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Abstract — The Shanghai soft X-ray free-electron laser
(SXFEL) is the first X-ray free-electron laser (FEL) user
facility in China. To improve the utilization efficiency
of the linear accelerator, SXFEL plans to upgrade to
double-bunch mode with a bunch time separation of
100 ns and a maximum repetition rate of 50 Hz. A
new conceptual beam distribution system is designed to
separate the double beam bunch-by-bunch. Conceptual
design and prototype implementation of a double-bunch
separation system was implemented. The beam distri-
bution system consists of four in-vacuum kicker mag-
nets and one Lambertson septum magnet. This paper
presents the design considerations and preliminary veri-
fication of a beam bunch distribution system. Distributed
magnets and excitation power supply are introduced in
detail. The relevant simulation and experimental results
of the magnets and pulsed power supply are introduced
also.

Index Terms — Beam distribution system, double-bunch
separation, kicker magnet, pulsed power supply, septum
magnet.

L. INTRODUCTION

The Shanghai soft X-ray free-electron laser
(SXFEL), the first soft X-ray free-electron laser (FEL)
facility in China, is a fourth-generation light source [1].
The SXFEL was made available to domestic and foreign
users at the end of 2022 [2]. Two undulator lines produce
FEL radiation with the shortest wavelength of approx-
imately 2 nm. The beam distribution system, which
is used for deflecting beam bunches with a specified
mode, is located between the linear accelerator and the
undulator lines. To enhance the utilization efficiency of
the SXFEL, the linear accelerator will be upgraded from
single-electron bunch mode with a 50-Hz maximum
repetition frequency to double-electron bunch mode [3].
The two bunches, which are separated in time by 100
ns, will be distributed to two different undulator lines
by the beam distribution system [4]. The existing beam
distribution system is equipped with a single 54-mrad
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deflection angle kicker magnet with a 30-ps pulsed
width power supply [S)]. Beam distribution systems are
designed for the world’s Most FEL. For example, the
beam distribution system of SwissFEL comprises a
fast kicker magnet and a Lambertson septum magnet.
A resonant kicker is used to separate the two bunches
separated in time by 28 ns [6H7]. SACLA deflects
interval beam bunches of 16.7 ms to two undulator lines
using a kicker magnet and a septum magnet [8]. The
beam distribution system of LCLS-II is composed of
a transmission line kicker magnet and a direct current
septum magnet to distribute 929-kHz beam bunches
into different undulator lines [9]. The beam distribution
system of EXFEL uses two types of kicker magnets and
a septum magnet [[10H11]. Using a single kicker magnet,
the SXFEL facility separates beam bunches of 20 ms
into two undulator lines [12H13]]. Nevertheless, the
existing beam distribution kicker magnet of the SXFEL
cannot meet the capacity requirements for an increasing
or decreasing edge of less than 100 ns. To meet the
requirements of the new beam distribution mode, the
current beam distribution system needs to be upgraded.
Figure[I]shows the configuration of the new beam distri-
bution system. It deflects double electron bunches with
an energy of 1.5 GeV to the SBP and SUD undulator
lines. It comprises four kicker magnets and a DC Lam-
bertson magnet. When the kicker magnets are activated,
four kicker magnets deflect the beam bunch vertically by
5.2 mrad. Afterward, the beam bunch passes through the
field-free region of the DC Lambertson magnet with a
vertical distance of approximately 16 mm. Binding with
the magnet downstream, the beam bunch in this case is
transmitted to the SBP undulator line. When the kicker
magnets are turned off, the beam bunch passes through
the field region of the DC Lambertson magnet with a
horizontal deflection angle of 54 mrad. In this case, the
beam bunch is transmitted to the SUD undulator line.
Table [T] gives a summary of the design parameters of
the distribution magnets. To meet these requirements,
four 300-mm lump-inductance kicker magnets with a
fast leading edge pulse driver were designed in this
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Kicker Septum

of the ferrite core, and L, is the effective length of the

Fig. 1. Configuration of the beam distribution system:
K1-K4 are kicker magnets, SUD and SBP are the two

undulator lines.

