam inside a long multicell rf structure and

simultaneously applies an off-crest energy chirp to the
injected beam. This is possible if the injected beam is slightly
slower than the phase velocity of the rf wave such that, when
it is injected at the zero-crossing field phase, it slips back to
phases where the field is accelerating but is simultaneously
chirped and compressed. The key point is that compression
and acceleration occur simultaneously within the same
accelerator section, i.e., the initial section following the gun.
In an rf TWA structure, the electrons are subject to a

longitudinal electric field, and the VB mechanism for an
electron beam can be approximately expressed as [29]:

Δϕe ¼
sinϕ0

sinϕe
Δϕ0 þ

1

2αγ20 sinϕe
Δγ0 ð1Þ

where ϕ0 and ϕe are the injection and exit phases of the
reference particle with respect to the rf wave; Δϕ0, γ0 and
Δγ0 are the initial phase length, energy and energy spread,
respectively; and Δϕe is the phase length after compres-
sion. α ¼ eE=m0c2 is the normalized acceleration gradient,
with E being the peak field of the TWA, k is the rf wave
number, and e, m0 and c are constants representing the
electron charge, the electron mass and the speed of light,
respectively. Equation (1) evaluates the phase compression
for a beam with a certain initial phase length and a certain
energy spread.
We let σϕ0

denote the initial rms phase (or rms bunch
length) distribution of the beam at the entrance of the TWA
and define the compression factor as follows:

C ¼ σϕe
=σϕ0

ð2Þ

Then, we can obtain the compression factor curves of C
versus ϕ0 for an electron beam with σϕ0

¼ 1 degrees.

A. Parameters of the beamline

We study the VB scheme with the beamline at the
Tsinghua University accelerator laboratory, which utilizes
a typical setup for a photoinjector, as shown in Fig. 1.
A 3 meter S-band SLAC-type traveling wave accele-
rator (TWA) is placed approximately 1.7 meters after a

FIG. 1. Sketch of twin-bunch compression via VB at the TTX beamline.
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BNL/KEK/SHI-type 1.6 cell S-band photocathode rf gun.
The rf gun is set to a high gradient of 120 MV=m, with a
maximum acceleration phase of 30 degrees from the
extraction phase, to boost the beam to relativistic energy
in a short distance and reduce smearing effects due to space
charges. For single electron bunch, the UV drive laser is
Gaussian longitudinal distribution with rms length 1 ps, and
radial uniform transverse distribution with radius 1.4 mm.
Thus, the initial state of the beam injected into the TWA is
also defined. The TWA further accelerates the beam to
∼50 MeV without compression. An energy spectrum
(dipole magnet with YAG screen, S1) is used to diagnose
the beam energy space, and a deflecting cavity with a YAG
screen, S2, is used to diagnose the beam time space.
Quadruple magnets in front are used to focus the beams
into the deflecting cavity. The defecting cavity is 5 meters
downstream of the TWA, and we set the defecting cavity
position, i.e., beamline position ≈9.7 meters, as a target
position in our simulations. The operating parameters of the
beamline are listed in Table I.
In a previous study [26], the TWA operated at a low

gradient (8 MV=m) in deep over-compression mode. A
relatively high gradient (> 10 MV=m) can also be used to
demonstrate the benefits of the deep over-compression
mode in TWA, as shown in Fig. 2, which presents the
compression factor versus TWA phase curves correspond-
ing to different TWA gradients. The green dashed line
denotes the case of no compression, where the compression
factor C ¼ 1. E ¼ 10 MV=m (black curve) presents a

two-peak curve, as predicted in Ref. [26]. For the E ¼
15 MV=m (blue curve) and E ¼ 20 MV=m (red curve)
cases, the second peak tends to be submerged into a flat and
smooth bulge, and C > 1 for phase ≪ −100 degrees in a
relatively large range. Thus, we choose the normal beam-
line operation gradient parameter of 20 MV=m (red curve
in Fig. 2) in this study.
Note that in contrast to the low-gradient case in Ref. [26],

