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Abstract
X-rays are widely used in the non-destructive testing (NDT) of electrical equipment. Radio frequency (RF) electron linear 
accelerators can generate  MeV high-energy X-rays with strong penetrating ability; however, the system generally has a large 
scale, which is not suitable for on-site testing. Compared with the S-band (S-linac) at the same stage of beam energy, the 
accelerator working in the X-band (X-linac) can compress the facility scale by over 2/3 in the longitudinal direction, which is 
convenient for the on-site NDT of electrical equipment. To address the beam quality and design complexity simultaneously, 
the non-dominated sorting genetic algorithm II (NSGA-II), which is a multi-objective genetic algorithm (MOGA), was 
developed to optimize the cavity chain design of the X-linac. Additionally, the designs of the focusing coils, electron gun, 
and RF couplers, which are other key components of the X-linac, were introduced in this context. In particular, the focusing 
coil distributions were optimized using a genetic algorithm. Furthermore, after designing such key components, PARMELA 
software was adopted to perform beam dynamics calculations with the optimized accelerating fields and magnetic fields. The 
results show that the beam performance was obtained with a capture ratio of more than 90%, an energy spread of less than 
10%, and an average energy of approximately 3 MeV. The design and simulation results indicate that the proposed NSGA-
II-based approach is feasible for X-linac accelerator design. Furthermore, it can be generalized as a universal technique for 
industrial electron linear accelerators provided that specific optimization objectives and constraints are set according to 
different application scenarios and requirements.
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1  Introduction

The holistic functionality of a large electrical apparatus 
can be impacted by the presence of internal imperfections, 
potentially resulting in power disruption. Consequently, the 
identification of latent defects in electrical infrastructure is 

essential and is typically performed using non-destructive 
testing (NDT). Traditional NDT technologies, such as 
infrared thermal imaging [1–5], ultraviolet imaging [6], 
ultrasonic [7], and eddy current [8], are employed for this 
purpose. However, the efficacy of these traditional methods 
is significantly hindered by constraints inherent in the 
material constitution, structural complexities, and contextual 
nuances of the designated application site. This intrinsic 
limitation poses a formidable obstacle to the provision of 
dependable and accurate evaluation of internal defects in a 
large electrical apparatus.

X-ray-based NDT uses highly penetrating electromagnetic 
waves to directly observe the internal structure of electrical 
equipment. In 2012, X-ray digital photography (DR) was 
utilized by the Yunnan Electric Power Research Institute to 
visually detect typical defects in gas-insulated switchgear 
(GIS). An X-ray DR system was demonstrated as feasible, 
safe, and effective for NDT  [9]. Similar research was 
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conducted by the Hebei Electric Power Research Institute 
in 2018. Furthermore, internal defects within GIS can 
be accurately diagnosed, and visual detection of GIS can 
be achieved using X-ray DR [10]. However, X-rays are 
typically propelled by an electron beam with an energy 
level of several hundred kilo-electron volts (keV), and 
their penetration capability often fails to meet the demands 
imposed by large-scale electrical equipment [11]. Therefore, 
it is imperative to enhance the output energy of the driving 
electron source. A radio frequency (RF) linear accelerator 
can supply an electron beam with energies on the order 
of several mega-electron volts (MeV) [12–14]. However, 
the traditional S-band accelerator and its affiliated power 
system are inherently massive and unsuitable for on-site 
NDT. Conversely, a high acceleration gradient and operating 
frequency can be achieved by using an X-band accelerator 
with a compact structure  [15, 16]. Hence, the X-band 
accelerator has emerged as a pragmatic solution for the 
on-site NDT of electrical equipment.

In recent years, numerous accelerator laboratories 
have developed X-band accelerators [17–19]. In 2016, an 
acceleration gradient significantly exceeding 130 MV/m was 
achieved by the Istituto Nazionale di Fisica Nucleare using 
X-band accelerating structures [20]. In 2017, a prototype 
X-band 24-unit compact linear collider traveling wave 
(TW) accelerator was successfully prepared by Tsinghua 
University  [21]. By 2018, three X-band test facilities, 
namely Xbox1, Xbox2, and Xbox3, were established by the 
European Organization for Nuclear Research [22]. In 2021, 
a 6 MeV X-band accelerator was designed by the American 
company RadiaBeam [23]. In 2022, the acceleration gradient 
of an X-band linac was improved by Tsinghua University to 
increase the electron beam energy from 50 to 350 MeV [24].

To generate  MeV high-energy X-rays and achieve on-site 
NDT of electrical equipment, the key components of the 
X-band linac were devised. These components include a TW 
accelerating structure, focusing coil, electron gun, and RF 
couplers [25]. A comprehensive layout is shown in Fig. 1.