Table 1: Design parameters of the distribution magnets

, ‘(,X/‘/(f SUD magnet. To reduce the inductance of the kicker magnet,

, s “f each kicker had a length of 300 mm. Four kicker magnets

] H H H u v 5 %f?r@ SBP of the same design were placed in one vacuum cham-
T ber. Driven by a single pulsed power supply, each kicker

Vacuum chamber Lamf,’fm provided a deflection capability of 1.3 mrad, requiring

a magnetic flux density of 230 gauss. The NiZn soft
magnetic ferrite was proposed as the core material for
its high frequency, high resistivity, and low loss charac-
teristics. Although the in-vacuum structure could reduce
the power consumption to some extent, it could cause
cooling problems as well. Figure [2] shows the results of

Parameter Kicker Septum
Magnet Magnet -
Magnet type Lumped- Lambertson
inductance 40 R
Current shape Trapezoidal DC 35
wave 30l 300
Total deflection 5.2 mrad 54 mrad 45
Deflecting direction Vertical Horizontal 2l 250
Leading edge 100 ns —
Pulse repetition 50 Hz — B bid
rate 10
Amplitude stability 200 ppm 50 ppm 5 i
Leakage field ratio — 0.1% ol

study. A DC Lambertson magnet with a high main
magnetic field and a low leakage field was selected
[14H113]. This paper presents the conceptual design and
preliminary verification of the magnet design and the
source of excitation energy. In the present study, the
purpose of employing a thyratron was to achieve a rising
edge of less than 100 ns using a lumped-inductance
kicker magnet with a 1-uH inductance and a Lam-
bertson magnet, ensuring main-field uniformity and a
low-leakage magnetic field. In this study, the utilization
of a thyratron aims to achieve a rising edge of less
than 100 ns of lumped inductance kicker magnet with
1 pH inductance and a Lambertson magnet ensuring
main field uniformity and small leakage magnetic
field.

II. KICKER MAGNET AND PULSED
POWER SUPPLY
A. Kicker magnet design
The kicker magnet was a single-turn lumped-
inductance type. Kicker inductance can be approxi-
mately calculated by equation (T)):
2
LN Haple (1)
Vap
where p, denotes the vacuum permeability, N is the
number of turns, Hy, is the distance between the go and
return exciting current conductors, Vg, is the gap width
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Fig. 2. Electromagnetic simulation results of cross-
section: (a) magnetic field distribution for 2D and (b)
good field region.
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the Comsol electromagnetic simulation. The dimensions
of the cross-section of each kicker magnet are shown in
Fig.]2|(a). The core structure of the magnet corresponded
to the window shape. Oxygen-free copper with less than
0.05% oxygen was used as the core material. Electro-
magnetic simulations were conducted using electromag-
netic software to analyze the distribution of the magnetic
flux intensity, a good field region, and integral strength
along the beam direction. Figure [2| (b) shows that the
flatness of a good field region is greater than 12 mm.
Figure [3] displays the magnetic field distribution along
the beam direction. The results of the simulations sug-
gested that the integral strength along the beam direction
could meet the requirements.
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Fig. 3. Simulation results of three-dimensional analysis:
(a) magnetic field distribution for 3D and (b) magnetic
field distribution along the beam direction.

B. Pulsed power supply design

To separate the 100-ns beam bunch, the pulsed
power supply needed to perform with a fast pulse edge.
The pulsed power supply was based on the charging and
discharging of pulse-forming lines controlled by a thyra-
tron. The rate of increase in anode current was limited
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to 50 kA/ps. Figure [] shows the schematic diagram of
the pulsed excitation power supply. In the impedance-
matching condition, the characteristic impedance of T1
was equal to R2. This time constant is expressed in equa-
tion (2): .