the drift length downstream of the TWA is not an important
parameter when choosing a relatively large gradient of the
TWA because the energy space of the beam is fixed after
the TWA at such a high gradient, even in the deep over-
compression mode. Further accelerating the beam by other
TWA tubes downstream, as in the INFN beamline [30], will
not affect the presented results.
The curves in Fig. 2 are obtained from ASTRA simu-

lations for a single electron beam with space charge effects
[32]. The beam charge is 100 pC, and the initial bunch length
is 1 ps. Notably, the compression factor curve with the space
charge effect is relatively flat and smooth in the deep over-
compression range compared with the sharp peak when the
phase ¼ −90 degrees. This observation indicates that the
deep over-compressionmode has two advantages: (a) there is
no abrupt change in the compression factor as the injected
phase is varied over a relatively large range, and (b) the
compression is more uniform across all sub-bunches when
the separation or distribution (i.e., the occupied range in the
phase space) of the injected bunches is relatively large.
Because of these beneficial characteristics, the deep over-
compression mode is broadly applicable to twin-bunch
compression with a wide variety of characteristics.

B. Different compression modes in VB sheme

VB can occur in several different compression modes
depending on the phase injected into the TWA, as defined
in Refs. [22,25]. As shown in Fig. 3, the different
compression modes induced by different injected phases
correspond to different variations in the rms bunch length
along the beamline. The results are distinguished by
differently colored curves (space charge effects are
included here). In all cases, the initial injected rms bunch
length before compression is 1 ps (black dashed line). In the
full compression mode, corresponding to an injected phase
of −90 degrees (red curve), the bunch length decreases to
its minimum value at the TWA exit. With an injected phase
of > −90 degrees (−50 degrees, blue curve), the compres-
sion inside the TWA is insufficient, and some energy chirp
remains in the beam at the TWA exit, causing the bunch
length to continue decreasing in the drift segment down-
stream. In the over-compression mode, where the injected
phase is < −90 degrees, and the deep overcompression
mode when the injected phase is ≪ −90 degrees
(−120 degrees in the blue curve and −140 degrees in
the magenta curve), the bunch length monotonically
increases after the TWA, and the minimum bunch length

TABLE I. Parameters of the TTX beamline setup.

Parameter Value

Gradient of the rf gun 120 MV=m
Phase of the rf gun 30°
Energy of the beam at the gun exit 5.5 MeV
Phase injected into the TWA (ϕ0) scanned parameter
Gradient of the TWA (E) 20 MV=m
Length of the downstream drift segment 5 m

FIG. 2. Compression factor versus the TWA phases under
different TWA gradients for single bunch.
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value occurs inside the TWA. The bunch length after the
TWA remains unchanged due to the relatively high gradient
of the TWA, and the bunch lengths are relatively short.

C. Emittance compensation in VB scheme

To prevent irreversible emittance growth during bunch
compression, the key issue is to preserve the laminarity of
the beam with an envelope propagated as close as possible
to a Brillouin-like flow. For the beams in VB, mismatches
between the space-charge-correlated forces and the external
focusing gradient produce slice envelope oscillations that
cause normalized emittance oscillations. It has been shown
that to keep such oscillations under control during VB, the
beamhas to be injected into theTWAwith a laminar envelope
waist (σ0 ¼ 0), and the envelope has to be matched to the
accelerating and focusing gradients such that it remains close
to an equilibrium mode [23]. A long solenoid around the
TWA is quite convenient to provide the necessary focusing.
In this configuration, the matching condition for the

