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Abstract

The high-repetition-rate infrared terahertz free-electron
laser (IR-THz FEL) facility is progressing in the prelimi-
nary research stage, which can achieve the demand for a
tunable high-power light source in the long wavelength
spectrum and form a complementary structure of ad-
vantages with the Hefei Advanced Light Facility (HALF).
In this paper, we present the design of a bunch compressor,
enabling compress the bunch length to reach the peak cur-
rent of 118 A. We also introduce an approach to optimize
the RF parameters for the accelerating modules, which
makes it feasible to generate a high-quality beam bunch

that can reach the requirements for future FEL applications.

INTRODUCTION

The paper introduces the design and optimization of a
high-repetition-rate IR-THz FEL facility [1-4], which lev-
erages optical resonator-based FEL technology to achieve
a higher mean power output by increasing pulse frequency.
Electron beam of the facility will be generated from a pho-
tocathode RF gun injector and further accelerated with a
superconducting linear accelerator. The C-type bending
magnet chicane is used to increase the peak current by
compressing the bunch length. During the beam dynamics
simulations, space charge effects, coherent synchrotron ra-
diation (CSR) effects and longitudinal cavity wake field ef-
fects have been taken into account with the codes of AS-
TRA [5] and CSRTrack [6].

LAYOUT

The schematic layout of the IR-THz FEL facility is
shown in Fig. 1. The injector consists of a photocathode
RF gun, an L-band accelerating section and a third-har-
monic accelerating section. The electron bunches are gen-
erated by using a normal conducting 1.3 GHz RF gun.

reaching 5 MeV [7-8]. After the gun, the electron bunches
are accelerated in a superconducting 9-cell TESLA cav-
ity [9] with resonant frequency of 1.3 GHz: ACC1. Down-
stream of the ACCI1 section, a third-harmonic RF sys-
tem [10,11], operating at 3.9 GHz and referred to as
ACC39, will be used to linearize the longitudinal phase
space distribution with RF curvature distortion and to min-
imize the bunch tails in the subsequent chicane. The elec-
tron beam energy is 20 MeV at the exit of ACC39 section.
There is a bunch compressor chicane (BC) with a C-type
structure downstream of the ACC39 section. The beam en-
ergy is increased to 58 MeV after passing through the main
linac, which is equipped with two L-band superconducting
9-cell TESLA cavities, named ACC2.

The IR-THz FEL will operate in the oscillator mode,
which generates FEL radiation with wavelengths ranging
from 5 um to 1000 um. After the ACCI section, electron
bunches are deflected to the undulator (U1) by a beam dis-
tribution system, and THz radiation with wavelength range
0f200-1000 pm can be generated in the Ul. Following the
ACC2 section, the electron bunches are distributed into
two distinct undulators, which generate mid-infrared
(540 pm) and far-infrared (40—200 um) radiation respec-
tively.

BUNCH COMPRESSION

The linac-based free-clectron laser require very short
bunches of high-brightness electron beams with high peak
currents. The bunches cannot be directly generated in rf-
gun, as space charge forces would result in the deteriora-
tion of the beam quality in a short distance. Therefore, elec-
tron bunches must start with a low intensity and a few tens
of Amperes peak current, and subsequently be accelerated
to energy where the space charge effects are sufficiently
weakened. In this case, the peak current can be increased
by compressing the bunch length.
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Figure 1: The schematic layout of the IR-THz FEL facility.
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Table 1: Parameters for the Chicane

Parameter Symbol Value Unit
Bend magnet length Ly 0.1 m
Drift length B1-B2 and B3-B4 AL 0.15 m
Drift length B2-B3 AL 0.1 m
Bend radius of each dipole magnet p 0.46 m
Bending angle 0, 12.6 deg
Momentum compaction Rse -22.1 mm
Total length of chicane Ly 0.8 m
Bunch charge q 0.5 nC
Electron energy E 20 MeV
Compression factor 4.5 /

The usual technique starts out by introducing a correla-
tion between the longitudinal position of the particles in
and their energy using a RF accelerating system [12]. For
a bending magnet chicane, the particle energy in the head
of the bunch is reduced, while that in the tail is increased.

Lower-momentum particles reach the chicane first, but
travel a longer distance than later, higher-momentum par-
ticles, a process known as ‘ballistic bunching’. Figure 2
and Table 1 presents our C-type bending-magnet chi-
cane [12—14].

IV Y

Figure 2: C-type bending magnet chicane.

The non-linearities of both the accelerating RF fields
and the longitudinal dispersion distorts the longitudinal
phase space, shown in Fig. 3. The non-linearity of the fun-
damental RF frequency is already visible before compres-
sion as a curvature in the energy chirp (left plots). After
compression, the non-linearity of the chirp, together with
the Tse¢ of the chicane, dominates the shape of the bunch
in phase space. A sharp spike develops at the head of the
charge distribution with a width depending on the intrinsic
energy spread (center plots).

