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Abstract

The Steady-State Microbunching (SSMB) mechanism [1],
which combines the benefits of high repetition rate of a stor-
age ring and coherent radiation, has the potential to produce
high average power short wavelength light [2]. In order to
generate kilowatt level radiation, the electron injector should
have the ability to provide a 1 A average current, 100 ns
long DC beam, with the requirements of small emittance
(<1 mm- mrad), and very small energy spread (<5x 10~#) for
the SSMB storage ring. This paper presents an overview of
the physical design of the electron gun, linac, and stretching
ring components of the injector, as well as the beam loading
compensation methods employed in the electron gun and
linac.

INTRODUCTION

The conceptual design of the SSMB high average power
light source is shown in the Fig. 1 [3], where the injector
is mainly composed of a 400 MeV linac and a stretching
ring. The electron gun used in the SSMB mechanism is
an ultra-high vacuum S-band electron gun with a resonant
frequency of 2856 MHz [4]. The operation mode of the
electron gun and linac is shown in Fig. 2. The electron
gun and S-band linac will accelerate a train of bunches to
400 MeV, which will then be converted into a DC beam by
the stretching ring. Due to the high current and long length
of bunch train, beam loading and multi-bunch beam break-
up in linac is critical. Beam loading compensation by using
rf phase to amplitude modulation method and AT method
will be introduced. Additionally, a new method of beam
loading compensation will be discussed.

PHYSICAL DESIGN OF INJECTOR

Electron Gun

The electron gun is required to accelerate 300 electron
bunches in a macropulse with an interval of 350 ps (corre-
sponding to 2856 MHz), and each bunch charge needs to be
350 pC to maintain an average beam current of 1A. The AT
method is used in beam loading compensation in electron
gun [5]. Beam-induced voltage V}, [6] by a point charge g
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Figure 1: Conceptual design of the SSMB high average
power light source
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Figure 2: Operation mode of electron gun and linac
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In an electron gun with filling time of ¢ ¢, for an electron
bunch train composed of a series of bunches spaced at ¢}, (¢
is an integer multiple of the microwave period), the loading
voltage at time ¢ is given by:

Voo = —2kq = — (1)

1 - ~(n-1)
V(1) = 5Vio + (Vboe ' 4+ Vioe )
1 — e~ U-n+m)/ty @)
= Voo~ 5 V%0
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where ¢, is the injection time of the first bunch. The acceler-
ating voltage of a microwave electron gun at time 7 is given

by:
24/BPRoT?
V() = %(1 — ety 3)
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Figure 3: The time dependence of the input rf power
(black), beam current (pink), and the corresponding un-
loaded (green), loaded (blue), and beam (light blue) voltages
are shown.

where (8 is the cavity coupling coefficient and P is input
power.

The net energy gain of each electron bunch within the
macropulse can be identical if the difference between Eq. (2)
and Eq. (3) is a constant.

Linac

The linac is a traditional normal conducting S-band ac-
celerator. The conventional approach for beam loading com-
pensation is the phase to amplitude modulation method [7],
which gradually increase the rf feed power to counter-balance
the beam loading induced field decrease. By performing the-
oretical calculations [8], we obtained the power waveform
required at an average current intensity of 1 A, as shown in
Fig. 3.

We conducted an experiment in which the ramped power
was generated by combining the power of two klystrons
through a 3 dB coupler. The output of the coupler de-
pends on the phase of the input microwave, allowing us
to achieve the desired waveform by controlling the output
microwave phase of both klystrons. Fig. 4 compares the
power waveform obtained experimentally and theoretically.
It is observed that the rising edge and flat region of the
waveform obtained experimentally match well with the the-
oretical waveform. However, the presence of a falling time
causes a difference between the experimental and theoretical
waveform. Nonetheless, the falling edge does not affect the
compensation for the beam loading effect. The experimental
waveform was used to calculate the difference in the cen-
tral energy of bunches, with the best result achieved being
6x 1074

Furthermore, we proposed a new method of beam loading
compensation. Fig. 5 demonstrates the principle of using a
single chicane to control central energy difference of electron
bunches.
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Figure 4: Experiment waveform and theoretical waveform
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Figure 5: Layout of single-chicane scheme

