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INSTRUMENTATION AND MEASUREMENT

Design and high-power test of 800-kW UHF Kklystron for CEPC
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To reduce the energy demand and operation cost for circular electron positron collider (CEPC), the high efficiency
klystrons are being developed at Institute of High Energy Physics, Chinese Academy of Sciences. A 800-kW continuous
wave (CW) klystron operating at frequency of 650-MHz has been designed. The results of beam—wave interaction simu-
lation with several different codes are presented. The efficiency is optimized to be 65% with a second harmonic cavity in
three-dimensional (3D) particle-in-cell code CST. The effect of cavity frequency error and mismatch load on efficiency of
klystron have been investigated. The design and cold test of reentrant cavities are described, which meet the requirements
of RF section design. So far, the manufacturing and high-power test of the first klystron prototype have been completed.
When the gun operated at DC voltage of 80 kV and current of 15.4 A, the klystron peak power reached 804 kW with output
efficiency of about 65.3% at 40% duty cycle. The 1-dB bandwidth is 0.8 MHZ. Due to the crack of ceramic window, the
CW power achieved about 700 kW. The high-power test results are in good agreement with 3D simulation.

Keywords: klystron, cavity, beam—wave interaction, circular electron positron collider (CEPC), high-power

test
PACS: 84.40.Fe, 29.20.—

1. Introduction

After the discovery of the Higgs particle at Large Hadron
Collider (LHC) in 2012, a 240-GeV circular electron positron
collider (CEPC) was proposed in China. Considering the
power level and efficiency requirement, klystrons are the base-
line choice for RF power sources in the main ring of CEPC.
The main ring will require about 128 klystrons. Each klystron
can provide 800-kW continuous wave (CW) RF power at fre-
quency of 650 MHz. As the total RF input power is more
than 100 MW, energy conversion efficiency is the key factor
to control electrical energy consumption and operating cost.
So, the high efficiency klystron is regarded as the key technol-
ogy to be developed at the Institute of High Energy Physics
(IHEP). Recently, the efficiency of commercial ultra-high fre-
quency (UHF) CW Kklystrons with output power of about
1 MW is between 60% and 66%.1>*! Our goal is to improve
the efficiency above 80%. For this purpose, the high efficiency
klystron cooperation group, composed of IHEP, Institute of
Electronics (IE) and Kunshan GuoLi Electronic Technology
Company (GLVAC), was set up in November 2017. With
decades of development, several bunching methods to improve
the efficiency of klystron have been proposed. The second har-
monic bunching method has been applied in most high power
UHF CW Kklystrons successfully.!>! The other bunching meth-
ods are being validated in laboratory such as the bunching-
alignment-collection (BAC),!®! the core stabilization method
(CSM),!"! and the core oscillation method (COM).!®] Due to
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lack of design and manufacturing experience of the UHF high
power CW klystron in China, the R & D of CEPC klystron is
divided into three phases. In the first phase, the initial goal
was to develop a klystron to achieve the efficiency of about
65% using a second harmonic cavity. The design of gun and
collector is presented in the reference.[”! In this paper, the de-
tailed design of RF section and high-power test results of this
klystron are presented.

2. Klystron design consideration

The effect of perveance, normalized beam radius, beam
filling factor, drift length, cavity tuning, and output gap transit
angle on klystron power conversion efficiency is described in
detail in these papers.[!%!!] To get high efficiency, the low per-
veance should be selected to reduce space charge force. How-
ever, it will lead to high beam voltage of the gun that will in-
crease the risk of breakdown. So these two parameters should
be compromised. According to the empirical relation between
the perveance and the klystron efficiency,!!?! the perveance is
selected to be 0.65 wA/V3/2 to obtain efficiency about 65%,
therefore the beam voltage is 81.5 kV with 800-kW satura-
tion output power. The cutoff frequency of fundamental mode
TE; in drift tube is selected to be 5 times of the operating
frequency, then the drift tube radius is 27 mm. To prevent
electron interception especially in CW klystron, the beam fill-
ing factor is 0.65. The drift length between the penultimate
cavity and the output cavity should be as short as possible to
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improve efficiency. The output gap transit angle is 0.8 radian
to increase the coupling coefficient between beam and cavity
fields to get high kinetic conversion efficiency of the output
cavity. Considering the gain of more than 45 dB, the number
of cavities is 6 including a second harmonic cavity. The first
two cavities are stagger tuned to improve the bandwidth. The
third cavity is a second harmonic cavity, tuned to slightly be-
low the second harmonic frequency, which can produce two
bunch centers to reduce the bunch core charge density. The
fourth cavity and the fifth cavity have great influence on the
klystron efficiency, which are tuned to outside the bandwidth
at the high frequency side.

