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= Abstract

In this paper, we propose two beam manipulation meth-
ods with wakefield structures in a photo-injector. First, we
propose a simple scheme to compensate nonlinear effects
during ballistic bunching by using a wakefield structure.
Simulations have shown beams of 1 pC charge can be com-
S pressed to 1.56 fs rms, and even shorter beams (a few hun-
dred attoseconds) can be obtained with bunch charge well
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g bunch trains with high form factor is proposed by using
g multlple wakefield structures. Simulation results have
E = shown the production of a train with a form factor of 0.5
% using a 1 nC beam at few-MeV energy.

INTRODUCTION

Wakefield structures have been extensively studied in re-
cent years as phase space manipulators for their simplicity.
In this paper we explore two possible applications of wake-
field structures. We consider specifically planar corrugated
metallic structures for their adjustability.

Figure 1 gives the geometry of a corrugated structure.
>,For a large aspect ratio w/2a, the short-range longitudinal
= wake can be approximated as a single-frequency oscilla-
& tion, with the Green function [1]

2 Zyc

w,(z) = Toma? H(z) cos(kz), (€))

g where Z, is the impedance of free space, c is the speed of
8 hght H(z) is unit step function, and the effective wave

2 = number k = \/p/ahg. The transverse quadrupole wake, on

N " the other hand, can be effectively cancelled with two cor-
A rugated structures orthogonally aligned [2].
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Figure 1: Geometry of a corrugated wakefield structure.

PRODUCING ULTRASHORT BEAMS

Generation of ultrashort electron beams has been a
heated topic for its essential position in UED, FEL and ad-
= vanced accelerator concepts. In the past two decades, ve-
2 1001ty compression methods, including ballistic bunching
[ 3] and velocity bunching [4], have been proven successful
in low-energy electron beam compression. Nevertheless,
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some effects during compression, such as space charge
force, RF curvature and nonlinear relation between energy
and velocity, impose a limit on the shortest obtainable
bunch length to the order of 10 fs, as is discussed in previ-
ous literatures [5].

In this study, we use 4ASTRA [6] to simulate the process
of ballistic bunching. Beamline layout is shown in figure
2. Electron beam is emitted from an S-band 1.67 photo-
cathode gun, followed by wake structures. Then a 9-cell
buncher introduces a negative chirp required for the beam
to be ballistically bunched in the drift tube downstream.
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Figure 2: Beamline layout in simulation.

It is firstly studied the impact of the initial bunch distri-
bution on the final bunch length. To start with, for a cylin-
drical beam, longitudinal charge density should satisfy par-
abolic distribution in order to induce linear space charge
field. Secondly, for a 1-pC bunch it was found through pa-
rameter scanning that an initial length of 0.8 ps might be
appropriate, in that shorter bunches suffer greater space
charge effects, which leads to a rise in slice energy spread
and thus lower compression factor; and for longer bunches
stronger nonlinear effects are induced through rf-curvature
and mostly the nonlinear relation between energy and ve-
locity, as
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Meanwhile transverse size needs to be reasonably small,
due mainly to nonlinear space charge effect. Longitudinal
space charge force within a slice varies for different radii,
thus contributing to an increase of slice energy spread.

Then an optimization algorithm is performed in search

Table 1: Main Parameters of the Simulation

Parameters Values
Bunch charge 1.0 pC
Init. long. length 0.78 ps rms, Parabolic
Init. trans. diameter 15.0 pm rms, 2D Gaussian
Emission phase 2.1°
Buncher phase -88.8 °
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for the shortest bunch length. Optimized parameters are
listed in Table 1. For the wake structure, a gap of 1 mm is
applied with a full length of 37 cm, and the fundamental
wake period is 1.49 mm. Figure 3 shows the evolution of
the longitudinal phase space. At the exit of the gun the
beam has a kinetic energy of 4.77 MeV, with a notable sec-
ond-order energy chirp. Inside the buncher a positive chirp
is induced for the ballistic bunching process to commence
in the drift tube afterwards, meanwhile beam energy is
slightly increased to 5.0 MeV. For a beamline without wake
structures, the minimum bunch length, 24 fs rms, is ob-
tained at 2.54 m. The longitudinal phase space indicates a
compensation of the 2"%-order nonlinear effects could sig-
nificantly enhance the compression factor.