Assuming the uniformly spaced bunches with equal en-
ergy in the bunch train before entering Linac-1, the first
bunch will get the expected energy boost, but the bunches
behind it will experience a lower energy boost due to beam
loading. After Linac-1, the bunch train enters the chicane
and the spacing between the bunches will be increase be-
cause of the energy chirp in the bunch train. When the
stretched bunch train enters Linac-2, the tailing bunches wit-
ness higher acceleration phases than the heading bunches.
By controlling the acceleration phase, different bunches get
different energy boosts to compensate the beam loading. Us-
ing one single chicane, only the first-order bunch central
energy difference can be compensated. More chicanes can
compensate high-order inter-bunch average energy differ-
ence and intra-bunch energy spread.

We used the genetic algorithm to find the optimal layout
of accelerating tubes and chicanes that minimizes the energy
spread of the bunch train. The optimal beamline is shown
in Fig. 6. We found that T363, T364, T463, T464 in second-
order transfer matrix of chicane are large, additionally, the
energy spread of the bunch train was found to be significant
due to beam loading, which means that the contribution from
energy spread, transverse size, and transverse divergence
to emittance growth is considerable. Quadrupoles were
cautiously positioned and adjusted to minimize the emittance
growth during beam transport. Finally, 8 triplets were used
to control the growth of emittance, and the final emittance
met the requirements for injection.

NN N T

1*Linac-1 5*Linac-2  Chicane-2 5*Linac-3 Chicane-3  1*Linac-4

Chicane-1

Figure 6: Layout of energy spread compensation beamline
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Figure 7: Stretching ring lattice
Stretching Ring

The stretching ring is an integral component of the injector.
The bunch stretching process utilizes the natural momentum
compaction effect of the storage ring to elongate each bunch
within the 100 ns macropulse. Specifically, the longitudinal
length of a bunch of electrons with a certain energy spread
after running one lap in the storage ring will be elongated
by AZ = a6, where « is the momentum compaction factor
of the storage ring, J is the energy spread of the bunch, and
AZ is the longitudinal elongation per lap. Our designed
stretching ring possesses a large momentum compaction
factor for accomplishing this function. After injecting a
bunch train with a certain energy spread into the stretching
ring and running about 300 turns, the bunch train will evolve
into a DC beam with a longitudinally uniform distribution.

Fig. 7 illustrates the lattice layout, where the dipole mag-
net is represented in red, the quadrupole magnet in green,
and the solid black line indicates the straight sections. The
parameters of stretching ring are summarized in Table 1.
The optical functions in one super-period structure can be
found in Fig. 8. In this ring, sextupoles were not utilized for
chromaticity correction as circulating turns is small.

Table 1: Parameters of the stretching ring

ISSN: 2673-5490

Parameter Value Unit
circumference 141.24 mm
Beam energy 400 MeV
Tunes (x/y) 7.56/4.25 /

-20.76 / -11.43 /
1.05 x 1072 /
0.74 keV

Natural chromaticity
Momentum compaction factor
Energy loss per turn

START-TO-END SIMULATION RESULTS

We performed a start-to-end simulation for the injector.
ASTRA [9] was utilized for simulations for the low-energy
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Figure 8: Optical functions in a super-period
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Figure 9: Longitudinal phase space and current distribu-
tion of DC beam at the exit of stretching ring (The color
represents the density of electrons)

section, from the electron gun to the exit of the first acceler-
ating tube. We optimized this section to minimize energy
spread and emittance by employing a genetic algorithm.
Elegant [10] was utilized for simulation from the first ac-
celeration tube to the stretching ring exit. Fig. 9 illustrates
the longitudinal phase space and current distribution of the
bunch train after the stretching ring. The central energy of
the bunch train is 400 MeV, and the RMS energy spread of
the total bunch train is less than 3 x 10~%. The transverse
normalized emittance can be less than 0.7 mm-mrad.

CONCLUSION

In summary, this paper presents the physical design of the
injector for the SSMB high average power light source, and
proposes a beam loading compensation technique for both
the electron gun and linac. The results of the start-to-end
simulation meet the requirements of injection into the main
ring.
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