13th Int. Particle Acc. Conf.

ISBN: 978-3-95450-227-1 ISSN: 2673-5490

IPAC2022, Bangkok, Thailand

JACoW Publishing
doi:10.18429/JACoW-IPAC2022-WEOZSP1

LONGITUDINAL BUNCH SHAPING USING AN X-BAND TRANSVERSE
DEFLECTING CAVITY POWERED BY WAKEFIELD POWER
EXTRACTOR AT ARGONNE WAKEFIELD ACCELERATOR FACILITY*

Seong-Yeol Kim', John Power, Gongxiaohui Chen, Scott Doran, Wanming Liu, Eric Wisniewski
Argonne National Laboratory, Lemont, IL 60439, USA
Chunguang Jing#, Alexis Bibian, Ernest William Knight, Sergey Kuzikov
Euclid Techlabs, Bolingbrook, IL 60440, USA
Philippe Piot, Northern Illinois University, DeKalb, IL 60115, USA

Abstract

Longitudinal bunch shaping using transverse deflecting
cavities (TDC) was recently proposed [Gwanghui Ha ez al.,
Phys. Rev. Accel. Beams 23, 072803, 2020]. This con-
figuration is well suited for shaping the current profile of
high-charge bunches since it does not use dipole magnets,
and therefore, is not prone to deleterious effects arising from
coherent synchrotron radiation. An intercepting mask lo-
cated downstream of the first TDC, which introduce a spa-
tiotemporal correlation, transversely shape the beam. Down-
stream of the second TDC, upon removal of the cross-plane
correlation, the bunch is temporally shaped. In this paper,
we investigate longitudinal bunch shaping with an X-band
TDC powered by an X-band, short-pulse wakefield Power
Extraction and Transfer Structure (PETS), where the wake-
field from the drive beam propagating through the PETS
is the power source. We describe the RF designs of the
X-band TDC and the configuration of the overall shaping
system. Finally, we explore via beam-dynamics simulations
the performances of the proposed shaper and its possible
application to various bunch shapes relevant to beam-driven
acceleration and coherent radiation generation.

INTRODUCTION

Longitudinal bunch shaping demonstration has been ac-
tively investigated to achieve high-gradient accelerating field
through structure or plasma-based accelerators and to im-
prove the acceleration efficiency of the witness beam through
those advanced accelerators. In particular, experimental
demonstrations have been carried out to generate the elec-
tron beam where the longitudinal distribution is triangle,
thus being used as a drive source in the wakefield accel-
erator, increasing the transformer ratio of the wakefield to
be larger than 2 [1-3]. In order to increase the transformer
ratio and high-gradient at the same time, drive beam charge
should be increased further given that the beam energy is
fixed [4].

For the manipulation of high-charge beam, we can con-
sider well-developed beam manipulation techniques such as
emittance exchange beamline [5—7], shaping of the laser [§],
and energy-correlation-based shaping method [9-11]. How-
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ever, those methods have limitations for the high-charge
beam manipulation due to i) coherent synchrotron radiation
(CSR) and ii) space charge force.

To overcome the limitations on the beam manipulation
with high-charge beam, use of transverse-deflecting cavity
(TDC) arises an alternative solution [12—15]. The TDC-
based beamline is straight line; we do not need to consider
the effects of the CSR. In addition, this shaping method is
used where the beam to be shaped is relativistic. Therefore,
we do not significantly consider the space charge effects.

In this paper, we will show the X-band TDC powered by
Power Extractor and Transfer Structure (PETS) installed at
the Argonne Wakefield Accelerator (AWA) facility. X-band
TDC-based longitudinal bunch shaping system will also be
shown. In addition, the bunch shaping results with mask,
obtained by the particle tracking results, will be presented.