transverse rms envelope is given by

σeq ¼
1

k

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

I0
4γ0IA

�

1þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ
�

4ϵnγ0kIA
I0

�

2

s

�

v

u

u

t ð3Þ

I is the peak current in the beam; k ¼ eB0=2mc is the
transverse external focusing strength, where B0 is the long
solenoid field; IA ¼ 17 kA is the Alfven current; and ϵn is
the normalized emittance. The matching condition of
Eq. (3) guarantees the preservation of the beam laminarity
during acceleration and compression, but the final value of
the emittance is strongly affected by the phase of the
emittance oscillation in the VB, which cannot easily be
predicted by theory. The emittance compensation could
also be accomplished by fine tuning the beam size and long

solenoid fields, where the basic rule is to preserve trans-
verse laminarity during bunch compression.
Figure 4 shows the simulated emittance evolution along the

beamline, with emittance compensation achieved by tuning
the long solenoid strength under different compressionmodes:
no compression (phase ¼ 0 degrees, black curve) and under-
compression mode (phase ¼ −70 degrees, blue curve) with
the long solenoids set to 500 G, the full-compression mode
(phase ¼ −90 degrees, red curve) with long solenoids set
to 400 G, and deep overcompression mode (phase ¼
−120 degrees and −140 degrees) with the solenoids set to
570Gand550G.Note that thematching is not fully optimized
in Fig. 4; the matching condition prescribed by Eq. (3) would
indicate the optimized spot size at injection in the VB (at the
beamlineposition¼ 170 cm)after fine tuning thegunsolenoid
strength. However, the achieved envelopes in Fig. 4 already
lead to relatively small emittances.
Note that the beam used in Fig. 4 are similar to the single

bunch in the experiment below, and is close to the beam
used in Ref. [23]. It’s indeed not a very bright beam for
no compression mode, with relatively low beam current
around 30 A, and relatively large beam emittance around
1.3 μm (black line in Fig. 4). Because the initial laser spot
size is relatively large, that lead to large initial emittance
(a sharp rise at the beginning of curves in Fig. 4), besides,
we didn’t fully optimize the emittance by change other
beamline parameters, tuning the long solenoid alone is not
enough to optimize the beam emittance [23,33]. In the case
of brighter beams, for example, when we change the laser
spot size and the beamline parameters to get 100 pC beam
with 0.6 μm emittance in no compression mode, then for
the over-compression mode, we can get the similar trends
of curves as magenta curve, red curve or green curve shown
in Fig. 4, which means we can compensate linear emittance
growth in the TWA, however, it is very hard to compensate
the emittance below 0.8 μm.We observed silks in the phase
space which caused by the strong nonlinear space charge
effect and could not be compensate by solenoid. Because

FIG. 3. Changes in rms bunch lengths along the beamline
position for different TWA phases, and different phases corre-
spond to different compression modes (no compression: 0 deg,
under compression: −50 deg, full compression: −90 deg, and
deep over-compression: −120 deg and −140 deg).

FIG. 4. Simulated emittance evolution along the beamline, with
emittance compensation by tuning the long solenoid strength
under different TWA phases.
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we inject beams into the TWA at the deceleration phase in
overcompression mode, beams get decelerated and there is
a longitudinal crossing of the beams, this high charge
density will lead to emittance growth.

III. SIMULATIONS OF TWIN-BUNCH
COMPRESSION

Twin bunches are generated with a two-bunch laser train
illuminating a copper photocathode [34]. The initial bunch
interval is 8 ps in the simulations, and the charge of each
sub-bunch is 100 pC.
Typical simulation results for twin-bunch compression

with space charge effects are shown in Fig. 5. The projection
onto the x-axis is the beam energy, and the projection onto
the y-axis is the time distributions. We use red and blue to
represent bunches 1 and 2, respectively. The mean energy
of the two bunches varies with the phase. When the
phase ¼ 0 degrees, bunch1 andbunch2 aremerged together
in energy space, which is the case of minimal energy spread
when twinbunches are on the rf crest in theTWA. In addition,
from the time distributions, bunch 1 is in front of bunch 2 at
injection, the rms bunch length of each sub-bunch and the
bunch interval vary with the injected phase, and the two
bunches are merged together in the time space when the
phase ¼ −80 degrees. Then, bunches 1 and 2 are reversed in
the time space, i.e., bunch 1 is behind bunch 2when the phase
< −80 degrees. Note that the reference particle in the
simulations for the twin bunches is located at the average
position of the beam. Thus, the full-compression-mode