The main design parameters for the CEPC klystron are
listed in Table 1.

Table 1. Main design parameters.

Parameter Value
Operating frequency (MHz) 650
Beam voltage (kV) 81.5
Beam perveance (LA/V 3/ 2) 0.65
Efficiency (%) 65
Saturation gain (dB) >45
Output power (kW) 800
1-dB bandwidth (MHz) +0.5
Drift tube radius (mm) 27
Beam filling factor 0.65
RF section length (m) 2.1
Number of cavities 6

3. Beam—-wave interaction simulation

The RF section plays an important role in efficiency, gain
and bandwidth, which includes 6 cavities and drift tubes be-
tween cavities. The drift length and the cavity characteris-
tic parameters such as frequencies, characteristic impedance,
coupling coefficients and external quality factor Q. of input
and output cavity are optimized to obtain maximal efficiency
in the absence of returning electrons in the output cavity.
At the same time, the length of klystron should be as short
as possible. With the development of computer technology,
many codes for the klystron simulation have been developed,
which makes computer simulation technique to become a main
method for klystron design. Several different codes are used
to simulate the beam—wave interaction. AJDISK'3! is a one-
dimensional (1D) large signal klystron simulation software
based on disk model developed by SLAC, which is mainly
used for parameters optimization due to its fast calculation
speed. The klystron efficiency depends largely on the qual-
ity of electron bunching. The high fundamental beam cur-
rent and the low velocity spread are prerequisites for obtaining
the high efficiency. The simulation results using AJDISK are
shown in Fig. 1. The maximum ratio of fundamental current
to DC current is 1.77. The minimum ratio of electron veloc-
ity to light velocity after the deceleration of the output cavity

is 0.04, which can prevent the klystron oscillation caused by
reflux electron. The total length of RF section is 2.1 m.
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Fig. 1. AJDISK simulation results. (a) Phase plot, (b) current plot, (c) veloc-
ity plot.

KLYCI1D/1.5D is a free klystron simulation code devel-
oped by Jinchi Cai and Igor Syratchev,!' at European Orga-
nization for Nuclear Research (CERN). KLYC1.5D based on
the ring model uses two-dimensional (2D) cavity field but the
particle motion is one-dimensional. In our simulation, the 2D
electric field is imported from CST and the layer number is set
to be 8. Due to the inhomogeneous cavity field, the transverse
depression of potential and the variation of the space charge
force over the beam cross section, the beam stratification oc-
curs, as shown in Fig. 2. The fundamental current increases
gradually along the radial direction, which results in the drop
of klystron efficiency by 4.5% compared to the 1D and 1.5D
simulation results in KLYC code.