In the design of the phase velocity and longitudinal 
magnetic field of focusing coils, repeated attempts based 
on engineering experience are necessary, which is time-
consuming and makes it difficult to achieve optimal 
performance. In 2002, a non-dominated sorting genetic 
algorithm II (NSGA-II) was proposed by Deb [26], which has 

good convergence and diversity in solving multi-objective 
problems and multi-constraint conditions. Many accelerator-
related optimization problems have been solved by using 
intelligent algorithms [27–30]. Consequently, it is feasible 
to optimize the accelerator using a multi-objective genetic 
algorithm (MOGA) [31].

In this context, this study developed a universal MOGA 
for designing accelerator cavity chains under multiple 
constraints. Considering that the designed X-band linac can 
be applied to on-site NDT for electrical equipment, a linac 
cavity chain with low-energy spread, high output energy, 
and high capture rate was designed. Simultaneously, a 
low-energy spread accelerator was designed to validate the 
applicability of the proposed NSGA-II-based approach.

2 � Fundamentals of a traveling wave 
accelerator

To design a TW accelerating structure with an iris-loaded 
waveguide, the relationship between the field strength E 
and power P along the longitudinal position z is required. 
By further considering the beam loading effect, the 
corresponding theoretical formula can be expressed as 
follows:

where � is the attenuation factor, Zs is the shunt impedance, 
and I is the average beam current.

The field strength distribution must be designed 
according to the quality requirements of the output electrons. 
The longitudinal motion of electrons under field strength is 
expressed as follows:

where � is the relativistic mass factor, � is the phase, e is 
the electron charge, m0c

2 is the rest energy of the electron, 
� is the RF wavelength, and �p is the cavity phase velocity.

Beam dynamics mainly involves studying the radial 
motion of electrons, and the transverse motion equation of 
electrons in the RF linear accelerator can be expressed as 
follows:

where � is the electron phase velocity, R is the beam radius, 
R′ is the first derivative of the beam radius, Q is the radial 
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Fig. 1   (Color online) Accelerator layout
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focusing force coefficient, and �r is the radial beam emittance 
of the electron beam with a value equal to �� times the 
geometric phase space emittance. For a group of electrons 
with the same longitudinal initial conditions (initial phase 
and energy), the �r that describes its collective properties is 
constant and remains unchanged in motion. Equation (3) can 
also be written as follows:

For convenience, the length of each cavity was divided into 
100 equal parts, in which � and � were considered constant.

As the most important component, the entire linac 
is mainly determined by the TW accelerating structure, 
which must be precisely designed and optimized; a detailed 
description is provided in the next section.

3 � TW accelerating structure optimization 
based on a genetic algorithm

As mentioned in Sect.  2, the core of an RF linac is a 
TW accelerating structure, which refers to a cavity chain 
composed of a series of iris-loaded waveguides. Electrons 
affected by the iris can accelerate synchronously. The 
acceleration performance of the electron beam in the 
TW accelerating structure depends on the phase velocity 
distribution and cavity structure of the cavity chain, which 
are necessary for optimization.

3.1 � Cavity chain optimization based on a genetic 
algorithm

As repeated attempts to design a TW accelerating structure 
based on engineering experience are time-consuming, and 
it is difficult to obtain the optimal parameters, a highly-
effective solution is provided by a MOGA. In the MOGA, 
a fitness function based on the optimization objectives was 
formulated. Subsequently, 200 individual populations were 
initialized at varying velocities. By computing the fitness 
function, rapid non-dominated sorting, crowding distance 
calculation, and genetic operations, a set of individual 
solutions with the smallest non-dominated index was 
generated over 30 generations. In the genetic operations, a 
binary tournament selection method was employed for the 
selection process, and a single-point crossover method was 
used for the crossover operation with a probability typically 
ranging from 0.5 to 1.0; in this context, a value of 0.6 was 
adopted. Additionally, a single-point mutation method 
was applied for the mutation operation, with a mutation 
probability generally ranging from 0 to 0.05; in this case, a 
value of 0.001 was chosen. A low-energy linear accelerator 
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requires a variable phase velocity structure to achieve 
electron capture. As the linac designed in this context is 
mainly applied to the on-site NDT of electrical equipment, 
considering the energy required for X-ray penetration and 
the influence of radiation in the application process of 
electrical equipment, the capture rate, energy spread, and 
output energy were considered the optimization objectives 
for designing the accelerator cavity chain. Additionally, the 
proposed universal method can be extended to the design 
of other linacs by adjusting the optimization objectives. To 
obtain a high capture ratio, the distribution in the cavity 
chain must be reasonably designed. The design parameters 
are listed in Table 1.