By introducing wake structures, an additional second-or-
der chirp of the opposite sign is induced. Due to the non-
linear relation between energy and velocity, the 2"-order
chirp need to be overcompensated so as to produce a linear
velocity distribution with respect to relative position. Af-
terwards in the drift a shortest bunch of 1.56 fs rms is
achieved. It is worth noting that wake field is weaker at the
head of the beam and stronger at the tail, thanks to the
charge distribution, so a subtle 3™-order modulation is in-
troduced. At the focus of compression, the particles are
aligned nearly in a straight line in the phase space, and slice
energy spread is the main limiting factor under such cir-
cumstances.

It is also explored in the simulation work that an 80-fC
beam with an initial length of 0.3 ps rms and transverse
diameter 4.9 pm could be compressed down to 0.34 fs after
energy modulation in wake structures, compared to 5.3 fs
without high-order chirp compensation. However, a driver
beam ahead with higher charge is required due to the insuf-
ficiency of the wake in amplitude for a beam well below 1

pC [7].
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Figure 3: Longitudinal phase space evolution (head to the
right). (a) through wake structure. (b) phase space at focus
of compression without wake structure. (c) phase space at
focus with wake structure.
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PRODUCING HIGH-FORM-FACTOR
BUNCH TRAINS

Electron microbunches or bunch trains have a wide
range of applications, such as UED, generation of coherent
radiation, and excitation of wakefield in advanced-concept
accelerators. Recently it was proposed and experimentally
demonstrated to use wake structures to produce electron
microbunches [8]. Meanwhile a method was presented us-
ing two modulator-chicane modules to produce high-en-
ergy bunch trains with higher form factor [9]. Here we use
two wake-drift modules (a wake structure followed by a
drift tube) to achieve the same goal in the low energy re-
gime.

For the particular use of generating coherent THz radia-
tion, a key parameter is bunch form factor,

2
F(k) = fS(Z)e”‘Zdz

, (3)

where S(z) is longitudinal charge distribution and k is the
wave number. Suppose a beam is uniform in longitudinal
direction and has a certain energy distribution f,(J;). A si-
nusoidal energy modulation being induced, the energy
turns §; = 6, + A; sin(kyz,). After a drift tube, the longi-
tudinal coordinate transforms under linear approximation
as z; = Zy + Rs60;. At this point the form can be calcu-
lated, using change of variable and Jacobi-Anger expan-
sion,

FOuky) = F, = | f dzod80e f (2, 8,)

2

2
= JR(nkoRssA;) Jd50f0(50) e'nkoRsebo

= Jn(nkoRssA;) exp(—n2k§R§60§) ) (4)
where in the last equation an initial Gaussian energy distri-
bution with variance 6 is considered. In the second wake-
drift module a similar procedure follows where §, = §; +
A, sin(kyz,) and z, = z; + R{J,, after which the form
factor may not be analytically expressed but numerically
calculated.

Consider a typical case where a 1-nC, 9-ps and 5-MeV
beam with 0.5%o energy spread goes through two stages of
wake modulation and drift, with wake frequency 0.5 THz.
With one stage only, a maximum form factor of 0.34 can
be achieved at fundamental frequency (i.e. n =1) for
RsgA; = 1.76 x 10™*. In the two-stage scenario, an opti-
mization process finds that the highest form factor for n =
1 reaches 0.76, when A; = 0.90%, Rsc = 0.029,4, =
5.4%, Rt = 2.7 X 1073, It should be noted that space
charge effects are not taken into consideration, which in
practice cause severe beam quality degradation at low en-
ergy.