Beam voltage (kV) 81.5
Beam current (A) 15.1
Beam radius (mm) 17.56
Tube radius (mm) 27

Layer number 8

P, (kW) 842.3
Gain (dB) 50.22
Eff. RF 69.82%

EFF.BI 68.44%

Modulation depth for harmonics

2 T T
— = 1.1 mm :
r=23.3 mm : 1
r=>5.5 mm
r="7.7 mm
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Fig. 2. KLYC1.5D simulation results.
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EMSYS!! is a 2.5D klystron simulation software based
on PIC algorithm, which is used to optimize the focusing mag-
netic field to get maximum efficiency and prevent beam inter-
ception. To adjust the magnetic field conveniently, the electro-
magnet focusing system is adopted, which consists of 15 coils
and one bucking coil. These coils are divided into three re-
gion such as electron gun region, bunching region and output
region to reduce the number of focusing coil power supply.
After beam optics design, the optimization of magnetic field
is mainly focused on the output region. The magnetic field in-
creases from 180 Gs (1 Gs = 10~* T) t0 270 Gs to compensate
the growth of the space charge force along the longitudinal di-

rection, as shown in Fig. 3.
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Fig. 3. EMSYS simulation results. (a) Beam profile plot, (b) energy profile
plot, (c) magnetic field profile plot.

The PIC solver of CST!!% is a 3D self-consistent beam—
wave interaction simulation code, which can completely sim-
ulate the real structure of klystron with high accuracy. There-
fore, to study the effect of field asymmetry caused by coupler
of input and output cavities on klystron efficiency, a full 3D
simulation of klystron has been carried out in CST, as shown in
Fig. 4. The particle interface is defined to import particle data
from a gun simulation used tracking solver in CST. The mag-
netic field is imported from 3D solenoid design. The asym-
metry gap field of the output cavity due to the perturbation of
the coaxial coupling loop results in efficiency degradation of
4.5%.

The simulation results with different codes are summa-
rized in Table 2.

Table 2. Efficiency with different codes.

Simulation code Efficiency (%)
AJDISK 73.5
KLYCID 72.9

KLYC1.5D 68.4
EMSYS 69.5
CST 65

In the manufacturing process, the cavity frequency error
occurred sometimes. The effect of cavity frequency error on

efficiency of klystron is simulated in EMSYS, as shown in
Fig. 5. Because the frequency of the second cavity is close to
operating frequency and the unloaded quality factor Q is high,
the cavity impedance is sensitive to the variation of frequency,
which results in a big change in the klystron gain. However,
the efficiency can maintain almost the same value by adjust-
ing the input power. Therefore, the frequency tolerance of all
cavities is allowed to be £0.5 MHz.
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Fig. 4. CST simulation results. (a) Beam profile plot, (b) energy profile plot,
(c) spectrum plot.
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The mismatch load can affect the efficiency of klystron
due to the variation of gap impedance of the output cavity, ']
which is also simulated in KLYC1.5 code to keep a safety mar-
gin for stable operation even at voltage standing wave ratio
(VSWR) of 1.2 without returning electrons from the output
gap. Figure 6 shows that the maximum efficiency degradation
is less than 2% with the variation of reflected phase in the case

of VSWR of 1.2.

4. Cavity design and cold test

The klystron includes six cylindrical reentrant cavities
with knife edge nose operating in the TMy;¢9 mode. The third
cavity is a second harmonic cavity. The main cavity character-
istic parameters determined by beam—wave interaction simu-
lation are listed in Table 3.

Table 3. Cavity parameters.

Cavity No. Frequency (MHz) R/Q (Q) Qe
1 650.5 150.6 292
2 649.5 149.1 oo
3 1293.5 72.2 o0
4 669.2 116.5 oo
5 668 109.1 )
6 649.5 94.5 67

While designing the cavities, we pay attention to several
issues such as high order mode oscillation, electric field break-
down, multipacting effect and ohmic heat loss. The high or-
der mode oscillation like TMg(; can be suppressed by keep-
ing mode frequency away from the beam current harmonic
frequency.!'®! The electric field breakdown usually occurs in
the nose cone of the output cavity. The electric field distri-
bution of the output cavities is shown in Fig. 7. The maxi-
mum surface electric field is 14.2 MV/m, which is less than
23.6 MV/m calculated from Kilpatrick criterion.!"”! The cou-
pling loop of the output cavity is designed to achieve external
Q of 67.

Fig. 7. Electric field distribution of the output cavity.