According to Eqs. (1) and  (2), discrete recurrence can be 
performed to calculate the electron beam parameters along 
the axis of the TW accelerating structure. These formulas, 
which consider the loading effect of the beam, have a 
good calculation accuracy. The initial energy generated 
by the electron gun was 30 keV. A MOGA was employed 
to determine the optimal phase velocity distribution. 
To simplify the structural design and engineering 
implementation, an equivalent structure was adopted. In the 
design process, the adoption of a constant iris radius, which 
was set to 0.1 × �=3.2236 mm, significantly streamlined the 
workload during the design and manufacturing processes. 
Simultaneously, under the conditions satisfying the design 
objectives, six segments of equal cell length were selected 
corresponding to the phase velocity by comprehensively 
considering the computational efficiency, engineering costs, 
and quantities. The power source parameters are listed in 
Table 2.

The eight pareto front points obtained using the NSGA-II 
are shown in Fig. 2. The corresponding capture ratios ranged 

Table 1   Overall design 
parameters

Parameter Value

Frequency (GHz) 9.3
Operating mode 2�∕3

TW accelerating 
structure length (cm)

< 50

Number of cavities < 50
Kinetic energy (MeV) ∼3
Current (mA)  ∼200
Energy spread ∼10%
Capture ratio ∼90%

Table 2   Power source 
parameters

Parameter Value

 Peak power (MW)  1
Duty ratio 0.8%
Pulse width ( μs) 10
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from 87.4% to 92.0%, and the energy spread ranged from 
4.18% to 5.52%.

The fourth point, from right to left, was the focal point 
for analyzing the trajectory of electrons within the instance 
of an elliptical diaphragm and a straight edge cavity. 
The changes in the phase and energy with respect to the 
longitudinal position of the TW accelerating structure are 
shown in Fig. 3a and b.

Figure 3a shows that a phase width of 328.3◦ starting 
from an initial phase width of 360◦ was successfully 
captured with a capture ratio of 91.2%. The phases of 
the captured electrons oscillated in the first half of the 
cavity chain. After 0.1 m in the longitudinal direction, 

the phase gradually decreased and became stable. As 
shown in Fig. 3b, the energy of the captured electrons 
oscillated in the initial half. However, beyond 0.1 m along 
the longitudinal position, the phase gradually stabilized 
and the energy increased approximately linearly.

3.2 � Structural optimization based on a genetic 
algorithm

Determined from the phase velocity and resonant 
frequency, D and b were fixed in advance. The other 
structural parameters, a , t  , g , and the cavity shape were 
optimized in the design. To represent the cavity parameters 
visually, the dimensions are shown in Fig. 4a. Optimizing 
the structural parameters fundamentally entails adjusting 
the microwave parameters of the cavity, such as the shunt 
impedance and attenuation factor. The variation in the field 
intensities of each cavity caused by different microwave 
parameters influences the overall performance of the linac, 
such as the capture ratio and energy spread.

When the structural parameters of the cavity were 
changed, a non-dominated solution set was obtained based 
on the NSGA-II, as shown in Fig. 5.

Figure 5 shows that the non-dominant solution set of 
the capture ratio and energy spread differed for different 
iris radii a, iris thicknesses t, iris chamfer widths g, irises, 
and cavity shapes. When a=3.0 mm, the capture ratio and 
corresponding energy spread were both relatively high. 
When the required capture ratio was less than 91.2%, a 
smaller iris thickness could be used to obtain a smaller 
energy spread. In Fig. 5d, Case I indicates that the iris 
was elliptical and the cavity had a straight edge; Case 
II indicates that the iris was circular and the cavity had 
a straight edge; and Case III indicates that the iris was 
circular and the cavity was semicircular. When the capture 
ratio was greater than 90.5%, the beam accelerated by the 
circular iris and semicircular cavity structure had a small 
energy spread.

Fig. 2   (Color online) Genetic algorithm results of cavity chain 
optimization

Fig. 3   (Color online) Changes in a phase and b energy with respect 
to the longitudinal position z of the TW accelerating structure

Fig. 4   (Color online) a 1.5-cavity two-dimensional model and b 
single-cavity three-dimensional model
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For convenience, a  =  3.2236 mm, t  =  1.5 mm, 
g = 0 mm, and the circular iris and straight edge cavity 
were adopted. The structural parameter indices are listed 
in Table 3.

