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Abstract A high-gradient radiofrequency (RF) gun oper-

ated in continuous-wave (CW) mode is required in various

accelerating applications. Due to the high RF power loss, a

traditional normal-conducting (NC) RF electron gun has

difficulty meeting the requirement of generating a high-

repetition-rate electron beam. The development of a

scheme for a CW NC-RF gun is urgently required.

Demonstrated as a photoinjector of a high-repetition-rate

free-electron laser (FEL), an electron gun operated in CW

mode and the VHF band is designed. An analysis of the

reentrant gun cavity is presented in this paper to increase

the gradient and decrease the power density and power

dissipation. Referring to the analysis results, the design of a

162.5 MHz gun cavity is optimized by a multi-objective

evolutionary algorithm to achieve better performance in

CW mode. Multipacting and thermal analyses are also

deliberated in the design to coordinate with RF and

mechanical design. The optimized 162.5 MHz gun cavity

can be operated in CW mode to generate a high-repetition-

rate beam with voltage up to 1 MV and gradient up to

32.75 MV/m at the cathode.

Keywords High-repetition-rate beam � Radiofrequency
gun � Continuous-wave mode � Multi-objective

evolutionary algorithm

1 Introduction

A continuous-wave (CW) electron gun is conventionally

applied in a high-repetition-rate X-ray free-electron laser

(XFEL) to research atoms, molecules, and protein micro-

crystals, and to solve further problems in materials, biol-

ogy, chemistry, and energy science [1–3]. Traditional high-

gradient normal-conducting (NC) radiofrequency (RF)

photocathode electron guns are operated in pulsed mode,

with a pulse time of several microseconds and a low duty

factor of 0.024%–5% [4, 5], determined by facility

requirements [6–13]. In addition, traditional photocathode

guns operate at a frequency of 1–10 GHz, generating

microwave-level peak power dissipation. The temperature

of a traditional NC-RF photocathode electron gun falls

between RF pulses. However, it has difficulty meeting the

requirement of continuously generating a high-repetition-

rate beam up to 1 MHz. Guns operated at a much higher

duty factor are taken into consideration. When the duty

factor is equal to one, the electron gun will work in CW

mode, in which case it produces an electron beam without

macropulse limitation.

Several types of electron gun are operated in CW mode,

such as direct-current (DC) guns and very few NC-RF

guns. First, the DC gun can be operated in CW mode to

generate beams ranging from DC to any repetition rate.

However, at present the gradient of a DC gun [14] makes it

difficult to enhance brightness [15, 16]. In addition, special

NC-RF designs that can be operated in CW mode can
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achieve high gradient and high average brightness; for

example, the 187 MHz gun from the Lawrence Berkeley

National Laboratory (LBNL) [17]. However, it is chal-

lenging to obtain a higher gradient and lower heat load

design. Moreover, a high-quantum-efficiency and long-

lifetime photocathode is required. Comparing all these

technologies, the very-high-frequency (VHF)-band gun

based on the Advanced Photo-injector EXperiment

(APEX) from LBNL has been finalized by compromising

between the accelerating technologies, photocathode tech-

nologies, and cost. To date, the VHF gun has been applied

in Linac Coherent Light Source (LCLS)-II [18] and

researched at LBNL [19], Deutsches Elektronen-SYn-

chrotron (DESY) [20], and SHINE [21–23]. The work in

this paper on the VHF-band gun will be a reference for

optimizing RF designs with a multi-objective evolutionary

algorithm (MOEA) approach.

The VHF-band gun works at a relatively low frequency,

with a mechanically stable reentrant cavity of length almost

k=4, where k is the wavelength of the eigenmode. The

lower frequency leads to a larger cavity and longer wave-

length. The reentrant shape can generate a higher electric

field with the same power, and the larger cavity leads to

lower surface power density and an easy-to-cool design.

