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Tsinghua University is currently developing a very-high-frequency electron gun that operates in
continuous-wave (cw) mode at 216.667 MHz. This gun will serve as the beam source for the Shanghai high
repetition rate XFEL and extreme light facility. The cavity profile has been optimized to minimize input
power, peak surface electric field, and peak wall power density. The profile optimization also takes into
account the suppression of multipacting effect. Additionally, thermal analysis has been performed to guide
the design of water cooling channels in coordination with gun mechanical design. The fabrication of the
gun has been completed, and the frequency and quality factor measured in cold test are in good agreement
with simulation expectations. During high power conditioning, 75 kW cw radio frequency power was
successfully fed into the gun, corresponding to a cathode gradient of 27 MV/m and a gun voltage of
780 keV. This operating gradient is currently the highest in the world for room-temperature VHF guns.
Under this condition, the maximum dark current collected by the Faraday cup at the gun exit was 376 nA
when the strength of the gun solenoid was scanned. To measure and optimize the beam quality, a test
beamline was constructed. After preliminary optimization, the 95% projected transverse emittance was
0.161 mm mrad for 10 pC bunches with a bunch length of 0.49 mm rms, 0.429 mm mrad for 50 pC bunches
with a bunch length of 1.15 mm rms, and 0.853 mm mrad for 100 pC bunches with a bunch length of

1.44 mm rms.

DOI: 10.1103/PhysRevAccelBeams.26.103402

I. INTRODUCTION

X-ray free electron lasers (XFELs) [1-4] have played a
crucial role in various fields such as physics, chemistry,
structural biology, and material science. For example, the
use of x-rays generated by XFELs as a probe has enabled
direct observation of the fracture and formation of chemical
bonds [5], analysis of protein structure and function [6,7],
and visualization of material’s femtosecond lattice dynam-
ics [8]. One of the main directions for the further develop-
ment of XFELs is to increase the duty cycle. In particular,
increasing the repetition rate of the electron beam to MHz-
class would be a revolutionary leap for the performance of
XFELs. The MHz-class repetition rates significantly reduce
the time required to collect data to accomplish an experi-
ment and enable experiments that require a large number of
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photon pulse interactions. Over the past decades, multiple
MHz repetition rate XFEL projects have been proposed and
are rapidly developing.

The construction of the European XFEL was completed,
and the first user experiment began in 2017 [4]. The
European XFEL is capable of producing and accelerating
trains of up to 2700 electron bunches within one 600 ps long
radio frequency (rf) pulse, resulting in a repetition rate of
4.5 MHz for each rf pulse. The repetition rate of the rf pulse is
10 Hz, thus 27,000 electron bunches can be produced per
second. LCLS-II [9] in the U.S. is the first MHz repetition
rate XFEL project that has been proposed to work in
continuous-wave (cw) mode. LCLS-II can produce 1 million
electron bunches per second. LCLS-II is presently being
commissioned. Furthermore, Shanghai high repetition rate x-
ray free electron laser and extreme light facility (SHINE) [10]
in China, an MHz repetition rate XFEL project working in cw
mode, also began construction in 2018.

An L-band electron gun from DESY [11,12] is employed
in the European XFEL. Due to the rf heating issue, the gun
cannot operate in cw mode. There are three types of electron
guns that can support cw operation of superconducting (SC)
cryomodules of high repetition rate XFELSs: direct-current (dc)

Published by the American Physical Society
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TABLE I. Requirements of the SHINE facility for the gun rf
parameters and the beam quality.

Parameters Value Unit
Gun operation mode cwW

Cathode gradient >25 MV/m
Beam energy at the gun exit >750 keV
Bunch charge 10-300 pC

Beam repetition rate 1 MHz
95% normalized emittance <04 mm mrad
for 100 pC @1 mm rms
bunch length
Dark current <400 nA

guns [13,14], normal-conducting (NC) very-high-frequency
(VHF) guns [15-18] and SC rf guns [ 19-22]. dc guns naturally
have the flexibility to support high repetition rate operation,
which can produce dc electron beams or bunches with any
repetition rate. The cathode gradient of a state-of-the-art dc gun
is 10 MV/m [23,24]. The gun voltage typically ranges from
200 to 500 kV [24,25]. It is noteworthy that Cornell University
demonstrated that the electron beams produced from their
400 kV dc gun [13], with a cathode gradient of less than
5 MV/m using a low thermal emittance cathode, can meet the
XFEL beam quality requirements.

The cavity wall power dissipation of an SC rf gun is orders
of magnitude less than that of an NC rf gun, thus SC rf gun cw
operation is easier to achieve. The compatibility of the SC rf
environment of a cavity and the high quantum efficiency
semiconductor cathode has been successfully demonstrated
with an rf choke system [19-21]. Moreover, a dc-SC solution
[26] was proposed and constructed by Peking University,
which combines a dc gun and an SC acceleration unit, aiming
to preserve the advantages of both dc and SC rf technologies.
The potential of SC rf guns and dc-SC rf guns employed in
XFELs is still being carefully evaluated.

NC VHF guns can operate in cw mode because a lower
cavity frequency significantly reduces the power density on
cavity walls, thus conventional water cooling techniques
can solve the heat dissipation problem in cw mode.
After several years of effort, the APEX gun developed
by Lawrence Berkeley National Laboratory has achieved
stable operation in cw mode [27], and the gun has demon-
strated the capability to deliver the beam quality required
for driving high repetition rate x-ray FELs [28]. The
resonant frequency of the gun is 185.714 MHz. It can
produce up to 300 pC electron bunches with 1 MHz
repetition rates and 750 keV beam energy. The cathode
gradient is about 20 MV /m. The success of the APEX gun
proves the maturity of the VHF gun as an electron source
for XFELs, and the APEX gun has been chosen as the
electron source for LCLS-II [29].

SHINE is a high repetition rate XFEL facility based on
an 8 GeV cw SC rf linac. Inspired by the success of the
APEX gun, the SHINE facility chose a room temperature
VHF gun as the electron source. The requirements of the

SHINE facility for the gun rf parameters and the beam
quality are displayed in Table I. Tsinghua University
(THU) started developing VHF guns at the end of 2018.
The gun will be employed as the electron source for
SHINE. To date, we have completed the first phase of
the beam commissioning, demonstrating good perfor-
mance. The gun has been installed in the SHINE tunnel.
This paper summarizes the details of the gun’s research and
development, including physical design, mechanical design
and fabrication, cold test, high power conditioning, and
beam commissioning, etc.