A higher-harmonic RF system can be used to compen-
sate the non-linearities (right plots). In this case, the RF
phase is set to the decelerating crest to compensate the 2"-
order curvature with a reasonable peak voltage.

BEAM DYNAMICS SIMULATION

In order to obtain FEL radiation with a short gain length,
beam bunches require a high peak current, a small slice
emittance, and a low energy spread at the entrance of the
undulator section [15-16]. In the beam dynamics simula-
tion, the peak current reach 118 A and the beam energy is
58 MeV after the main linac. The beam energy before the
BC section is fixed as £ =20 MeV.
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Figure 3: Longitudinal phase space and bunch current dis-
tribution before (left two plots) and after (center two plots)
a bunch compressor chicane, and with 37-harmonic com-
pensation.

The transformation of the longitudinal coordinate in the
™ bunch compressor is described by:

i = Si—1 — (Rse; * 8; + Tseei * 67 + Useesi * 67)

where Rggi, Tsegiand Usgge; are the momentum com-
paction factors in the i*"*compressor, and &; is the rela-
tive energy deviation. For the fixed values of RF parame-
ters and momentum compaction factors, the global com-

pression function can be defined as follows:

Cyv=1/Zy , Zy=0sy/0s,

where the function Cy(s) describes the increase of the
peak current in the slice with initial position s and
Zy(s) is the inverse global compression function.

When collective effects are excluded in a one-stage
bunch compression scheme, it is feasible to establish the
relationship among the RF parameters, beam energies, and
inverse global compression functions:

Ey = E1(V1, 91, V39, ®39)

d%s, . 0%s ., 03s;
Zl - 652 (0) ’ Zl - 652 (0)’ Zl - 653 (0) .
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The partial compression function C; =1/Z; de-
scribes the amount of the compression achieved after the
compressor. Z; can decide the symmetry of the current
profile, while Z;' can decide the full width at half maxi-
mum (FWHM) value of the bunch length [17]. Figure 4
shows a comparative analysis that elucidates the impact of
varying Z; and Zi' settings on both the current profiles
and the longitudinal phase space.

(2)

(b)

#{ = 1000

Figure 4: (a) Fixed Z; = 3000, the current profile for the
varied values of Z;. (b) Fixed Z; = 0, the FWHM value
of the bunch length for the varied values Z;'. Longitudi-
nal phase space (bule lines), current profile (black lines).

2y = 3000

In alignment with the theories previously articulated,
we have developed the MATLAB-based code aimed at op-
timizing current profiles and longitudinal phase space. By
manipulating the parameters E;,Z;,Z; and Zi', it be-
comes feasible to generate a beam bunch characterized by
a specified beam energy, requisite peak current, and supe-
rior current profiles.

As an example, a 0.5-nC bunch ha an initial current of
26 A and a compression factor C1 equal to 4.5. A chicane
of 12.6-degree bending angle provides 0.46-m bending ra-
dius, as in Table 1.

Vectors X, and E are defined as follows:

Xo = (V1, 01, V30, 039) 7", fo=(E1, 24,21, 21)7".

The relation between X, and E can be written by using

a nonlinear operator Ag: E = Ay(xg). When the beam
energies and the global compression functions are fixed,
the RF parameters can be obtained by using ¥, =

Aal(ﬁ). The RF parameter settings for the accelerating
modules are shown in Table 2.

The beam dynamics simulation from the RF gun to the
entrance of the undulator has been done with 10° particles.
For all of the arc sections, CSRTrack code is used to take
into account the CSR impact. The beam tracking in the
straight sections is simulated with ASTRA code. Longitu-
dinal cavity wake field effects are considered at the exit of
each accelerating section with MATLAB scripts.
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Table 2: RF Parameters for the Accelerating Modules

Parameter Value Unit

Charge Q 0.5 nC
Vacer 21.42 MV
Pacci 15.59 deg
Vaceso 6.40 MV
Paccso 151.61 deg
Vacez 40 MV
Pacc2 0 deg

The beam bunch data is summarized as featuring a
beam energy of 58.42 MeV, peak current of 118 A, pro-
jected emittances in the x-direction (ex) of 0.388 um and
in the y-direction (gy) of 0.688 um, and a slice energy
spread (Omax) of 5.8 keV. Beam bunch properties at the en-
trance of the undulator section are shown in Fig. 5. The
beam quality can reach the requirements for future FEL
applications.
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Figure 5: Beam bunch properties at the entrance of the un-
dulator section: longitudinal phase space (top left), current
profile (top right), slice emittances (bottom left), and slice
energy spread (bottom right).
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CONCLUSION

In this paper, the beam dynamics simulation for the
high-repetition-rate IR-THz FEL facility is introduced
which includes the parameters selection for the bunch
compressor and the RF parameters calculation for the ac-
celerating modules, while the collective effects are taken
into account. To optimize current profiles and the longitu-
dinal phase space, we have developed a MATLAB-based
code. Consequently, it becomes feasible to generate a
high-quality beam bunch that can reach the requirements
for future FEL applications.
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