The long wavelength corresponds to a long beam length. A

30-ps-long electron beam occupies only 1.76� at 162.5

MHz. Hence, the beam can basically feel the same accel-

erating field and share the same physical process as a DC

gun [24]. Meanwhile, the cutoff holes of a long-wavelength

cavity can be larger, which is convenient for the detailed

design of the cavity.

However, the high power dissipation of a CW gun is a

major suppressing factor in the RF performance of the

cavity. The power dissipation makes it difficult to increase

the accelerating gradient on the cathode and output beam

energy. Hence, the gun requires careful thermal design.

Optimization of RF properties, thermal performance, and

mechanical features is a good solution to guarantee

stable performance of the gun. Typical optimization

methods in RF design, such as scanning, are time-con-

suming processes. As the number of variables increases,

the computation time increases exponentially. In this paper,

we introduce an MOEA in the gun cavity RF design [25] to

explore a better CW gun performance.

The design of a 162.5 MHz electron gun in this paper

focuses on achieving an extremely high gradient with

acceptable power loss and power density under a gap

voltage higher than the APEX gun gap voltage of 750 kV.

In Sect. 2, the overall RF design of the gun is described. An

analysis of the geometric parameters of the main RF

properties is presented and used as a reference for opti-

mization. Subsequently, the optimization based on an

MOEA is presented. The optimal solutions provide cavities

under extreme conditions. In Sect. 3, a numerical simula-

tion of multipacting in the cavity and the scheme of sup-

pression is presented. In Sect. 4, a simulation of the

temperature and deformation distribution is presented.

Finally, a systemic gun design with good RF and

mechanical performance is obtained.

2 RF design of the electron gun

One of the most significant tasks in the RF design of the

VHF gun is obtaining the detailed structure of the electron

gun cavity. The ideal design involves a high accelerating

gradient to preserve the beam brightness by reducing the

space-charge effects for relatively low-energy electron

beams, low power dissipation to reduce thermal stress, and

low peak electric field intensity to reduce the possibility of

breakdown during operation. The gun cavity will be ana-

lyzed by scanning the main geometry size at first, and the

results will serve as references for optimization.

2.1 Cavity analysis

The VHF gun cavity RF design starts from the half-

reentrant cavity in Fig. 1, which includes a small reentrant

anode. The anode will help to increase the shunt impe-

dance. Therefore, the power dissipation and power density

can be lowered.

For free-electron laser (FEL) operation, the frequency of

the gun cell should be chosen as a subharmonic of the main

frequency 1.3 GHz, making the gun operation compatible

with the Teraelectronvolt Energy Superconducting Linear

Accelerator (TESLA). Figure 2 shows a preliminary com-

parison between the scaled 144, 162.5, 185.7, and 216.6

MHz cavities. In Fig. 2a, the power density along the

cavity surface at a gap voltage of 750 kV is presented. A

higher power density appears at the cathode and anode

nose cone, and the peak power density appears near the

cathode.

At lower frequencies, the power density on the cavity

walls will be reduced. At 750 kV, the peak power density

of the 216.6 MHz cavity is more than 28 W/cm2, and the

peak power density of the 162.5 MHz one is 15.2 W/cm2.

Operating at a lower frequency benefits the thermal design

and voltage-boosting operation. Although the shunt impe-

dance per unit length is lower, the electric field at the

cathode will still be increased with a higher gap voltage,

which also benefits the beam quality. However, as shown

in Fig. 2b, the 144.4 MHz cavity appears much larger than

the processing capacity of 41 cm. Therefore, the 162.5

MHz cavity is now selected as the baseline of the electron

gun.
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The RF parameters of the cavity of the electron gun can

be optimized by adjusting the geometry. Determination of

the main parameter of the nose cone finalizes the capaci-

tance, so that the acceleration field distribution can only be

optimized by structures near the gap, and the RF properties,

such as the Q factor, power dissipation, and power density,

are mainly optimized by the adjustment of other external

dimensions.