The multipacting effect can be avoided by manufactur-
ing grooves in nose cone.?”) The oxygen free high conduc-
tivity copper (OFHC) is used for cavity fabrication due to the
low ohmic losses and the high thermal conductivity. All cav-
ities are cooled by water to take away the ohmic heat loss on
the copper surface and maintain the cavity frequency stable.
The gap distance and the drift tube radius are determined in
beam-wave interaction simulation. With the aid of electro-
magnetic simulation code CST, the length and diameter of all
cavities have been optimized to meet cavity characteristic pa-
rameters requirements. To avoid electron bombardment on
the end drift tube of the output cavity, the asymmetric nose
cone gap and enlargement of the end drift tube radius are
adopted. All cavities were fabricated at Institute of Electron-
ics. After several iteration of cavity radius adjustment during
the manufacturing process, the cavity frequency was achieved
the desired value before final brazing. After manufacturing,
all cavities are measured with Keysight vector network ana-
lyzer. The probe method is used to measure the frequency
and unloaded Q of the intermediate cavities. The external Q
of the output cavity are measured accurately with group delay
time method.>!) And the frequency at the maximal group de-
lay time is the cavity resonant frequency. Figure 8 shows the
cold test of the output cavity. The resonant frequency and ex-
ternal Q are 649.5 MHz and 69 respectively, which are in good
agreement with the simulation.

Fig. 8. Cold test of the output cavity.

5. Conditioning and high-power test

A high-power test bench for the first prototype klystron
was built, which mainly includes a pulse step modulation
(PSM) power supply, an RF driver amplifier, a ferrite dummy
load, WR1500 waveguide transmission system, RF power
measurement system, interlock system and water-cooling sys-
tem. Figure 9 shows the first prototype klystron test bench.

The commissioning of the high-power klystron is carried
out at first, which includes gun high voltage conditioning, high
voltage beam conditioning and RF power conditioning. Then,
the pulse RF power test was performed using a 400-kW fer-
rite dummy load. A waveguide directional coupler with 60-dB
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coupling factor and 27-dB directivity is used for the measure-
ment of klystron forward and reflected power. When the gun
operated at DC voltage of 80 kV and current of 15.4 A, the
klystron peak power reached 804 kW at 40% duty cycle. The
pulse width and repetition frequency are 8 ms and 50 Hz re-
spectively. The output efficiency is 65.3%. Also, the output
power was verified from inlet and outlet temperature differ-
ence and flow rate of the cooling water for the dummy load,
which is about 3% lower than directional coupler test result
mainly due to the insertion loss of the waveguide transmission
system from the klystron to the dummy load. No instability,
such as multipactor, spurious frequency or sideband frequency
due to returning electron is observed. The transfer curve shows
the saturation power achieved at input power of about 16 W in
Fig. 10. Figure 11 indicates that the 1-dB bandwidth is about
40.8 MHz and the gain is about 47 dB. Figure 12 compares
the relation between output power and beam voltage in EM-
SYS code with the test results. After the 800-kW dummy load
delivered to IHEP, the CW RF power test was started. The ce-
ramic of the coaxial window was cracked when the CW power
is achieved about 700 kW. No punctures and surface discharge
phenomena are found on the air side of the ceramic. The rea-
son for the failure of coaxial window need to be analyzed in
detail after the klystron was disassembled.
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Fig. 10. Klystron transfer curve.
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Fig. 12. Relation between output power and beam voltage.

6. Conclusion

The R & D of 800-kW CW Kklystron operating at
650 MHz for CEPC was started in 2016. So far, the first pro-
totype klystron has been designed, fabricated and high-power
tested. We succeeded in obtaining 804-kW peak power in
pulse mode and about 700-kW average power in CW mode.
The high-power test results are in good agreement with simu-
lation. During the whole process, we have accumulated a lot
of design and fabrication experience for high power CW UHF
klystron. The design and manufacturing of next prototype of
high efficiency klystron in the second phase are in progress.
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