II. RF AND MULTIPACTING OPTIMIZATION

The gun resonant frequency should be compatible with
the frequency of SHINE SC rf linacs (1300 MHz), i.e.,
1300/n MHz, where n is an integer. Consequently, there
are three frequency candidates in the VHF wave band:
216.667, 185.714, and 162.5 MHz. We have chosen
216.667 MHz as our gun’s frequency based on the
following considerations: (a) the frequency of the APEX
gun (185.714 MHz) is not easily compatible with the
existing XFEL timing system, and (b) a higher frequency
has the potential to achieve a higher cathode gradient under
the breakdown limit based on Kilpatrick’s criterion [30].

To design the gun, we established a 3D model in csT
MICROWAVE STUDIO, and all dimensions have been para-
metrized, as shown in Fig. 1. The gun shape was optimized
using a built-in CST optimizer, with the frequency fixed at
216.667 MHz. We aim to achieve a 30 MV/m cathode
gradient in the THU VHF gun. To reach this goal, the
acceleration gap (G in Fig. 1) was reduced from the APEX
gun’s 4 to 3 cm, thus G is fixed at 3 cm in the optimization.
The dimensions, except for G, were optimized simulta-
neously with defined constraints. The optimization goals
include the gun voltage, the input power, the peak surface
power density, and the peak surface electric field.

It should be noted that gun shape optimization must be
combined with the need to suppress the multipacting effect.
Multipacting refers to the exponential growth of secondary
electrons in a resonant cavity under certain rf gradients
[31,32]. Severe multipacting can damage the cavity’s inner

35

FIG. 1.
in CST.

Gun shape dimensions parameterized and optimized
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FIG. 2. Different gun shapes during multipacting optimization:
(a) gun shape 1, (b) gun shape 2, (c) finalized gun shape.

surface and deteriorate the gun’s operation. The multi-
pacting effect in guns working in cw mode is more worthy
of attention compared to guns working in pulse mode,
because the continuous microwave feed-in in a cw gun can
cause the secondary electrons to increase to a considerable
amount, even at a low growth rate. Therefore, the multi-
pacting effect in our gun must be carefully evaluated.
The multipacting was simulated in CST PARTICLE STUDIO
with a tracking solver. Initially, some electrons are generated
on the cavity’s inner wall, and the rf field distribution is
imported from CST MICROWAVE STUDIO. To suppress multi-
pacting, we have designed various cavity shapes. We found
that the multipacting zone is primarily located at the outer
circle of the cavity shape (the region with a larger radius r)
[16,17]. Therefore, we have optimized the dimensions of the
gun shape related to the outer circle, including the cavity
radius r, and the structure of the outer corners. Three typical
cavity shapes are displayed in Fig. 2, and the corresponding
key geometry parameters are listed in Table II. It is important
to note that the other dimensions of each cavity shape have
been optimized in CST MICROWAVE STUDIO, and the optimal
rf parameters of all three gun shapes are acceptable. In
addition, the magnetic field of the gun solenoid in the
multipacting zone is extremely weak, even weaker than
the geomagnetic field. Therefore, the solenoid magnetic field
is not included in the multipacting simulation and only the
gun 1f fields are considered.

The secondary electron yield of copper varies with
different surface treatments, and the secondary electron
yield curves for copper with three different surface treat-
ments are presented in Fig. 3. The secondary electron yield
may further reduce in the rf conditioning process [33].
Additionally, the secondary electron yield based on the

TABLE II. key geometry parameters of the three gun shapes in
the multipacting optimization.

Gun shape 1 Gun shape 2 Finalized gun shape
ro =35 cm r; =33.5cm r, = 33.5 cm
Ry =394 cm Ry =6cm ap; = 8.38 cm
Ry, =5.96 cm Ry, =5.81 cm by =6 cm
ay = 10 cm
b22 =5.7cm
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FIG. 3.

Secondary emission yield of copper as a function of
primary energy of electrons with different surface treatments
[34]. The secondary electron yield based on the Furman model
incorporated in CST is also plotted.

Furman model incorporated in CST is also included in
Fig. 3. Since the secondary electron yield of copper cannot
be accurately assessed during the design stage, and to be
conservative, the csST Furman model was employed in the
following simulations.

The evolutions of the total electron particles as a function
of time can be calculated under different cathode gradients. If
the number of particles increases exponentially with time,
indicating that multipacting occurs in the gun, we can fit the
growth curve with the equation N,(f) = Ny x e*, where
N,(t) denotes the number of particles at time 7, N denotes
the initial particle number, e denotes the natural base, and «
denotes the growth rate, which can be used to characterize the
multipacting intensity. If the number of particles decreases
with time, indicating that no multipacting occurs, we set
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FIG. 4. Growth rate « of different gun shapes as a function of
the cathode gradient E,,.
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TABLE III. Gun rf parameters after optimization.

Parameters Value Unit
Frequency 216.667 MHz
Cathode gradient 30 MV/m
Input power 90.4 kW
Peak surface electric field 37.0 MV/m
Peak surface power density 28.45 W/cm?
Voltage 868 kV
Stored energy 2.24 J
Quality factor 33717

Shunt impedance 8.34 MQ

a = 0 for convenience. The exponential growth rate a of the
three gun shapes as a function of the cathode gradient is
shown in Fig. 4.

First, we reduced the cavity radius from 35 to 33.5 mm
and increased the anode outer corner radius [from Figs. 2(a)
to 2(b)]. As shown in Fig. 4, the multipacting intensity was
significantly reduced. Building on this success, we changed
the outer circle from circular to elliptical, as shown in
Fig. 2(c), and we found that the multipacting intensity
was further reduced. This finalized gun shape [Fig. 2(c)]
is the basis for our mechanical design. As shown in the blue
line in Fig. 4, there is no multipacting when the cathode
gradient is larger than 16 MV /m. The rf parameters of our
gun are shown in Table I1II, and the corresponding electric and
magnetic field distributions are depicted in Fig. 5.

In the above simulation, the corners at the joints of the
cathode plug and the copper base plate were not consid-
ered. These corners can result in electric field enhancement
compared to E_q and become the main source of dark
current downstream of the gun. As these corners are close
to the gun axis center, the dark current emitted from these
corners is more easily transported out [35]. Figure 6
illustrates the electric field distributions at the corners of
the joints of the cathode plug and the copper base plate with
two corner shapes. The first is a round corner with a radius
of 1 mm, which is the same as the APEX gun [15]. The
second is an elliptical corner with a major axis of 1.5 mm

FIG. 5.
the gun.

Electric (left) and magnetic (right) field distributions in

V/m
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FIG. 6. Electric field distributions at the corners of the joints of
the cathode plug and the copper base plate with (a) round corners
and (b) elliptical corners.

and a minor axis of 0.5 mm. If the electric field at the center
of the cathode plug is 30 MV/m, the peak surface electric
field at the round corner is 37 MV/m while the peak
surface electric field at the elliptical corner is 32.5 MV /m.
Therefore, the elliptical corner has been adopted for our
gun, which helps to suppress dark current emission and
reduce the possibility of breakdown in this region.