TDC-BASED SHAPING SYSTEM

A schematic view of the TDC-based shaping system is
shown in Fig. 1. Note that this shaping method is based on

TDC #1 Mask Quad TDC #2
(Hor. Focusing)
- - >
Beam I I | I Ly L _LLLI_
X +V X X x +V X

z z z
X' X X

Figure 1: Schematic vewi of the TDC shaping system. Beam
propagates from left to right. At different positions from A
to E, electron beam phase spaces are shown.

preceding studies reported in Refs [12, 15]. It consists of two
TDCs. In between TDCs, mask and quadrupole magnet are
installed. From the position A to E, slice distribution (z — x)
and (z — x") are shown. From A, as the beam propagates
through the TDC, the beam is kicked in longitudinal plane,
and z-slice information is projected into (x —y) plane. Then,
using the mask, the longitudinal distribution is tailored. The
quadrupole magnet installed inside the system is to rotate
the horizontal divergence, changing the angle of (z — x”)
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phase space. Since the beam is still tilted, this transverse-
longitudinal correlation should be removed. This removal
can be performed by using the second TDC.

In order to perfectly remove the correlations (z — x) and
(z — x’), one should moderately choose the strength of the
TDC kick and quadrupole magnet with given drift spaces.
Using the first-order transfer matrix of TDC and thin lens
approximation of the quadrupole magnet, the condition can
be obtained, as shown in Eqgs. (1-2) [15].

LC L(_‘
f B (Ll + 7) (L2+ 7) (1)
1= Ly+L,+L.
2L+ L,
ko = mkl, )

where f] is the focal length of the quadrupole magnet, L;
are the drift spaces, L. is TDC length shown in Fig. 1, and

1 are the TDC kick strength (7c = %27”) A is RF
wavelength. If Eqgs. (1-2) are satisfied, then the transverse-

longitudinal correlations after the system become zero.

X-BAND TDC

We will mainly have discussions with X-band TDC where
the operational frequency is 11.7 GHz. The advantage of
using X-band TDC at the AWA facility is following: A Power
Extractor and Transfer Structure (PETS) [16] is installed in
the facility, which creates up to 400 MW RF power [17, 18]
by using 60 MeV, 450 nC drive electron bunch train. In
addition, since the pulse length from the PETS is about
10 ps, it is expected that the breakdown limit is improved by
using the short pulse. Therefore, length of the TDC can be
kept small, while the kick strength % can remain very large,
leading to the reduction on the overall length of the shaping
system.

Figure 2 shows the X-band TDC structure. It consists
of two independent cells, and the power is fed by means
of 3-dB coupler. Operational frequency is 11.7 GHz, and
fundamental mode is TE11 mode. Therefore, the deflecting
and streaking of the beam is mainly performed with the
transverse time-dependent electric field. In order to make a
phase difference in between two cells to be s /2, which is a
fundamental property of 3-dB coupler, the spacing between
two cells should satisfy the condition L = % + nl where n
is integer. In our design, L is chosen to be approximately
19.2 mm.

Beam path

Figure 2: X-band TDC structure. (a) cut view of the structure.
(b) cut view of the structure installed inside the vacuum
chamber.
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Figure 3: X-band TDC structure. (a) cut view of the structure.
(b) cut view installed in the vacuum chamber.

Table 1: The AWA Drive Beam Parameters

Parameter Value
Energy, E 60.00 MeV
Energy spread, o 5 1.79%
Charge, Q 40.00 nC
Initial FWHM UV length, o, 3.00 ps

EM field of the TDC can be seen in Fig 3. An incident
power to the TDC is 1 W, and the peak E, field gradient is
found to be around 41 kV/m; when the incident power to the
TDC becomes 100 MW, then the peak E, field gradient will
be around 410 MV/m.

SHAPING SYSTEM CONFIGURATION
AND START-TO-END SIMULATION
RESULTS

In this study, start-to-end simulations have been performed
with the OPAL simulation code [19], which supports 3D
space charge force calculation.