By scanning the structural size of the electron gun

cavity, which is described by 19 independent geometric

parameters in Fig. 1, RF parameters including the power

loss (P), maximum surface power density (MaxPd) ,

maximum surface electric field (MaxE), on-axis electric

field on the cathode (Ezc), stored energy (W), and impe-

dance considering the transit time factor (ZTT) are

announced. In the LRC circuit of the cavity, some RF

parameters can be described by the expressions

P ¼ Vc
2

2R
;W ¼ CVc

2

2
;x ¼ 1

ffiffiffiffiffiffi

LC
p ; ð1Þ

where Vc and x are the voltage and circular frequency of

the cavity, respectively. Because the voltage and frequency

remain constant during the scanning, the change in power

loss (P) can be attributed to the change in impedance (R),

and the change in stored energy (W) can be attributed to the

change in capacitance (C).

The accelerating gap is the most important geometric

parameter in the gun cavity because the distribution of the

axial electric field is determined dominantly by the gap

g. The RF properties and electric field along the beam line

from SUPERFISH are shown in Fig. 3. As shown, a long

accelerating gap helps to control the maximum electric

field and maximum power density, while a short acceler-

ation gap is beneficial for increasing the electric field on

the cathode (Ezc). When the gap is too small, the capaci-

tance increases and the inductance decreases. The required

RF power increases rapidly owing to the smaller impe-

dance. However, when the gap is too large, the transit time

factor will decrease. For a compromise between high shunt

impedance and high cathode field under a defined gun

voltage, the accelerating gap is set as 3.5 cm.

For the remaining geometric sizes, with the cathode

nose cone angle (alp) varying, the power loss (P), and peak

power density (MaxPd) change differently. As shown in

Fig. 4a, as the power loss (P) and stored energy (W) in-

crease, the peak power density decreases significantly.

With respect to cavity length (L), the stored energy

(W) first decreases and then increases, whereas the peak

power density only increases (Fig. 4b). The peak electric

field (MaxE) and the electric field on the cathode (Ezc) are

more sensitive to the horizontal (rtpa) and vertical (rtpb)

dimensions of the cathode cone blend compared to the nose

angle (alp) and cavity length (L).

The results in Fig. 5 show the dependence of the RF

properties on the dimensions of the anode structure.

Fig. 1 Geometry and

schematics of reentrant-anode

VHF gun cavity
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Fig. 2 (Color online) Comparison of cavities at different frequencies.
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Fig. 3 (Color online) RF properties trend from scanning the

accelerating gap size using SUPERFISH [26] (a). Field distribution

of different gap sizes (b)
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Increasing the length of the anode (lb) in the scanning

range can decrease the power dissipation and power den-

sity. The anode cone size (rh) and beampipe radius (rd1)

should be lowered to obtain lower power dissipation

(P) and power density (MaxPd). In addition, the reduction

of the beampipe radius (rd1) also increases the E-field at

the cathode. A minimum value of maximum surface elec-

tric field (MaxE) occurs with increasing elevation angle

(arp).

2.2 Gun cavity optimization

The analysis above illustrates how the geometric

parameters influence the RF properties and determine the

value range of each variable. These geometric parameters

must be optimized to increase the electric field at the

cathode and decrease the power loss in the selected fre-

quency. The maximum power density, peak electric field,

and cavity size are also considered in this optimization.

Scanning is a common method of optimization with run-

ning time constraints. In addition, based on the weighted

method, the single-objective evolutionary algorithm is

widely used for the optimization problem with multiple

objectives; however, the weights are difficult to determine,

and the opportunity to analyze the relationship between

different objectives could therefore be lost. Here, an

MOEA is employed to solve this problem.