phase of the twin bunches (−80 degrees) corresponds to
the single-bunch case when the phase ¼ −90 degrees, as
shown in Fig. 3.
Figure 6(a) shows more details of the twin-bunch

compression when varying the TWA phase, including
the average bunch length curve (red) and the average
bunch emittance curve (blue). The bunch lengths of both
bunches are compressed to relatively low values in the
deep over-compression mode, where the TWA phase is in
the range ½−170– − 120� degrees. In addition, the average
bunch emittance is obtained with the emittance compensa-
tion scheme by adjusting the long solenoid strength when
varying the TWA phase. The emittance values in different
phases exhibit slight changes compared to the maximum
acceleration case (phase ¼ 0 degrees), which means that
the rf compression can effectively maintain the beam’s
emittance for advanced applications.
Figure 6(b) shows the bunch intervals and the energy

spacing versus the injected phase. The initial interval and
all intervals in the under-compression mode are positive,
indicating that bunch 1 is in front of bunch 2, whereas
negative values indicate the opposite case, with bunch 2 in
front. The zero value in the bunch interval curves corre-
sponds to the merged case (phase ¼ −80 degrees). The
accompanying values of the energy spacing between the
two bunches have similar interpretations, i.e., positive
values indicate that the average energy of bunch 1 is
higher than that of bunch 2, whereas negative values
indicate the opposite. We focus on the regions of phase
−170 degrees to −120 degrees, where both the time and

FIG. 5. Simulated phase space distributions of twin bunches (blue: bunch 1, red: bunch 2) under different TWA phases; the projection
onto the x-axis is the beam energy, and the projection onto the y-axis is the time distributions.
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energy spaces are continuously adjustable over quite a large
range (up to 3 MeV for the energy spacing between the two
bunches and up to 6 ps for the time spacing). These results
indicate the optimization of the twin bunches’ tunability
under the deep over-compression scheme.
Compared to other compression modes, the results also

show the benefits of the deep over-compression scheme’s
(i) relatively short bunch length over the under-compres-
sion mode, such as in the phase ¼ −50 degrees case; the
(ii) relatively high energy compared to the full compression

mode, as in the phase ¼ −80 degrees case; and the
(iii) relatively large phase acceptance of the TWA phase,
from −170 degrees to −120 degrees.

IV. EXPERIMENTAL MEASUREMENTS

The experimental setup is shown in Fig. 1, in which a
dipole magnet with a YAG screen, S1, is used as the energy
spectrum to measure the beam’s energy, and a deflecting
cavity with a YAG screen, S2, is used to measure the trains
time space. Quadruple magnets downstream of the TWA
are used to focus the beam into the deflecting cavity. The
emittance measurement of bunches requires more quadru-
poles and screens downstream the deflecting cavity [23],
and we had plans to do it after the beamline updated.
In the presented beamline, bunches with different ener-

gies are separated horizontally by the dipole magnet, and
bunches with different arrival times are separated vertically
by the deflecting cavity. As shown in Fig. 7(a), the images
on S1 with only the dipole magnet on show the beam’s
energy space, and in Fig. 7(b), the images on S2 with only
the deflecting cavity on show the beam’s time distribution.
In addition, in Fig. 7(c), when we turn on both the dipole
magnet and deflecting cavity only slightly, the images on
S2 show both the energy and time spaces. Results in
Fig. 7(a) and Fig. 7(b) are images from YAG screens, we
only calibrate one axis of beam projection that we concern,
i.e., energy of beam in Fig. 7(a) and time information in
Fig. 7(b), the other axis without label shows the transverse
beam size information on the YAG screen. The timescale
and energy scale is not the same in Fig. 7(c) because we

(a)

(b)

FIG. 6. ASTRA simulation results: (a) average bunch length
and average bunch emittance versus the TWA phases, and
(b) bunch intervals and the energy spacing versus the TWA phase.