III. MECHANICAL DESIGN
AND MULTIPHYSICS ANALYSIS

The mechanical design of the gun is illustrated in Fig. 7.
The structure is similar to the APEX gun but with some

Beam exit Tuner reaction

Anode plate POl plate Aluminum

reinforcement
plate

Anode
stainless

Cathode
stainless

I Cathode plate
RF power
coupler port

FIG. 7. VHF gun cross sections.
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modifications based on our manufacturing experience. The
cavity structures are machined with oxygen-free electro-
lytic copper, while the vacuum chamber, including the
vacuum wall and the large flanges on the cathode and
anode, and all Conflat (CF) flanges and vacuum pipes, are
machined with 316L stainless steel. This material has low
permeability, which reduces the negative impact of residual
magnetic fields on the beam quality.

An array of 108 slots measuring 10 mm in width, 14 mm
in depth, and 100 mm in length are milled through the rf
cavity wall to connect the cavity and the stainless steel
vacuum chamber. There are 24 CF 35 flanges electron
beam (Ebeam) welded to the large cathode stainless steel
flange for connection to the vacuum pumps, including 20
Capacitorr Z400 NEG pumps and 4 NexTorr NEG-ion
pumps from SAES. Additionally, there are one CF 150
flange and six CF 35 flanges on the vacuum wall, where the
CF 150 flange is used to connect a 300 L/s ion pump and
the six CF 35 flanges are used to connect rough pumping
valves, residual gas analyzer, vacuum gauges, etc. Based on
this vacuum configuration, a MOLFLOW+ [36] simulation
shows that the vacuum at the plug top surface can reach
1.45 x 1078 Pa. There are two CF 100 flanges and two CF
16 flanges on the cathode plate, where the CF 100 flanges
are used to connect rf power couplers and the CF 16 flanges
are used to connect RF probes. Two aluminum reinforce-
ment plates are installed on the cathode and anode stainless
steel flanges, respectively, and then connected by twelve
16 mm threaded rods to enhance the gun’s overall rigidity.
Two semicircular tuner reaction plates machined from 7075
aluminum alloy are installed on the anode side to connect
the frequency tuners.

The VHF gun has a high average power, which requires
careful analysis of the rf thermal effects to ensure stable
operation. Complex water cooling channels are designed to
carry away the rf heat dissipated on the surface of the
copper inner wall. The gun has 23 independent cooling
channels, as shown in Fig. 8.

The cathode nose of the VHF gun features two parallel
spiral cooling channels with 3.5 turns. The nose is composed
of two cones, with the outer cone in contact with the
microwave and the inner cone featuring spiral channels
milled into its surface. The inner and outer cones are brazed
using a hydrogen furnace. The spiral channel profile is
designed as a triangle to optimize the compact space within
the nose. Similarly, the cathode plate has two parallel spiral
cooling channels with 1.5 turns in its center, milled into the
surface of the inner cone with a triangular profile. The inner
cone is Ebeam welded onto the cathode plate. Additionally,
the cathode plate has ten water cooling channels formed by
radially drilling holes. In areas not covered by radial drillings,
slots are dug on the back of the cathode plate and copper
covers are Ebeam welded to achieve complete cooling
channels.

On the rf cavity wall, there are three copper tubes with an
outer diameter of 12 mm and an inner diameter of 8 mm,

=
A
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:\

FIG. 8. (a) Water cooling channels in the gun marked by
different colors. (b) Explosion view of 23 cooling channels.

TIG welded to the wall. The anode plate has a small nose in
its center with a cooling channel formed by two parallel
spiral channels with 2 turns converging at the top of the
nose. The water passage is milled into the surface of the
inner cone, which is Ebeam welded onto the anode plate.
The anode plate also has five cooling channels located on
four circles. Three cooling channels are located on the three
inner circles. The water inlet and outlet are located on both
sides of the circles, splitting the flow into two parallel
paths. The outermost circle is divided into two semicircular
channels with no connection between them. These five
channels are formed by digging slots on the back of the
anode plate and Ebeam welding copper covers.

The VHF gun undergoes coupled electromagnetic-ther-
mal-structural finite element analysis using ANSYS [37].
The rf parameters are simulated in HFSS, with a total rf
surface loss of 90.4 kW assumed on the cavity wall and the
loss distribution imported into Fluent as a heat source. The
water flow rate of the two spiral channels in the cathode
nose is assumed to be 15 L/min, while the other 21 channels
have a flow rate of 10 L/min. The flow velocity of the two
spiral channels in the cathode nose is 5.9 m/s, and the flow
velocity of the other 21 channels ranges from 2.1-3.3 m/s
depending on the cross-sectional area of different water
passages. The water initial temperature at inlet is assumed
to be 28 °C, and a k-epsilon model is employed to consider
turbulence in water flow. At water inlet the turbulent
intensity is assumed to be 5%, and the turbulent viscosity
ratio is assumed to be 10. The steady-state tempera-
ture distributions of the VHF gun are shown in Fig. 9.
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FIG. 9. The steady-state temperature distribution on a cross
section of the VHF gun.

The highest temperature is 65.2 °C, located at the top of the
cathode nose. The temperature at the slots on the rf cavity
wall is also high, about 54 °C. The temperature in other
locations is below 50°C. The temperature rise of all the
cooling channels is below 9 °C. The pressure drop between
the outlet and the inlet of all the cooling channels is below
0.15 MPa.

The temperature distribution calculated in Fluent is then
imported into the static structural module for mechanical
simulations. The beam exit port at the center of the anode
plate is assumed to be fixed as a reference point in the
simulation. Since the fixed point is connected to the gun
body through a thin copper pipe with low strength, the gun
is essentially free to deform without any constraints. The
deformation due to thermal expansion is depicted in
Fig. 10, with the deformation decomposed into radial
and axial components. The radial deformation is charac-
terized by an approximately linear expansion. For example,
the slots on the rf cavity wall expand by 135 pm and the
surface of the cathode nose also expands by 30 pm. The
radial expansion leads to a frequency decrease of about
95 kHz. In addition, the axial deformation of the anode
plate is small. Due to the axial thermal expansion of the

mm
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g 0117
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- 0195

FIG. 10. Radial (left) and axial (right) deformation of the VHF
gun due to thermal expansion.
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FIG. 11. Radial (left) and axial (right) deformation of the VHF
gun due to atmospheric pressure.

slots on the rf cavity wall, the cathode plate moves
backward by about 160 pm. Simultaneously, the cathode
nose undergoes thermal expansion and moves forward
relative to the cathode plate. The change in the cathode-
anode gap is small, with only a slight increase of 29 pm.
These axial movements result in a frequency increase of
about 34 kHz. In summary, the frequency decreases by
about 61 kHz due to the thermal deformation.