The MOEA approach was first used in photoinjector

design in 2005 [27] and has been applied in many aspects

of accelerator science [28]. This type of algorithm is a

method of searching for the optimal solution by simulating

natural evolution. In this task, the non-dominated sorting

genetic algorithm II (NSGA-II) [29] is used as the opti-

mizer and SUPERFISH is used as the operator. Typical

genetic algorithms include selection, crossover, and muta-

tion operators. The selection operator determines the

strategy of the selected population to be inherited by the

next generation from the former one. The crossover oper-

ator is used to generate a new individual under a specific

method. The mutation operator imitates the mutation pro-

cess in biological genetics and evolution, which is a rela-

tively low possibility but non-negligible way to generate

new individuals.

The main optimization objective of the electron gun

cavity is a high electric field at the cathode, which leads to

low emittance and high brightness. The power loss is

expected to be as low as possible. The following con-

straints are added to the optimizations: The well-known

Kilpatrick criterion scaling [30] can be applied to calculate

the breakdown threshold field. The operating peak electric

field in the CW cavity can be up to 2 kilp (two times the

Kilpatrick criterion value); however, it is possible to

enhance a higher peak surface field with present technol-

ogy. Therefore, the designed limitation of the peak surface

electric field is 3 kilp, which is up to 40 MV/m at 162.5

MHz under a voltage of 1 MV. The power density, which

has a strong correlation with power loss, should be low-

ered. An acceptable surface power density is 35 W/cm2

with present cooling technology. Although the solenoid of

the injector is designed to be downstream of the gun, a

magnetic field that can affect beam quality may still exist.

A small solenoid with opposite current is placed beyond
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Fig. 4 (Color online) RF properties from scanning the cathode-side

structural size: nose cone angle (a), cavity length (b), horizontal

dimension of the nose cone ellipse (c), vertical dimension of the nose

cone ellipse (d), using SUPERFISH
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Fig. 5 (Color online) RF properties from scanning the anode-side

structural size: anode cone size (a), anode length (b), elevation angle

(c), beam pipe radius (d), using SUPERFISH
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the cathode to cancel the magnetic field on the cathode. To

ensure sufficient space in the nose cone, the cathode plate

should not be too small. Therefore, rp should be moderate

in size. In addition, lb and l are limited by multipacting

considerations as the radius is limited by the manufacturing

process.

The main limitations and parameter range discussed

above are summarized in Table 1.

A two-objective optimization for gun cavity design,

including the E-field on the cathode and power loss from

the SUPERFISH solution, is performed. The result of the

optimization of the 162.5 MHz cavity is presented in

Fig. 6. To optimize more objectives, a three-objective

optimization with peak E-field serving as an objective

instead of a limitation in the algorithm is also shown

(Fig. 7). The red points in Fig. 7 denote data sets with

maximum electric field less than 2.25 kilp and power loss

less than 67.5 kW under 750 kV voltage.

The process is repeated several times to verify the

results. For a population of 120, at the 50th generation,

good convergence is achieved in the two-objective opti-

mization in the targeted objective range. The Pareto front

shows the trade-off between the high cathode E-field and

low power loss. Therefore, the conclusion can be drawn

that a mutually exclusive relationship exists between the

gradient on the cathode and power loss. The three-objective

optimization is discussed at the 75th generation. A strong

positive correlation exists between the maximum E-field

and the E-field at the cathode. However, the positive

relationship and the trade-off between maximum E and

power loss influence the balance between E at the cathode

and power loss. Hence, the best solution in the three-ob-

jective optimization is the point with the lowest power loss

and the highest Ezc. Nevertheless, the optimal solutions in

the two-objective optimization perform better with lower

power loss, whereas Ezc and MaxE are almost the same for

the best solution of the three-objective optimization.

Therefore, the working point is depicted in Fig. 7. The RF

properties at the selected working point are presented in

Table 2 (Cavity (optimized)).

