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Abstract

Twin electron bunches accelerated by high-energy linacs
are attracting increasing interest especially in twin free-
electron laser (FEL) pulse generation and beam-driven
plasma wakefield acceleration (PWFA) studies. High-energy
linacs may benefit from plasma accelerators, where a trail-
ing bunch is accelerated in GV/m fields in a plasma wave
driven by the leading bunch. This could facilitate high-
energy physics, as well as greatly increase the available
photon energy range of existing FELs without increasing
the footprint. Here, initial analytical studies of twin-bunch
generation in FLASH accelerator are carried out. With the
initial beam longitudinal phase space properly tuned by tem-
porally shaping the photocathode laser, together with opti-
mizing linac settings, high-quality twin electron bunches
with tunable delay and simultaneous bunch shaping can be
generated, which is essential for energy-efficient PWFA with
low energy spread.

INTRODUCTION

Twin electron bunch generation in high-energy linacs is
attracting increasing interest especially in twin free-electron
laser (FEL) pulse generation and beam-driven plasma wake-
field acceleration (PWFA) studies [1-5]. Combining the
advantage of the superconducting accelerator technology
with the cutting-edge compact PWFA can boost electron
beam energy with high beam quality without increasing the
linac footprint [6, 7], which may extend the beam energy
range or maintain the beam energy after a high-duty cycle
upgrade of linac, where beam energy may drop a lot due to
cooling constraints to linac [8].

Twin electron bunches with a separation of 100 um level
are needed for beam-driven PWFA. For machines operating
in low average power mode, bunch pairs of adjustable bunch
length and separation can be generated by energy collimators
in a dispersive section [9]. However, the dumped energy gets
high and may damage the collimator in high-repetition rate
operation mode with a large number of electron bunches,
and a direct generation of twin bunches from the photo-
cathode is necessary to enable beam-driven PWFA with
high average power. In addition, strong beam loading of
plasma wakefields with carefully tailored bunch current pro-
files is necessary for energy-efficient PWFA with low energy
spread [10-13].

In this paper, a modelling study of twin-bunch acceler-
ation starting from the photocathode within one rf bucket
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is carried out for linac with multistage compression. It is
shown that by utilizing a temporally shaped photoinjector
laser, current profiles can be tailored into trapezoidal shapes
by tuning the linac compression properly. Start-to-end simu-
lation studies for FLASH [14, 15] accelerator show that the
optimized accelerated bunches are shaped in current profiles
with a typical delay between the two bunches suitable for
PWFA.

TWIN BUNCH MODELLING

Longitudinal beam dynamics for the acceleration of twin
bunches is described following the formalism presented
in [16-18]. The relative particle longitudinal coordinate
within the bunch is noted as s at the gun exit, and the ref-
erence particle has a coordinate of sy,. The particle has a
longitudinal coordinate Sy after the bunch compressor BC,
which can be approximated as

Z0

BC
Spc(8) = Se + Zge(s = so) + —= (s = 50)°
Z//()
+ =g (s = 50)° M

The compression function can be defined as Cgc =
1/Zgc, where Zgc = dSpc/ds. Given the initial current
profile at the gun exit I, (s) and the longitudinal coordinate
evolution Sgc(s), one can obtain the current profile after BC
as Igc(Sge). Inref [16], Zg is expanded as a polynomial of
s. Here we expand Cpg( as a polynomial of Sgc, and this new
treatment has the advantage of precisely describing the final
current profile after the bunch compressor. When s(Sgc) is
a single-valued function, we can expand s over Spc as

70

s(Snc) = 5o + Chc(Spe — S3c) + =5 (Spe — S3c)?
770
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and we have

Cc(Spc) = CRe +

770

+ gc (Sge — S9c)2 3)

For a flat-top initial current profile with current of I, as
shown by the solid curve in the first row of Fig. 1, we have
IBC (SBC) = IO . CBC (SBC)' For energy—efﬁcient PWFA with
low energy spread, strong beam loading of plasma wake-
fields is required [10-13], where trapezoidal current pro-
files are preferred. Trapezoidal current profile can be ob-
tained with non-zero CJ. and Cf, and with CLQ being

ChHt(Spc — Spe)
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zero, namely a flat-top current profile being compressed
with linear compression factor along the final bunch longitu-
dinal coordinate Sgc, as shown in the second row of Fig. 1,
where we have Cg. | = C¢, = 50, Cgt- | = =5x10° m™!,
Cit, =5x10°m™', g | = C{2, = 0m2, with 1 and 2
denote the leading and trailing bunches, respectively. Sgc(s)
and s(Spc) are shown by the dashed curves in Fig. 1.
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Figure 1: Current profile shaping. First row: initial current
profile I (s) (solid curve) and Sgc(s) (dashed curve). Delay
between the bunch centers is 10 mm. Second row: current
profile after compression Iz (Sgc) and s(Sgc). Delay be-
tween the bunch centers is 200 um. Head is to the right.

Linac settings should be fine-tuned to get the desired cur-
rent profiles. Here we consider the longitudinal beam dynam-
ics for FLASH linac, which contains interleaved rf sections
and bunch compressors.