The VHF gun’s radial and axial deformation due to
atmospheric pressure is shown in Fig. 11. The radial
deformation is very small. Under atmospheric pressure,
both the cathode assembly and the anode assembly are
inwardly concave, resulting in a 110 pm decrease in the
cathode-anode gap and a frequency reduction of about
100 kHz.
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FIG. 12. Radial (a), axial (b) and total (c) deformation of
the VHF gun due to thermal expansion and atmospheric pres-
sure. The distribution of the von Mises equivalent stress is also
shown in (d).
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The radial, axial, and total deformations of the VHF gun
due to both thermal expansion and atmospheric pressure are
shown in Fig. 12. In addition, the distribution of the von
Mises equivalent stress is also shown in Fig. 12(d). The
maximum stress of the copper cavity body is 36 MPa,
safely below the yield strength.

IV. GUN ASSEMBLY

During the final assembly process, the VHF gun is
divided into two parts: the cathode assembly and the anode
assembly. The cathode assembly is welded together in the
following steps: (i) Ebeam welding the vacuum wall to
the cathode stainless steel flange, (ii) Ebeam brazing
the cathode plate to the cathode stainless steel flange,
(iii) Ebeam welding the cathode nose to the cathode plate,
and (iv) Ebeam welding the rf cavity wall to the cathode
plate. The anode assembly consists of the anode plate and
the anode stainless steel flange, which are Ebeam brazed
together.

After welding, the inner surfaces of the copper cavity in
both the cathode and anode assemblies still have 1.5 mm of
extra material. The inner cavity surfaces are then milled to
their final dimensions. The anode and cathode assemblies
after final machining are shown in Fig. 13. The machining
accuracy of the inner cavity surface is measured by a
coordinate measuring machine, and the results are shown in
Fig. 14. The machining error of the inner cavity surface is
within 25 pum for the anode assembly and within 15 pm for
the cathode assembly.

Similar to the APEX gun, a square groove was machined
into the end face of the cavity wall to hold a gold-plated

FIG. 13. The anode assembly (a) and cathode assembly (b) after
final machining.

stainless steel canted-spring-ring. The inside of the groove
is 0.25 mm higher than the outside. Once the cavity is
assembled, the end face inside the groove bears against the
end face of the anode plate, to form a primary rf contact.
Moreover, the spring ring serves as a secondary rf contact
for added reliability.

At this point, the end face at the rim of the anode plate
still retains 300 pm of extra copper material. When the
cathode and anode are assembled together, the gap
between the cathode nose and the anode is larger than
the design value, thus the frequency is higher than the
target frequency. The extra material is then removed step
by step to reduce the gap until the gun frequency reaches
the target frequency. Vector network analyzer measure-
ments show that the relationship between the thickness of
the removed material and the reduction of frequency
is 1 kHz/pm.

After final machining, the inner cavity surface is man-
ually polished to reduce roughness. All inner cavity
surfaces for both the anode and cathode assemblies are
polished to a mirror finish with an rms roughness of
0.05 pm or less. The cathode and anode assemblies then
go through a multistage cleaning procedure that includes
ultrasonic cleaning, dry-ice cleaning, and ultrapure water
rinsing. After the cathode and anode are assembled
together, the cathode-anode coaxiality is adjusted using a
laser tracker, and the final coaxiality is less than 50 pm.
Finally, the stainless steel rims where the vacuum wall and
the anode flange contact are TIG welded together to ensure
vacuum sealing.
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FIG. 14. Machining accuracy measurement results of the inner
cavity surface for anode assembly (a) and cathode assembly
(b) The squares indicate the measured inner cavity profile and the
stars indicate the machining accuracy.
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V. ANCILLARY COMPONENTS

A. rf power couplers and probes

RF power couplers play a crucial role in transferring rf
energy from the solid-state power source to the VHF gun.
The mechanical structure of the coupler is illustrated in
Fig. 15. The coupler body is an L-shaped 4-1/16 inch
coaxial waveguide. The waveguide’s outer conductor is
divided into three sections, all connected by CF100 flanges.
The inner conductor, on the other hand, is divided into two
sections, joined together by a dual-tenon adapter. Two
magnetic loops connecting the inner and outer conductors
are used for power coupling at the end of the waveguide
near the VHF gun side. The upper inner conductor is
connected to the coupling loops through a pipe, so there is a
water cooling channel to cool both the loops and the upper
inner conductor. Three ceramic pillars under the loops
provide additional support for the upper inner conductor. A
ceramic window is welded to isolate the vacuum and
atmosphere. There is a water cooling channel to cool the
outer conductor connected to the window. The lower inner
conductor is supported by the window. A cuboid aluminum
box on the atmosphere side is designed to allow the cooling
of the lower inner conductor. Both the inner and outer
conductors of the box have a cuboid shape. The box has
three ports, one port is connected to the window, one port is
connected to the SSA via a waveguide, and the last port is

Coupling
Upper inner loop
conductor Cooling
water inlet

Lower inner conductor
Ceramic -

support pillars

Ceramic
window

/
Cooling

Breakdown water inlet

monitor port

port

Micro-current
monitor port

. Cooling
\ water inlet

Rf power coupler cross sections.

rf terminated port

FIG. 15.

an rf terminated port. The cooling pipe of the lower inner
conductor on the window passes through the interior of
the inner conductor of the cuboid box, continues through
the rf terminated port, and finally connects to an external
water unit. The dimensions of the two cuboids and the
length of the rf terminated port are systematically opti-
mized to match the microwave transmission, and the
power reflection at the waveguide port after optimization
is less than 1%. The inner and outer conductors on the
vacuum side are vapor coated with titanium nitride to
suppress secondary electron emission. Two CF 35 flanges
are mounted on the outer conductor for vacuum pumping.
Typically we install NEG-ion pumps in this position. In
addition, two CF 16 flanges are mounted on the outer
conductor, one for mounting a breakdown monitor and the
other for mounting a micro-current monitor. The break-
down monitor is connected to an interlock protection
system to cut off the power source output in time when a
breakdown occurs inside the coupler or VHF gun. The
microcurrent monitor is a small electrical probe that can
be connected to an oscilloscope to monitor multipacting
intensity inside the coupler.

Two identical couplers are installed on the VHF gun, and
the coupling factor of each coupler can be adjusted by
rotating the coupling loop. We usually need to adjust the
coupling factor of each coupler to 0.5, so that the total
coupling factor g is 1. Figure 16 shows the total coupling
factor f versus the rotation angle of the coupling loop in
CsT simulation. The total coupling factor can be up to 2.7.
In practice, the coupling loop should be placed close to
the horizontal (0° in Fig. 16) to enable a total coupling
factor of 1.