Compared with the unoptimized 162.5 MHz arc-anode

cavity presented in Table 2 (Cavity (w/o optimization)), the

electric field at the cathode increases to 24.57 MV/m from

21 MV/m, and the power loss decreases to 63.5 kW from

78 kW. Under a 1 MV state, the electric field on the

cathode will be 32.76 MV/m, with 112.9 kW power dis-

sipation and 32.1 W/cm2 peak power density. The 2D

geometry overlap display comparison is also presented in

Fig. 8. Compared with the 162.5 MHz APEX2 gun cell, the

peak power density of the optimized cavity in this study

will be lower at 820 kV. The gradient at the cathode of the

APEX2 gun cell is higher because of the smaller gap. In

this study, the number of objectives is no more than three.

In subsequent research, NSGA-III [31] will be developed

to continue the optimization by exploring the intercon-

nection between four or more objectives.

2.3 Coupler RF design

For the frequency of 162.5 MHz in the gun cavity design

above, the waveguide size will be close to 95 cm � 50 cm

if the RF power is transmitted through a rectangular

waveguide. Thus, the coupler is designed as a dual coaxial

loop coupler to cancel the dipole mode in the cavity and

decrease the feed power in each coupler.

Table 1 Limitations in

optimization
Objective Limitation Goal

Frequency, f 162.5 MHz Maximize Ezc

Radius, r � 400 mm

Length, L 350–400 mm

Gap, g � 30 mm

Cathode, rp � 20 mm

Voltage 750 kV 1 MV Minimize power loss

MaxE � 2.25 kilp � 3 kilp

MaxPd � 19.68 W/cm2 � 35 W/cm2

63 63.5 64
Power loss (kW)

24.4

24.45

24.5

24.55

24.6

E
zc

 (
M

V
/m

)

Fig. 6 (Color online) Optimal solution of power dissipation and

E-field at the cathode from the 162.5 MHz cavity with a population

size of 120 in the 50th generation. The red ? denotes the selected

working point
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Under a 162.5 MHz, 1 MV state, the power dissipation

of the cavity is optimized to be less than 120 kW. The

power that a single coupler must transmit is up to 60 kW.

According to Electronic Industry Alliance (EIA) standards,

both a 4-1/16- and 6-1/8-inch coaxial waveguide can meet

the requirements [32]. However, the compact backboard

area of the cavity suggests that it is better for the 4-1/16-

inch coaxial waveguide to be applied to connect with two

symmetrically placed magnetic coupling antennas (Fig. 9).

The required coupling coefficient b0 can be calculated

with the given beam parameter:

bloaded ¼
Pexternal

Ptotal

¼ Pexternal

Pcavity þ Pbeam

; ð2Þ

b0 ¼
Pexternal

Pcavity

: ð3Þ

It is required that the coupler does not reflect power when

operating with a beam load (bloaded ¼ 1).

b0 ¼
Pcavity þ Pbeam

Pcavity

: ð4Þ

The designed Pbeam is very low; thus, b0 is required to be

close to 1 [34]. For another description of the coupling

coefficient of loop coupling in an LCR equivalent circuit

[35–37],
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Fig. 7 (Color online) Projections of the optimal solution of three objectives. Red points are selectable cases

Table 2 RF properties of each cavity

Type APEX APEX2 (gun cell) Cavity (w/o optimization) Cavity (optimized)

Frequency (MHz) 186 162.5 162.5 162.5

Voltage (kV) 750 820 750 750

R (cm) 34.7 39.5 38.8 39.9

Gap (cm) 4 2.5 3.5 3.5

Power dissipation (kW) 87.5 90.7 78.61 63.512

Max power density (W/cm2) 25 32.1 15.569 18.05

E at cathode (MV/m) 19.47 34 21.01 24.57

Max E (MV/m) 24.1 37 26.02 30.61

-20 0 20 40
Z (cm)

0

10

20

30

40

R
 (

cm
) w/o optimize

optimized

Fig. 8 (Color online) Sectional geometry comparison between the

optimized cavity and the cavity without optimization Fig. 9 (Color online) Coupler design in CST [33]. The movement

direction of coupling depth (a), and the rotation angle of coupler loop

from 0� to 90� (b)

123

110 Page 6 of 10 C. Wang et al.



b0 ¼
ðx0l0A cos hÞ2

2

ZW

ZW
2 þ ðxLLÞ2

H1
2

Pcavity

; ð5Þ

where ZW is the characteristic impedance of the trans-

mission line, H1 is the peak magnetic field on the loop, LL
is the self-inductance of the coupler loop, A is the area of

the antenna, and h is the angle between the antenna and the

magnetic field. The coupling coefficient can be adjusted by

the depth and angle of the antenna entering the cavity.