FIG. 7. Experimental images used to measure the beam’s energy and time spaces with different TWA phases: maximum acceleration
when the phase ¼ 0 degrees, under-compression mode when the phase ¼ −50 degrees, full-compression mode when the
phase ¼ −80 degrees, and deep over-compression modes when the phase ¼ −120 degrees and the phase ¼ −170 degrees.
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have adjusted the strengths of both dipole magnet and
deflecting cavity in order to get clear images on S2, thus
they are only qualitative images to show the bunches’
separation in energy and in time.
Because the beam’s average energy varies with the TWA

phase, we retune the beamline at different phases; we
mainly adjust both the long solenoid strength to achieve
emittance compensation and the quadrupoles to focus the
beam into the deflecting cavity. The energy spectrum is
calibrated with the dipole’s current-magnetic field curve.
The deflecting cavity is also calibrated with the voltage-
resolution curves at different beam energies.
We present five typical cases with different TWA phases

in Fig. 7: the maximum acceleration case, where the
phase ¼ 0 degrees; the under-compression case, where
the phase ¼ −50 degrees; the full-compression case, where
the phase ¼ −80 degrees; and the deep overcompression
modes, where the phase ¼ −120 degrees and the phase ¼
−170 degrees. The measurements are consistent with the
ASTRA simulations in Fig. 5. We demonstrated that the
deep over-compression mode of the VB scheme separated
the beam in both time and energy, and it is greatly
beneficial for twin-bunch compression due to its relatively
large phase acceptance.
To provide a closer look at the compression properties, we

show the measurement results compared with the simulation
curve in Fig. 8. The energy of the twin bunches is shown in
Fig. 8(a), and the bunch intervals are shown in Fig. 8(b).
For data analysis, energy information is get from images as
shown in Fig. 7(a). Time separation between two bunches is
derived from images shown in Fig. 7(b), energy information
is also used here because the energy is coupled into time
separation measurement by deflecting cavity [35–37]. The
measurements agree with the simulations, which demonstrate

that the energy space and bunch intervals are tunable in the
deep overcompression scheme in a relatively large range.
As mentioned in Ref. [26], the deep overcompression

scheme is also suitable for multibunch train compression,
where there are more than two sub-bunches in the train
with picosecond intervals [38–42]. This utilizes the first
TWA tube and the long solenoid around the TWA in typical
photoinjectors, which makes it quite convenient to apply. In
addition, it negates the need for a series of dipoles arranged
in a chicane configuration, thus avoiding problems inherent
to magnetic compression, such as momentum spread and
transverse emittance dilution due to the bunch coherent
synchrotron radiation. The main benefits of this scheme are
the preservation of the beam’s emittance, the relatively
large phase acceptance and the uniformity of compression
for the bunch train.

V. SUMMARY

In summary, we investigated the VB of twin bunches in a
TWA through both simulations and experiments. We
compressed the twin bunches by varying the TWA phase
in a very large range. The results show that when the phase
injected into the TWA is set to ≪ 100 degrees, VB occurs
in a deep overcompression mode, where the twin bunches
are continuously and widely tunable within a large TWA
phase acceptance. Moreover, the emittance of each sub-
bunch is also preserved when the strength of the long
solenoid surrounding the TWA is optimized, thus main-
taining the high-quality beams from the photoinjector. The
deep overcompression mode of the VB scheme for twin
bunches is experimentally studied for the first time, herein
achieving optimized operation for photoinjectors. This type
of twin bunching generated via this optimized compression
scheme, with charges of several hundred pC, subpico-
second sub-bunch lengths and wide tunability in time and
energy spaces, have great potential for application in
scenarios involving FELs and advanced particle wakefield
acceleration.
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