Two electric probes are also equipped on the VHF gun, and
the coupling factor can be flexibly adjusted by changing the
probe length. Generally, one probe is connected to the digital
low-level rf (LLRF) system for closed-loop control, while the
other probe is connected to an oscilloscope for real-time
monitoring of the gun power.

3

0 50 100 150 200 250 300 350
coupling loop angle [deg]

FIG. 16. The total coupling factor # versus rotation angle of the
coupling loop in csST simulation. 0 degree indicates that the
coupling loop is in the horizontal direction.
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FIG. 17. Model of the tuners (2 of 4 shown) mounted on the
anode assembly. One of the two reaction plates is not shown here,
in order to demonstrate the connection of the tuner to the anode
plate. A partial cross section illustrates the internal structure of
the tuner.

B. Frequency tuners

During VHF gun operation, the resonant frequency is
stabilized by adjusting the cathode-anode gap through the
elastic deformation of the anode plate. The elastic defor-
mation is achieved by pulling or pressing the anode plate
through four tuners. A model of the tuners mounted on the
anode assembly is shown in Fig. 17.

The base of the tuner is mounted on the reaction plate
and bolted to the aluminum reinforcement plate and the
large anode stainless steel flange. The anode plate is
mounted with four stainless steel pads, with a screw rod
at the center of the tuner connected to the stainless steel
pad. The tuners apply force to the anode plate through these
pads. A cross section of the tuner is also shown in Fig. 17 to
illustrate the internal structure. During operation, a stepper
motor drives a threaded rotary shaft to rotate. The rotary
shaft is threadedly connected to the screw rod. The screw
rod is fixed to the stainless steel pad and cannot rotate.
Therefore, the screw rod can only move up and down and
apply tension or pressure to the anode plate when the motor
moves. There are some auxiliary components inside the
tuner, including two cylindrical roller bearings, two sets of
disc springs and two pressure sensors. The roller bearings
can reduce the resistance of the rotary shaft when it rotates.
Two sets of disc springs are mounted against the two
bearings, and a force of less than 1 kN is applied to the
internal components of the tuner by the deformation of the
disc springs during the preassembly. Two pressure sensors
inside the tuner are used to measure the force applied to the
anode plate. In the initial state, the forces of the two sensors
are equal, indicating that no force is applied to the anode
plate. When the motor starts to move, the force of one
pressure sensor becomes larger and the other becomes
smaller. The difference between the two pressure sensors
indicates the state of applied force to the anode plate. Each
tuner is capable of delivering up to 13 kN push or pull force
on the anode plate. However, we limit the force of each
tuner to 11 kN during operation for safety reasons.
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FIG. 18. The red squares indicate the measurement data of the
coupling factor of the probe as a function of the probe length. The
blue dashed line is a fitting of the measurement data. The inset
shows the cold test photo and the model of the probe.

VI. COLD TEST

The coupling of the electric probes was measured using a
vector network analyzer. The inset of Fig. 18 presents a
cold test photo and a model of the probe. The center of the
probe is a 3 mm diameter copper rod. The rod is threadedly
connected to the probe base, so it can be easily removed
and replaced. The head of the rod is machined into a
rounded shape to reduce the possibility of breakdown. We

FIG. 19. Cold test photo for measuring and adjusting the
coupling of the rf power couplers.
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FIG. 20. §;; measurement of the VHF gun with one coupler
port connected to the vector network analyzer and the other
coupler port short-circuited.

replaced the copper rod with different lengths and mea-
sured the coupling factor, and the results are demonstrated
in Fig. 18.

The coupling factor of both probes was tuned to be about
—60 dB, in other words, each probe can couple out 90 mW
of power when there is 90 kW of power in the gun. This
power i s sufficient for our LLRF system.

Next, the coupling of the rf power couplers was
measured and adjusted. A cold test photo is depicted in
Fig. 19. For ease of reference, the coupler located at the
bottom right was named Coupler 1, while the coupler at the
top left was named Coupler 2. First, the port of Coupler 1
was connected to the vector network analyzer and the port
of Coupler 2 was short-circuited. The S;; curve was
repeatedly measured while the coupling loop of Coupler
1 was rotating, and the coupling factor and quality factor
were calculated from the S;; curve. The S;; curve after the

| |
O SO )

S-parameters [dB]
b

-6 F —Sn
R

-7 : : : s :
216.7 216.75 216.8 216.85 2169 216.95

frequency [MHz]

FIG. 21. §;; and S,, measurements with two coupler ports
connected to two ports of the vector network analyzer, respectively.

coupling factor adjustment of Coupler 1 is shown in
Fig. 20. Based on the §;; curve, we can calculate that
the coupling factor of this coupler is 0.537 and the
unloaded quality factor of the VHF gun is 31,700, which
is close to the design value shown in Table III.

Second, the ports of Coupler 1 and Coupler 2 were
connected to the two ports of the vector network analyzer,
respectively. The S;; and S,, curves were repeatedly
measured while the coupling loop of Coupler 2 was
rotating, until the two curves completely overlapped, as
shown in Fig. 21, indicating that these two couplers have
the same coupling factor.

We found that the gun frequency decreases by about
100 kHz when the gun is pumped from the atmospheric
state to the vacuum state. A simple calculation shows that
the frequency should increase by 65 kHz due to media
change from air to vacuum. Therefore, we can conclude
that the deformation due to atmospheric pressure leads to a
frequency reduction of about 165 kHz, which is slightly
larger than the simulation prediction (100 kHz).

Furthermore, the resonant frequency tuning capability
of the tuners was tested, as shown in Fig. 22. The forces of
the four tuners were kept consistent during the tuning
process. The resonant frequency was measured repeatedly
when the forces of the tuners changed. The sum of the
forces of the four tuners to the anode plate changed from
approximately —44 up to 44 kN, during which the gun
frequency increased. A linear fitting shows that the
response of the gun frequency to the applied force is
2.149 kHz/kN in this process. Based on the measure-
ments, the maximum tuning range of the tuners is
approximately £96 kHz.

300

Measured data
linear fitting curve

250 r

200 r

fIkHz]

150 | k=2.149 kHz/kN

100 r

50 1 1 1 1 1 1 1 1 1
-50 -40 -30 -20 -10 0 10 20 30 40 50

Sum of the forces of the four tuners [kN]

FIG. 22. The response of the gun resonant frequency with the
force applied to the anode plate was measured to be
2.149 kHz/kN. f is the difference between the resonant fre-
quency and the target frequency of 216.667 MHz. Negative
values of the force represent pressure.
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VII. HIGH POWER CONDITIONING

Each of the two coupler ports was connected to a 60 kW
solid-state amplifier (SSA) via a 4—1/2 inch coaxial wave-
guide. The microwave generated by the SSA was trans-
mitted through a waveguide and a coupler before being fed
into the VHF gun. An LLRF system generated two rf
signals, and each signal was used to drive an SSA. The
amplitude and phase of the two driving signals were
independently adjustable. During operation, the amplitude
and phase of the two signals were adjusted so that the
amplitude and phase of the two channels of rf power fed
into the gun were the same, and thus the probe detected the
maximum power in the gun.