A simulation study is carried out using the beam param-
eter in Table 2. The beamline is composed of the same gun
and solenoid as before, with two wake-drift modules after-
wards, with the first one located at 0.4 m. Each wake struc-
ture measures 10 cm in length and has a fundamental fre-
quency of 1 THz. Parameter optimization shows that the
highest form factor for fundamental frequency is 0.49.
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g Figure 4 shows longitudinal phase spaces at the end of

—

5 each module. A moderate energy modulation is induced in
Z the first section. Then the pre-bunched beam produces a
%stronger wake field in the second structure, resulting in a
+f maximum energy difference of + 20%. At the end the head
¢ and tail overlap within each microbunch, in that despite the
& decrease in peak current, more electrons are accumulated
% at the center, thus contributing to a higher form factor. It
3 can be seen however that phase space is notably distorted
iowing to space charge effects, limiting a higher form fac-

Ztor.
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£ Table 2: Optimized Parameters of Wake-drift Modules
<

e Values

=

= Parameters

Q Module 1 Module 2
& Structure gap 0.59 mm 0.89 mm
2 Drift tube length 0.258 m 0.011 m
B

é 0.06 2000 0.1 2000
g 0.04 ] 1500 0 1500
E :\ 0.02}: 4 1000 E ‘;_-\ ) y 1000 E
2 4 i g g 02 : E
E 0 500 03 500

% AL )

g -0.02 1 o ; 0 0.4 - . . 0

R z mm z mm

=

< Figure 4: Longitudinal phase space at the end of each mod-
£ ule (head to the left).

3

£ CONCLUSION

;i Two possible applications of wake structures are pro-

g posed. First, nonlinear effects in ballistic bunching can be
—~compensated by self-induced field. Simulation indicates a
= 1 pC beam can be compressed down to 1.56 fs rms, and
even shorter beams are achievable at lower charges. Sec-
—ond, multiple wake modules can significantly improve
% form factor in bunch train generation. Preliminary simula-
-2 tion studies show that a bunch train with a high form factor
S of 0.49 at low energy can be obtained via two wake-drift
> modules.

©2019

WEPTS034
@ 3176

©=2d Content from this work may be used under the terms of the CC B

IPAC2019, Melbourne, Australia

JACoW Publishing
doi:10.18429/JACoW-IPAC2019-WEPTS034

REFERENCE

[1] Z. Zhang et al., “Electron beam energy chirp control with a
rectangular corrugated structure at the Linac Coherent Light
Source,” Phys. Rev. Spec. Top. - Accel. Beams, vol. 18, no. 1,
pp. 1-12, 2015.

[2] C. Lu et al., “Time-resolved measurement of quadrupole
wakefields in corrugated structures,” Phys. Rev. Accel.
Beams, vol. 19, no. 2, pp. 1-7, 2016.

[3] S. G. Anderson et al., “Velocity bunching of high-brightness
electron beams,” Phys. Rev. Spec. Top. - Accel. Beams, vol. 8,
no. 1, pp. 73-94, 2005.

[4] L. Serafini et al., "Velocity bunching in photo-injectors." 4/P
conference proceedings. vol. 581. no. 1. AIP, 2001.

[5] K. Floettmann, “Generation of sub-fs electron beams at few-
MeV energies,” Nucl. Instruments Methods Phys. Res. Sect.
A Accel. Spectrometers, Detect. Assoc. Equip., vol. 740, pp.
34-38, 2014.

[6] K. Flottmann, ASTRA: A Space Charge Tracking Algorithm,
DESYTech. Rep., 2011, http://www.desy.de/~mpyflo

[7] L. Zhao et al., “Few-femtosecond electron beam with te-
rahertz-frequency wakefield-driven compression,” Phys. Rev.
Accel. Beams, vol. 21, no. 8, p. 82801, 2018.

[8] G. Loisch et al., “Passive Ballistic Microbunching of Non-
ultrarelativistic Electron Bunches Using Electromagnetic
Wakefields in Dielectric-Lined Waveguides,” Phys. Rev.
Lett., vol. 122, no. 4, p. 44801, 2019.

[9] I Gadjev et al., “Demonstration of Cascaded Modulator-Chi-
cane Microbunching of a Relativistic Electron Beam,” Phys.
Rev. Lett., vol. 120, no. 11, p. 114802, 2018.

MCS: Beam Dynamics and EM Fields

D09 Emittance Manipulation, Bunch Compression and Cooling