During actual assembly and commissioning, the positions

of the coupler and cavity are fixed, and the coupler antenna

is rotated to accurately obtain the correct coupling.

The coupling coefficient and quality factor vary with the

depth and angle of the antenna, as shown in Fig. 10. Owing

to the installation of the coupler, the frequency of the

cavity will slightly shift from 162.498 to 162.32 MHz.

When the angle turns to near 0�, the coupling is very weak,

and the result might be inaccurate. To adjust the coupling

coefficient more accurately, the coupling loops are

designed to be approximately 45� when achieving the best

coupling.

3 Multipacting study

In CW mode, multipacting is an important element to be

considered. Multipacting is a phenomenon in which elec-

trons are emitted from the surface of the cavity, driven by

the field, and impact the cavity wall [38]. This happens in

certain resonant conditions such as a weak-electric-field

area in which the magnetic field is relatively strong [39].

When multipacting starts, more secondary electrons are

released and accelerated by the field. The number of total

electrons then increases exponentially. This process can

consume power in the cavity, cause breakdown, and pos-

sibly damage or even destroy the high-power RF device.

The CST Particle Studio tracking module is applied for 3D

multipacting tracking simulation, with the second-emis-

sion-yield (SEY) curve of annealed copper given in CST.

The growth rate is calculated by fitting NðtÞ ¼ N0e
at,

where N0 is the number of initial particles and a is the

growth rate. Multipacting, which is a first-order single

point, starts at the cavity wall, near the anode side

(Fig. 11).

Because the number of secondary electrons is strongly

dependent on the impact energy and surface material,

surface treatment is a possible solution. However, for

simulation, the general and fundamental solution is to

avoid the resonant condition by geometry optimization.

As shown in Fig. 12, by adding wrinkles to the cavity

wall, multipacting is controlled effectively. The RF prop-

erties of the modified cavity hardly change. Particle growth

is limited to a small range at the lower-voltage end. At

higher voltages, the resonance conditions are not met;

hence, the gun cavity can be operated in a field between

750 kV and 1 MV without multipacting.
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Fig. 10 (Color online) Coupling parameters varying with coupler

angle at a depth of 11 cm (a, b), and coupling depth at an angle of 45�
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Fig. 11 (Color online) SEY curve used in the multipacting study (a),
and particle growth simulated by the CST Particle Studio tracking
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Fig. 12 (Color online) Model of the cavity with wrinkles (a) and

multipacting region of different cavities (b); the wrinkled cavity will

experience a high-power RF condition at 120–360 kV to overcome

the multipacting zone
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4 Thermal and structural analysis

Because the 162.5 MHz NC-RF gun is operated in CW

mode, the gun cavity will be heated and thermally

deformed, resulting in a detuning in frequency, which

should be considered simultaneously with cavity design

and tuning. To reduce thermal stress and material fatigue, it

is necessary to cool the gun to an appropriate temperature.

Under the considerations above, the stress and deformation

of the electron gun under the combined actions of heat,

cooling, support constraints, vacuum pressure, and gravity

are analyzed.

A cross section of the gun is shown in Fig. 13. The

cavity is nested in a vacuum steel sleeve and pumped

through the slot on the cavity wall to ensure a vacuum in

the cavity. The cooling circuit is distributed around the

cavity, as a jacket with two spiral cooling circuits welded

to the cathode nose cone. The heat load on the cavity wall

can be removed by convection heat exchange between the

cooling water and the wall. The design of the cooling loops

requires sufficient water to reduce the temperature rise of

the cooling water, to prevent the cooling water from boil-

ing under the working water pressure. The cooling loops

should be placed according to the distribution of power

density to minimize the maximum temperature of the

cavity.