Before high power conditioning, the gun was baked to
achieve good vacuum performance. The stainless steel
chamber of the gun was heated to 120°C by wrapping
conventional heating tapes. The large ion pump used a
built-in heater to bake. The copper part of the gun was
baked using rf heating [27]. During the rf baking, the water
cooling of the gun was turned off completely, and the water
cooling of the couplers remained open. The rf peak power
fed into the gun was 30 kW, and the duty cycle was 10%,
i.e., about 3 kW of average rf power was applied to the
cavity. There were eight temperature probes on the cathode
and anode plates to monitor the rise of the cavity temper-
ature in real-time. The temperature of the cathode and
anode plates was maintained at about 140°C. Despite the
absence of a temperature probe on the cathode nose, the
temperature of the nose was anticipated to exceed 140°C
based on the simulated power density distribution on the
cavity inner surface. After approximately 30 h of baking,
all NEG pumps were activated and all ion pumps were
turned on. At this time, the vacuum pressure in the gun
without rf power was reduced to 2 x 1078 Pa.

When the gun started to operate, the LLRF system worked
in a self-excited loop mode, in which the frequency of the
LLREF drive signals followed the resonant frequency of the
gun. At the beginning, the VHF gun operated in pulse mode,
with a pulse repetition rate of about 100 Hz. The peak power
of the rf pulse was gradually increased. When the peak power
reached a certain set power, the pulse width was increased
until cw operation was achieved. It took approximately 130
integrated hours for the gun to reach 75 kW cw operation
after initiating pulsed power conditioning.

In the pulsed operation mode, multipacting was observed
in the gun under some gun powers. The multipacting
intensity could be judged based on the distortion of the
probe signals. The multipacting intensity varied with
different rf powers. When the input power was below
23 kW, corresponding to a cathode gradient of 15 MV /m,
the probe signal was distorted, indicating that multipacting
had occurred. A typical probe signal when the input power
was 4 kW and multipacting occurred is shown in Fig. 23(a).
When the input power was larger than 23 kW, the probe
signal was clean and stable, indicating that no multipacting
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FIG. 23. Typical rf probe signals with (a) 4 kW input power

corresponding to a 6.3 MV/m cathode gradient and (b) 27 kW
input power corresponding to a 16.5 MV/m cathode gradient.

had occurred. A typical probe signal without multipacting
is shown in Fig. 23(b). The experimental results are
consistent with the simulations shown in Fig. 4.

In addition, some current signals were detected by the
microcurrent monitors on the couplers, as shown in Fig. 24.
These current signals indicate the occurrence of multi-
pacting in the couplers. The signal amplitude varied with
different rf powers. Moreover, the signal amplitude was
related to the vacuum pressure inside the coupler. The
signal amplitude was larger with higher vacuum pressure.
During the conditioning, it was found that the signal
amplitude of Coupler 1 was always larger than that of
Coupler 2, which was probably because the titanium nitride
coating of Coupler 1 was thinner than that of Coupler 2, or
some unknown contaminants inside Coupler 1 increased
the emission of secondary electrons. In general, the current

FIG. 24. Oscilloscope signals with 1f power of 23 kW. The
green and red lines are the current signals detected by the micro-
current monitors mounted on Coupler 1 and Coupler 2, respec-
tively. The yellow line denotes the rf probe signal. The blue line is
the dark current signal collected by a simple Faraday cup placed
at the gun exit.
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FIG. 25. (a) the change of the gun frequency within 1.5 h in
active tuning mode. (b) the change of the amplitude of the probe
signal within 3 h. (c) the change of the phase of the probe signal
within 3 h. The input power is 75 kW.

signal with an amplitude of 1 pA or less was considered
acceptable in pulse mode. Fortunately, the current signals
of both couplers disappeared when operating in cw mode
with 75 kW input power.

In the cw mode with 75 kW input power, the gun
temperature gradually increased, and the resonant frequency
gradually decreased. After about 4-5 h of warm-up, the gun
frequency tended to stabilize. It was found that the gun
frequency decreased by about 80 kHz during the warm-up
period, which was a little larger than the simulation pre-
diction (61 kHz for 90.4 kW input power). It was found that
reducing the water flow rate of several cooling channels,
especially the ones inside the nose, could increase thermal
expansion and thus further reduce the frequency. In addition,
baking the vacuum wall alone with heating tapes could also
reduce the frequency, and the effect was even more
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FIG. 26. The temperature change of the cathode and anode
plates within 16 h of continuous high power conditioning. The
input power is 75 kW.

significant than reducing the water flow. Preliminary experi-
ments showed that heating the vacuum wall to 70 °C reduced
the frequency by 150 kHz. These methods could be used
when the gun frequency is out of the tuner tuning range.
However, these methods are not recommended if the fre-
quency is within the tuner tuning range, because the addi-
tional heat would deteriorate the vacuum and increase the
operational instability. When the frequency was within the
tuning range of the tuners, the tuners started to work to
stabilize the gun frequency to 216.667 MHz. Figure 25(a)
depicts the change of the gun frequency within 1.5 h in active
tuning mode, and the gun frequency was stabilized between
4200 Hz. After frequency was locked, the LLRF system
performed closed-loop control of the probe signal amplitude
and phase. Figure 25(b) depicts the change of the amplitude
of the probe signal within 3 h. The amplitude rms jitter with
closed-loop control was 1.1 of ten thousand. Figure 25(c)
depicts the change of the phase of the probe signal within 3 h.
The phase rms jitter with closed-loop control was 0.0148°.

Figure 26 shows the temperature change of the cathode
and anode plates within 16 h of continuous high power
conditioning. The temperature of the cathode plate was
stabilized at about 37 °C, and the temperature of the anode
plate was stabilized at about 40 °C. The vacuum pressure in
the gun with the 75 kW input power was 9.8 x 10~8 Pa
after one-day cw operation. The vacuum was expected to be
better after longer-time operation.

Table IV summarizes what was achieved during the high
power conditioning. cw stable operation was achieved with

TABLE IV. Rf performance during high power conditioning.

rf parameters In design Achieved
Operation mode cw cwW
Cathode gradient (MV/m) 30 27
Input power (kW) 90.4 75
Voltage (keV) 868 780
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an input power of 75 kW, corresponding to a cathode
gradient of 27 MV /m. The gun voltage was 780 keV. The
gun 1f parameters have reached the SHINE requirements.
However, further increases in rf power were constrained
due to insufficient electrical system capacity at the gun test
site. Although the design goal of 30 MV/m cathode
gradient had not yet been reached, the operating gradient
was already the highest in the world for room-temperature
VHF guns.