=57 @
where L is the inductance of the kicker magnet and Z is
the characteristic impedance of the PFL. Figure [3] illus-
trates the test bunch of the pulsed excitation power sup-
ply, while Fig. [6] shows the preliminary experimental
result of the pulse waveform with an inductance load

T
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Fig. 4. Schematic diagram of the pulsed excitation power
supply.
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Fig. 5. Test bunch of the pulsed excitation power supply.
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Fig. 6. Experimental result of pulse waveform.



equal to that of the kicker magnet. The leading edge was
80 ns, with an equivalent kicker magnet inductance. The
pulse flat-tops could be further tuned for a better flatness.

III. SEPTUM MAGNET AND POWER
SUPPLY

A. Septum magnet design

The septum magnet was of the Lambertson type.
The principle of operation of the Lambertson septum
was that high-permeability materials could function with
almost any type of leakage magnetic field. According to
the system layout and physical design of the SXFEL, the
vertical distance between the deflected and undeflected
beams at the entrance of the Lambertson magnet was 16
mm. The Lambertson magnet was designed to be 400
mm long. A main magnetic field of 0.7 T and a uni-
form range of at least 11 mm were required to deflect the
electron beam horizontally by 54 mrad. The main-field
uniformity in the Lambertson gap needed to be higher
than 0.1% to introduce the smallest possible energy dis-
persion into the high-energy electron beam, whereas the
leakage field integral needed to be less than 0.1%. With
DC excitation current, the core of the Lambertson mag-
net was made of solid DT4 iron, which has good electro-
magnetic properties. The field-free region was designed
to be a circular vacuum hole with a radius of 5 mm.
At the same time, the vacuum hole was placed hori-
zontally 7.5 mm further from the center of the bottom
pole to reduce the width and relative cost of the magnet.
To improve the main-field uniformity, two shims were
installed on both sides of the bottom pole. The cross-
section model of the Lambertson magnet was simulated
using OPERA. Sufficient project margin was reserved
around the coil to ensure the installation of the coil and
to make the simulation as close to reality as possible.
A TOSCA Magnetic Analysis in OPERA-3D was used
to simulate the three-dimensional model. The simulation
results are presented in Figs. [7jand[§]

Fig. 7. Continued.
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Fig. 7. Lambertson magnet simulation result of cross-
section: (a) cross-section model of Lambertson magnet,
(b) main field region, and (c) leakage field at the center
of field-free region.

Fig. 8. Continued.

168



169

Gauss

8000 r 3

6000 - -

4000

Main field

2000 - -1

T T T T
0 200 400 600 800 1000
mm

(b)

Fig. 8. Lambertson magnet simulation result of three-
dimensional analysis: (a) magnetic field distribution for
3D and (b) magnetic field distribution along the beam
direction in main field region.

B. DC excitation power supply

The excitation current for the Lambertson magnet
was direct current (DC), provided by a DC switch power
supply. Figure 9] shows the functional block diagram of
the septum excitation power supply. Figure[I0]pictorially
shows the DC excitation power supply and presents the
current measurement results. The current output stability
of this power supply was less than 50 ppm.
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Fig. 9. Functional block diagram of septum excitation
power supply.
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Fig. 10. The picture of DC excitation power supply and
its current measurement result.
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IV. CONCLUSION

This paper presented a study of the 100-ns double-
beam bunch distribution system for SXFEL. The system
included four vertical kicker magnets and one horizontal
Lambertson magnet. The kicker magnets are based on
in-vacuum lumped-inductance technology. The design
parameters and simulation results of the kicker and sep-
tum were also analyzed. This study validated the feasibil-
ity of the 100-ns kicker leading edge pulsed power sup-
ply. Prototypes of the kicker and the Lambertson mag-
net are currently being processed and developed. Further
studies on beam impedance effect and nonlinearities are
being evaluated.
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