The initial electron relative energy offset at the gun exit
is expressed as

Egun(s) — E§

Bols) =
)3

“)

= Lo+ (s =50) +%(s—so)2+%(s—so

with E8 the reference energy. Electron energy gain from rf
cavity is

AE(S) = eVipcos(kyS + @) ()

with S the particle longitudinal coordinate in the rf, V; and
@, are the on-crest rf voltage and phase, k,; is the rf angular
wavenumber. For the bunch compressor with momentum
compaction factors of Rsg, T566, Usgeg, €lectron longitudi-
nal coordinate evolves as

Si = Si-1 — (RseS:t + Tse60% + Usees0rr) (6)
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where S;_; and S; are the longitudinal coordinate before and
after the bunch compressor, & ¢ is the electron relative energy
offset at the bunch compressor entrance.

We repeat the above treatment for acceleration and com-
pression for the interleaved linac sections. There are 6 rf
parameters (rf amplitude and phase: V;; and ¢, for the
booster, V|5 and ¢ 3 for the third harmonic cavity, V, and
¢, for the cavity in between the first bunch compressor BC1
and the second bunch compressor BC2) which can be tuned
till BC2 end and we can choose 6 equivalent beam longitu-
dinal phase space parameters representing the acceleration
and compression process. For the shaping and delay con-
trol, we choose (E%, Eg, CgCI, Cgcz’ Cllaocz’ Cl;’&) as target
compression parameters, rf parameters are obtained from
these 6 parameters from the model.
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Figure 2: Twin-bunch distribution at the gun exit.

The initial twin-bunch distribution at gun exit with charge
of 250 pC for each bunch is simulated with ASTRA [19]
and shown in Fig. 2, where two photocathode lasers with
uniform longitudinal distribution of 15 ps width, an aperture
diameter of 1.15 mm, and a delay between the two pulses
of 36 ps are adopted. For convenience, the leading and
trailing bunches in Fig. 2 are denoted as bunch 1 and bunch
2, respectively. The fitted parameters for the relative energy
offset are tabulated in Table 1.

The compression tuning for bunch 2 is shown in Fig. 3 by
changing Cgc1 and C],_?,%z' The rf parameters can be calcu-
lated by the model given the target compression of bunch
2, then the compression parameters of bunch 1 can also be
calculated by the model with these rf parameters. Here delay
is defined as the distance between bunch 1 and bunch 2 after
BC2: 83, — S3cs.0- Where positive delay means bunch 1
also locates in front of bunch 2 after BC2, negative delay
means the relative position of the two bunches is shifted af-
ter BC2 compared with their initial relative position shown
in Fig. 2. One can see that the current profile shaping and
delay between the two bunches can be tuned accordingly,
and for the initial twin-bunch distribution considered here,
the relative bunch position can be changed for a large (Cgcp
C];OCZ) parameter space, where the overcompression can be
a reasonable choice for this specific working point [18].
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Figure 3: Contour plot of delay between the two bunches
over different compression parameters of bunch 1.

START-TO-END SIMULATION

Start-to-end simulations based on the FLASH linac are car-
ried out with the multi-physics software package OCELOT
[20], where collective effects such as coherent synchrotron
radiation, space charge, and geometrical wakefields are in-
cluded in the beam tracking process. An iterative procedure
for the simulation [16] is utilized with initial rf parameters
obtained based on the twin-bunch model presented in the
previous section.

The twin-bunch distribution shown in Fig. 2 is used as the
input distribution, and the start-to-end parameters are listed
in Table 1. Before the final bunch compressor BC2, bunch 1

Table 1: Start-to-end Simulation Parameters

ISSN: 2673-5490

Parameter Bunch1l Bunch2 Unit
Electron beam
Charge 250 250 pC
S 8.5 0 mm
So 0.0064 0.0002
&4 -0.658 4.284 m™!
$s -1074 -1058 m~2
{3 1.8x106 1.6x106 m™3
Cocy 1.89 4.48
Ccr -27 -45
Cily -3.1x10°  6.5x10°  m!
o -2.6x10°  -2.0x101©  m=2
Bunch compressor
Rs6 Lu+BCI -217 mm
T'se6,LH+BCI 360 mm
Rs6 BC2 94 mm
Ts66,8c2 143 mm
rf
Vi 147.6 MV
¢ 11 -1.23 deg
Viz 20.9 MV
¢ 13 159.7 deg
Vy 438.3 MV
é» 21.5 deg
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Figure 4: Twin-bunch distribution after the final bunch com-
pressor BC2.

(with reference particle position of 2.8 mm and peak current
of 30 A) is still located ahead of bunch 2 (with reference
particle position of -0.08 mm and peak current of 65 A). The
relative position of the two bunches is shifted after BC2 and
the twin-bunch distribution is shown in Fig. 4, where bunch
1 has the reference particle position of -0.28 mm and peak
current of 804 A, and bunch 2 has reference particle position
of -0.06 mm and peak current of 1115 A. Delay between
the two bunches is around 220 um and both bunches present
similar shaping as shown in Fig. 1. The overcompression is
shown by the longitudinal phase space. The slice emittance
is around 0.6 mm mrad. .

CONCLUSION AND OUTLOOK

In conclusion, twin-bunch modelling in linear accelerators
is studied and start-to-end simulations for the FLASH accel-
erator are carried out. It is shown that beam shaping may be
achieved by utilizing a temporally shaped initial twin-bunch
distribution, along with precise control over the acceleration
and compression processes in the linac. Twin-bunch gener-
ation directly from the photocathode automatically applies
to high-repetition rate operation mode. A well-controlled
twin-bunch acceleration can benefit PWFA, hence further
FEL and high-energy physics applications in the existing
linacs. The collective effects will be included in the mod-
elling in future studies, which can provide a better control
over twin-bunch shaping and delay. The precise control is
essential especially for high current operation modes, such
as for the European XFEL case [21].
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