VIII. BEAM COMMISSIONING

A diagnostic beamline was constructed for beam com-
missioning of the VHF gun, as depicted in Fig. 27. The
VHF gun was situated at the beginning of the beamline. A
cesium telluride photocathode was utilized during com-
missioning, which can be easily replaced using a load-lock
system. A room-temperature 1.3 GHz 2-cell buncher was
employed to compress the bunches. With careful water
cooling design, the buncher could operate in cw mode. In
offline tests, the buncher achieved cw operation at 14.4 kW
input power, corresponding to a voltage of 340 kV.
However, the 1.3 GHz solid-state power source of our test
beamline could only deliver 6.5 kW rf power, limiting the
buncher to operate at 230 kV voltage during beam
commissioning. The resonant frequency of the buncher
could be precisely adjusted by changing the water temper-
ature of an independent water cooling unit.

The cathode was illuminated by a commercial laser to
produce electron bunches. The laser wavelength is 257 nm.
The initial full width at half maximum (FWHM) of the
laser pulse was about 350 fs. The laser pulse was then
broadened to about 11 ps FWHM by a transmission
grating. Subsequently, the laser pulse was divided into
two beams by a Glan prism, and the interval between pulses
was adjusted by changing the length of the delay line. The
beams were then combined to form a longitudinal stacked
laser pulse with an FWHM of 22 ps. More Glan prisms can
be employed to stack the pulses and create a longer laser
pulse. However, due to the low compression voltage of the

Faraday cup

ICT  glenoid 2

!____ =
Buncher Accelerating
tube 1

Solenoid 1

Gun

Spectrometer 1

Accelerating

buncher, longer laser pulses pose challenges in com-
pressing the electron beam to 1 mmrms. The repetition
rate of the laser pulses was adjustable up to 1 MHz.

A solenoid (Solenoid 1 in Fig. 27) was placed at the exit
of the gun for emittance compensation and beam focusing.
In addition, another solenoid (Solenoid 2 in Fig. 27) was
placed downstream of the buncher to provide additional
focus for the electron beam. A Faraday cup was placed
about 1.5 m downstream of the gun exit to measure the dark
current and the photoelectron beam. Moreover, an inte-
grated current transformer (ICT) was placed behind the
Faraday cup to noninvasively measure the charge of the
electron bunches. Downstream of Solenoid 2, a low-energy
spectrometer, consisting of a dipole and a fluorescence
imaging unit, was used to measure the energy of the
electron beam at the exit of the gun and thus determine
the gun voltage. Two 1.3 GHz room-temperature accel-
erating tubes (linacs) boosted the beam up to 28 MeV. At
the end of the beamline, a high-energy spectrometer was
used to measure the beam energy after the acceleration of
the linacs. Downstream of the two linacs there were five
quadrupoles and a deflecting cavity. The quadrupoles were
used to focus the beam and perform the emittance mea-
surements. The deflecting cavity was used to measure the
bunch longitudinal distribution by applying a time-
dependent vertical kick on the beam. Additionally, nine
fluorescent screens mounted on motorized actuators in the
beamline were used to measure the transverse distribution
of the electron beam using CCD cameras.

It took several months for the installation of the VHF gun
on the test beamline, the installation of the load-lock
system, and the high power conditioning. After the con-
ditioning was completed, the dark current was character-
ized. The dark current image on the first screen during the
first round of electron beam experiments is shown in
Fig. 28(a). It was found that the dark current primarily
originates from two rings. The dark current in the inner ring
emanates from the edge of the molybdenum plug, and the
dark current in the outer ring originates from the edge of
the copper iris. The dark current was then measured by the

Quadrupoles

tube 2 Spectrometer 2

cavity

FIG. 27. Layout of the diagnostic beamline for the beam commissioning of the VHF gun.
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photoelectror
beam

dark current

FIG. 28. (a) The dark current image on the first screen during
the first round of experiments. The dark current in the inner ring
comes from the edge of the molybdenum plug, while the dark
current in the outer ring comes from the edge of the copper iris.
(b) The dark current image on the first screen after ultrapure water
rinsing. After the rinse, only a small amount of dark current from
the copper iris remains. The photoelectron beam is also visible in
the image.

Faraday cup. During the measurement, the strength of
Solenoid 1 was scanned to maximize the collection of the
dark current on the Faraday cup. The dark current was
14 pA for a cathode gradient of 27 MV /m. To identify the
source of the dark current, we removed the used plug and
observed it when replacing the cathode. Numerous
scratches on the edge of the plug were discovered, which
were caused by the plug rubbing against the stainless steel
and copper pipes during the initial installation and colli-
mation of the load-lock system. It was confirmed that these
scratches were the source of the dark current in the inner
ring, because when a new cathode was replaced, the dark
current in the inner ring disappeared and the dark current
collected by the Faraday cup was reduced to 6 pA. To
figure out the source of the dark current in the outer ring,
we removed the electron gun from the test beamline and
performed ultrapure water rinse on all copper and stainless
steel inner surfaces. When the electron gun was remounted
on the beamline to measure the dark current, it was found
that the dark current had become extremely low and the
signal could not even be observed on the Faraday cup. After
a few days of operation, the dark current image on the first
screen was reexamined, as shown in Fig. 28(b). The dark
current was still not observed on the molybdenum plug,
while a small amount of dark current appeared on the
copper iris. By scanning the strength of Solenoid 1, the
maximum dark current was 376 nA. The aforementioned
experiments demonstrate that ultrapure water rinsing can
significantly reduce the dark current emission from the
copper surface. We can conclude that the dark current
emission at the copper iris is not caused by scratches or
large surface roughness, as these issues cannot be resolved
by water rinsing. From the dark current growth during gun
operation, it is speculated that the dark current emission
may be caused by the slow adhesion of dust from the test

beamline to the gun copper iris, or by the ion back bombard-
ment of the semiconductor cathode causing tellurium or
cesium to adhere to the copper iris. The origin of the dark
current at the copper iris still needs to be carefully studied.