RMS beam envelope along the TDC shaping system is
illustrated in Fig. 4. Input of the electron beam is obtained by
the tracking simulation of the drive linac section including
four quadrupole magnets downstream of the linac section.
The initial beam parameters are shown in Table 1; The initial
beam envelope at the beginning of the system was optimized
by using the DEAP Python module [20] for Multi-Objective
Genetic Algorithm (MOGA) together with the OPAL simu-
lation.
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Figure 4: RMS beam size along the TDC-based shaping
system.
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In this shaping system, there are two constraints; i) 5.0 mm
diameter of TDC aperture, and ii) 25 mm of beam pipe
diameter. Since the aperture size of the TDC is very small,
RMS beam size along the TDC should be less than 1.0 mm.
In addition, additional quadrupole magnet is installed to
control the vertical beam size matched with the aperture size
of the second TDC. In particular, position and strength of
the quadrupole magnets, and the strength of second TDC
were moderately chosen to satisfy all the constraints as well
as the shaping condition. Optimized parameters are listed
in Table 2. Finally, it is worth noting that the entire length
of the shaping system is around 1.0 m.

We mainly discuss the bunch shaping for triangular dis-
tribution. The final shaped beam and its comparison with
the initial slice distribution before the TDC-based shaping
system are also shown in Fig. 5. The longitudinal density
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Figure 5: (x—y) distribution (a) at the entrance of the shaping
system and (b) after the shaping system. Head is at positive
z, whereas the tail at negative z.

z (mm)

distribution becomes the triangular shape. Beam charge af-
ter the system is 12.63 nC, and total bunch length becomes
9.43 ps in time. Since the final task through this bunch shap-
ing is to demonstrate the high-transformer, high-gradient
wakefield generation through the dielectric structure, the
target parameters are i) beam charge of larger than 10 nC
and ii) total bunch length of less than 10 ps. Therefore, the
obtained beam parameters satisfy the target parameters.

In terms of the shaping quality, as marked with yellow
dashed lines in Fig. 5(b), there is short ramp region at the
beam tail. From the peak to the zero density, its length is
about 0.4 ps in time. This is mainly due to the horizontal
beam parameters such as RMS beam size and emittance at
the mask. The (z — x) slice distributions along the mask
position are described in Fig. 6. At the mask position, the

Table 2: Optimized TDC Shaping System Parameters

Parameter Value

TDCI E, jear 75.00 MV/m
TDC2E, pear 35.32 MV/m
Q1 strength kq 10.000 T/m
Q2 strength &, -10.314 T/m
Quadrupole magnet length 0.12 m

Drift from TDCI1 end to Q1 front 0.412 m
Drift from Q1 end to Q2 front 0.100 m
Drift from Q2 end to TDC2 front 0.160 m
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Figure 6: (z — x) distribution (a) before the mask and (b)
after the mask.

horizontal beam size is minimized as shown in Fig. 4 where
there is no TDC. Fig. 6(a) shows the distribution right before
the mask position where the TDC is turned on. Therefore,
we can find the horizontal beam distribution along the slice
where the beam is tilted by the TDC. Around the core of the
slice, however, there are some halo particles. It is mainly due
to the second-order aberrations around the drift-quadrupole
section. The particles placed in ’not good region” Fig. 6(a)
have larger and mismatched slice phase space compared to
that in ”good” region. When the beam is cut by the mask, the
halo particles build up the degradation of the shaping quality
as shown in Fig. 6(b), and that build-up by the horizontal
beam size in addition to the emittance [15] affects the final
shaping quality. Therefore, to improve the shaping quality,
horizontal beam size and emittane should be minimized, and
the slice horizontal phase space should be aligned along the
longitudinal slice.

CONCLUSION

We verified that the longitudinal bunch shaping with X-
band TDC powered by the PETS is feasible; beam charge
after the TDC-based shaping system is about 12.63 nC, and
total bunch length is 9.43 ps in time, which satisfy the target
parameters for structure wakefield experiments. As a future
work, we will discuss the shaping for other distributions such
as doorstep and bunch train distributions. In addition, using
the pre-shaped UV pulse, we will investigate the improve-
ment of the charge capturing efficiency of the TDC-shaping
system.
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