4 � Design of other key components

In addition to the TW accelerating structure, the key 
components of the accelerator include focusing coils, an 
electron gun, and RF couplers, the layout of which is shown 
in Fig. 1. A magnetic field is required to focus the beam, and 
focusing coils are often used to generate the magnetic field. 
In addition, an electron gun is required to provide the initial 
beam, and RF couplers are required to feed the microwave 
power.

4.1 � Focusing coils

During acceleration, the transverse size of the electron 
must be limited to an acceptable range. Therefore, the 
focusing coil must be designed to generate a magnetic field. 
Considering the engineering processing and installation 
intervals, seven coils with spacings of 0.4 cm were designed.

In the physical design of the transverse motion, the 
numerical calculation of the beam radius curve R(z) using 
Eq.  (4) is critical for the physical design. For this purpose, 
�r must be obtained at the electron gun exit, which is 
considered invariant in the calculation. As electrons with 
different initial phases have different � and � values, the 
calculation must be performed separately for various 
initial phases. The focusing magnetic field overcomes the 
defocusing effect of Q(z) and constrains the beam radius 
within a small range.

Fig. 5   (Color online) Pareto solution set: a change a, b change t, c 
change g, and d change shape

Table 3   Cavity size parameters Parameter Value

a (mm) 3.2236
t (mm) 1.5
g (mm) 0
Shape Circular iris and 

straight edge 
cavity

Fig. 6   (Color online) Genetic algorithm results of coil optimization
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This facility comprised seven coils with adjustable 
ampere turns at fixed positions. The independent variable 
was a Gaussian distribution with seven fixed positions 
corresponding to the multi-objective algorithm. The 
superposition of these coils controlled the longitudinal 
magnetic field. In addition, the root mean square value of the 
outlet beam envelope and the sum of the external magnetic 
intensities were set as objective functions that were as small 
as possible. The results of the algorithm are shown in Fig. 6.

The fourth pareto front, from left to right, was selected, 
and its magnetic field distribution is shown in Fig. 7. The 
maximum magnetic field was no more than 0.25 T, and the 
magnetic field decreased to 0 at z = −10 cm.

Under the initial electron conditions, �r was 6 mm ⋅mrad ; 
R and R′ were 1 mm and 0 mm, respectively; the initial 
energy was 30 keV with a 200 mA current; and the initial 
phase had six points of −360◦ ∼ −32◦ . The transverse radius 
curves are presented in Fig. 8, where the colors and lines are 
used to differentiate the electrons with distinct initial phases.

Figure 8 shows that the transverse radius curves varied for 
the electrons with distinct initial phases. The maximum exit 
radius occurred when the initial phase was −32.0◦ , whereas 
the minimum exit radius was observed at an initial phase of 
−294.4◦ . The exit radius of the initial phase in one cycle was 
less than 2 mm, satisfying the requirements.

4.2 � Electron gun

As another key component, an electron gun was designed 
to provide the initial electron beams. The source electron 
beam affects the acceleration structure at the back end and 
beam mass at the exit of the linac. Considering that the 
beam energy of the low-energy accelerator designed in this 
study was 3 MeV, the peak intensity of the electron gun 
output beam was set at 200 mA to ensure that the output 
beam power reached the kilowatt range. The electron gun 
must simultaneously accelerate the electron beam to 30 
keV to satisfy the parameter requirements of the posterior 
acceleration structure.

In the design process, to prevent high field strength 
at the tip and mitigate the risk of electron gun vacuum 
breakdown and equipment damage, an edge chamfering 
treatment was applied to the focusing pole and anode head 
in the electric field. The maximum surface electric field 
was considered in the design of the electron gun. There 
were two common electron gun structures near the anode 
hole, with and without nose cones. Nose cones affect the 
maximum surface electric field. The results of the two 
simulation models are shown in Fig. 9.

Figure  9 shows that the maximum field strength 
was 8.61 MV/m when the nose cone was incorporated, 
compared to 9.72 MV/m when the nose cone was 
omitted. Consequently, the nose cone structure effectively 
diminished the maximum surface electric field and 
enhanced the quality of the induced beam.

Owing to the small structure of the electron gun, 
vacuum breakdown and other phenomena may occur. 
To achieve a well-founded electron gun design, a 
comprehensive analysis of both internal and surface field 
distributions is necessary. The final electron gun design 
with a 200 mA beam current is shown in Fig. 10.

Fig. 7   (Color online) Magnetic field distribution

Fig. 8   (Color online) Beam transverse radius curves

Fig. 9   (Color online) Electric field distribution cloud map: a with a 
nose cone and b without a nose cone
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Figure 10a shows that the beam focusing performance 
was commendable and the designed electron gun could 
reach a beam radius of 1 mm after traveling 20 mm in the 
longitudinal direction from the anode. Figure 10c shows 
that the electric fields at the cathode head, anode head, and 
nose cone had large values.