The quantum efficiency of the cesium telluride cathode
typically exceeded 10% when prepared in a deposition
chamber. However, the cathode needed to be transported
over long distances from the cathode preparation site to the
test tunnel using a suitcase. The vacuum quality of the
current suitcase was suboptimal, causing significant decay
in the cathode’s quantum efficiency during transport.
Consequently, the cathode’s quantum efficiency was typ-
ically around 1% upon insertion into the gun and com-
mencement of electron beam production. The quantum
efficiency of the cathode could be maintained above 0.5%
for up to a month, which is acceptable in the current stage
of beam commissioning. The energy of the laser pulse
illuminating the cathode with full laser beam spot was
about 200 nJ. Therefore, the gun could generate an electron
beam with bunch charge of more than 200 pC. To improve
the laser transverse uniformity, an aperture with a remotely
exchangeable diameter was imaged onto the cathode plane
through an image transfer system while optimizing beam
brightness. Some of the laser pulse energy was blocked by
the aperture. During the emittance measurement and
optimization, the bunch charge was limited to 100 pC or
less. Figure 29 presents a typical laser injection phase scan
curve, which plots the bunch charge and beam energy at the
gun exit as a function of the gun extraction phase.

The beam emittance was measured using a quadrupole
scan method [38]. To measure the projected emittance, the
intensity of the last quadrupole in the beamline was
scanned while the change in the transverse beam size
was measured on a yttrium aluminum garnet (YAG) screen
1.7 m downstream of the quadrupole. The thickness of the
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FIG. 29. Bunch charge and beam energy at the gun exit as a
function of the laser injection phase. The buncher is turned off
during the measurements.
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FIG. 30. Typical quadrupole scan curves for the projected

emittance measurements of 10 pC (a), 50 pC (b), and 100 pC
(c) electron bunches, respectively.

YAG screen is 15 pm. To measure the sliced emittance, the
deflecting cavity was turned on and kicked the beam in
the vertical direction. The beam spot on the YAG screen
was divided into 11 equal segments vertically, with the
central one selected for calculating the transverse beam
size. By fitting the transverse beam size and the quadrupole
intensity, the beam moments and emittance can be calcu-
lated. During the measurement, the laser beam spot
diameter was about 550 um. The VHF gun operated in a
10 Hz pulse mode with a cathode gradient of 27 MV/m.
The beam energy at the location where the emittance
measurements were performed was 28 MeV. An ASTRA
[39] simulation shows that, due to space charge forces
during quadrupole focusing and drifting, the projected
emittance for a bunch charge of 100 pC will be overesti-
mated by 20%, which is considered acceptable in the first
stage of emittance measurements. Preliminary emittance
optimization has been performed, including solenoid
strength scan, laser injection phase scan, etc. Figure 30
depicts typical quadrupole scan curves for the projected
emittance measurements of 10, 50, and 100 pC electron

TABLE V. Emittance measurement results for different bunch
charges.

95% projected 95% sliced Bunch
Bunch emittance emittance length
charge (pC) (mm mrad) (mm mrad) (mm rms)
10 0.161 0.154 0.49
50 0.429 0.383 1.15
100 0.853 0.842 1.44

bunches. The projected and sliced emittances after opti-
mization are summarized in Table V. The buncher was
turned on during the measurements, and the compressed
bunch length is also shown in Table V.

In our previous work on beam dynamics optimization
based on ASTRA simulation [40,41], the optimum 95%
projected normalized emittance for 100 pC bunches with a
bunch length of 1 mmrms was below 0.1 mm mrad.
However, the measured emittance was noticeably larger
than the simulated value. This discrepancy can be attributed
to several factors. The laser longitudinal length in the
experiment is shorter than that in the simulation. The laser
transverse distribution is not as uniform as in the simu-
lation. The spherical aberration of the currently used
solenoid is larger than that in the simulation. The buncher
voltage is lower than the simulated value, and the buncher
phase needs to be lower to compress bunches to the
target length, which is also not conducive to emittance
preservation. In addition, the difference between the slice
emittance and the projected emittance in the measurements
is not large, which is probably caused by the fact that the
voltage of the deflecting cavity is not high enough, making
too little separation between the bunch head and tail. More
comprehensive emittance optimization will be performed in
the next phase of beam commissioning, with the potential
to obtain lower emittance.

When the gun operated in cw mode, electron bunches with
a maximum repetition rate of 10 kHz and a charge of up to
100 pC were steadily produced. However, we did not
continue to increase the repetition rate in the first phase of
the commissioning concerned about possible damage to
the laser and optical transmission elements. Increasing the
repetition rate is expected in the second phase of the
experiment.

IX. SUMMARY AND OUTLOOK

SHINE is an MHz-class high-repetition-rate XFEL
facility in China, which requires an electron source
operating in cw mode. Based on the experience with the
APEX gun, the VHF gun has emerged as a relatively
mature solution for the SHINE electron source. Tsinghua
University has been developing the VHF gun for SHINE
since the end of 2018. After four years of effort, the gun
was successfully developed and installed in the SHINE
tunnel. This paper provides a detailed description of the
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gun’s physical design, including the optimization of the
input power, surface electric field, surface power density,
the suppression of multipacting, and the analysis of thermal
effects. In addition, the mechanical design, including the
VHEF gun itself, the frequency tuners, the rf power couplers,
the rf probes, is also introduced. The quality factor
measured in the cold test was 31700, which is 94% of
the design value. During high power conditioning, the
tuners can adjust the gun frequency to the target frequency
of 216.667 MHz. The multipacting intensity occurring in
the gun, varying with the cathode gradient, closely resem-
bles the simulations. A cw rf power of 75 kW has been
successfully fed into the gun. The cathode gradient reached
about 27 MV/m and the gun voltage reached about
780 keV. With the support of the LLRF system working
in closed-loop control mode, the amplitude rms jitter is 1.1
out of 10,000, and the phase rms jitter is 0.0148°. A test
beamline was constructed to measure and optimize the
beam quality. We found that ultrapure water rinsing
significantly reduced dark current emission from the copper
surface. After rinsing, the maximum dark current collected
by the Faraday cup at the gun exit is less than 376 nA when
scanning the strength of the gun solenoid. After preliminary
optimization, the 95% projected transverse emittance was
0.161 mm mrad for 10 pC bunches with bunch length of
0.49 mmrms, 0.429 mmmrad for 50 pC bunches with
bunch length of 1.15 mmrms, and 0.853 mm mrad for
100 pC bunches with bunch length of 1.44 mm rms. At the
same bunch length, the 95% sliced transverse emittance
was 0.154 mm mrad for 10 pC bunches, 0.383 mm mrad for
50 pC bunches, and 0.842 mm mrad for 100 pC bunches.
A new version of the coupler is being manufactured and
will be mounted on the gun soon. The new coupler has a new
choke structure near the ceramic window, which is expected
to further enhance the safety of the coupler operation. In
addition, permanent solenoid magnets have been designed
and will be installed on the coupler waveguides in the next
phase of experiments to suppress the multipacting in the
couplers. In the next phase of experiments, the beam
brightness will continue to be optimized, and the ability to
generate a 1 MHz repetition rate beam will be tested.
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