Under full-power operation, the total heat load on the

cavity is 113 kW, of which approximately 19.4 kW is on

the outer cylinder cavity wall, 10.55 kW on the anode-side

wall surface, 22.8 kW on the end plate wall surface, and

46.94 kW on the cathode cone. Empirical formulas for

convective heat transfer coefficients are used in the simu-

lation in ANSYS [40] and the CST Multiphysics module to

determine the cavity temperatures and deformation in

steady state. The diameter of the cooling channel is 8 mm

around the outer cavity wall, and 7.33 mm around the

cathode nose. The heat transfer coefficient (HT coeff) set in

the simulation is calculated from the design features in

Table 3.

The temperature simulation in the state of 1 MV, with

113 kW power and 26 �C initial temperature, is presented

in Fig. 14. The hottest area reaches a temperature of 61.6
�C. It appears at the transitional arc area of the cathode

cone and the cathode plate, located near the highest power

density. This is because the small-degree cone is far from

the cooling channel. The temperature at the cathode nose

cone is approximately 53.4 �C, and that at the anode nose

cone is approximately 46 �C. Under the state of 63.512

kW, 750 kV, the highest temperature is 50 �C. The tem-

perature at the cathode nose cone is approximately 46 �C,
and that at the anode nose cone is approximately 39 �C.

To obtain the deformation and stress distribution, the

temperature distribution obtained by simulation under full

power is loaded with the boundary conditions shown in

Fig. 15a. The cutting planes (A,B) and a plane of the steel

sleeve are set as the displacement, and the atmospheric

pressure and gravity are also considered. The maximum

deformation of the electron gun is 0.22 mm, which occurs

on the back plate of the stainless-steel sleeve, as shown in

Fig. 16. As atmospheric pressure is applied to the cavity,

Fig. 13 (Color online) Mechanical 3D model of the VHF electron

gun

Table 3 Cooling parameters set

in the simulation
Position Outer wall Anode Back end Cathode nose

Channel diameter (mm) 8 10.2 10 7.33

Flow velocity (m/s) 4.3 1.8 2.4 6.4

HT coeff (W/m2 K) 17,996 8364 10,638 24,715

Fig. 14 (Color online) Temperature distribution of the cavity under

full power
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the cathode and anode noses deform closer to each other by

approximately 0.06 mm. The total deformation caused by

the temperature increase corresponds to a cavity frequency

shift of approximately 0.2 MHz from 162.303 to 162.499

MHz under full power. With the water-cooled channels

coiled around the cavity, the heat load and thermal stresses

are managed carefully. The frequency shift is tuned by a

tuner on the anode plate. Hence, the electron gun cavity

can work stably at the designed full voltage.

5 Conclusion

In this study, a CW NC-RF electron gun is designed

systemically. An MOEA is introduced into the design to

optimize the RF performance. The results suggest that the

optimized 162.5 MHz gun cavity can achieve a gradient of

up to 32.75 MV/m when reducing the heat load on the gun

cavity to 113 kW. In this state, the output beam energy is 1

MeV. Theoretically, the emittance will be lower with a

higher gap voltage and higher gradient on the cathode.

The CW VHF-band photoinjector is an effective solu-

tion for improving both average brightness and peak

brightness in an XFEL. In subsequent research, a 162.5

MHz CW NC-RF gun will be developed using further

mechanical design and fabrication processes. With further

developments based on the electron gun in this study, such

as multi-cell VHF gun and VHF self-resonant frequency

gun design, more optimization goals are expected. More

advanced optimization methods that can handle more

objectives will be developed to deal with many-objective

optimization problems (MaOP) and analyze the relation-

ships between each objective. Moreover, the gun will be

considered together with beam dynamics to obtain a low-

emittance and high-quality injector.
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