4.3 � RF couplers

CST Microwave Studio software was used to design the 
input and output couplers. The input coupler was linked 

to the cavity at a phase velocity of 0.38, while the output 
coupler was connected to the cavity at a phase velocity of 
0.99. For analytical convenience, a symmetrical model of 
the output coupler comprising four cavities was established, 
as shown in Fig. 11.

Standing wave fields were present in the two cavities on 
both sides, and traveling wave fields were present in the two 
cavities in the middle. Thus, the four-cavity symmetrical 
model in the working mode 2�∕3 formed one period. In 
the CST simulation for the entire accelerator, the coupling 
factor became 1.0202, which is slightly different from the 
original designed value of 1.0362 obtained using the four-
cavity model. Figure 12 shows the S-parameters obtained 
using the frequency-domain solver. The reflection coefficient 
was approximately −56 dB, and the transmission coefficient 
was approximately 0 dB at a frequency of 9.3 GHz. Most 
of the microwave energy was fed into the TW accelerating 
structure.

In this context, a unilateral eccentric structure was 
used to alleviate field asymmetry. Figure 13 presents the 
distributions of the normalized field intensity and phase at 
the center of the coupling cavity along the reference circle 
for eccentricities of 0, 0.42, and 0.5 mm, respectively. As 
shown in Fig.  13a, the field asymmetry was weakened 
by setting a certain eccentricity. In the three cases with 
different eccentricities, the field asymmetry was ( e = 0.42 
mm) < (e = 0.5 mm) < ( e = 0 mm), in descending order. 
Figure 13b shows that eccentricity had a minimal impact on 
the phase of the field strength. Considering that the motion 
of electrons in the TW structure is mainly affected by the 
asymmetry of the field amplitude, it is feasible to adopt a 
unilateral eccentric structure with an eccentricity of 0.42 
mm for reducing the impact of field asymmetry on electron 
motion.

Considering the impact of field asymmetry, it is essential 
to conduct a simulation analysis of the entire model with the 
completion of the design of the output and input couplers. 

Fig. 10   (Color online) Electron gun design: a beam trajectory, b 
electric potential, and c electric field

Fig. 11   (Color online) Four-cavity symmetrical model of the output 
coupler

Fig. 12   (Color online) S-parameters obtained by the frequency-
domain solver
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Figure 14 presents the S-parameter distribution for the entire 
accelerating structure.

As shown in Fig.  14, the overall three-dimensional 
electromagnetic f ield model, including the TW 
accelerating structure and coupler, had a minimum peak 
when the frequency was 9.3008 GHz, which satisfied 
the operating mode. Furthermore, multiple peaks in the 
S-parameter corresponded to different operational modes. 
To facilitate a comprehensive analysis of the entire TW 
accelerating structure, Fig. 15 illustrates the distribution 
of the field strength and phase.

Figure 15a illustrates the longitudinal distribution of 
the amplitude of the central field intensity, which was 
relatively modest in the first half of the longitudinal 
distance, but gradually increased and stabilized in 
the second half. As the individual coupling cavity was 
approximately 60◦ and the single acceleration cavity was 
close to 120◦ , the combined phase of the two coupling 
cavities and the 41 acceleration cavities spanned 14 cycles, 
as shown in Fig. 15b.

5 � Beam dynamics simulations

In the computation of the TW accelerating structure 
described in Sect.  3, the space-charge effect was not 
considered, and the calculation model was one-dimensional. 
To obtain more precise results, it is imperative to employ the 
specialized beam dynamics simulation software PARMELA 
for multi-electron calculations that consider the space-charge 
effect. The electrons introduced into the TW accelerating 
structure were derived directly from the electron gun results. 
At the entrance of the electron gun, the macro-electron 
number was set to 10274 with a beam current of 200 mA. 
The results are shown in Fig. 16.

Figure 16 shows that the exit phase width was relatively 
bunched with an exit energy of 2.92 MeV. As listed in 
Table 4, the capture ratio and energy spread were 95.00% 
and 7.15%, respectively.

Fig. 13   (Color online) Coupling cavity structures under different 
eccentricities: a field intensity amplitude distribution and b field 
intensity phase distribution

Fig. 14   (Color online) S-parameter distribution for the entire 
accelerating structure

Fig. 15   (Color online) Integral pipe parameters: a field strength and 
b phase
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Table  4 shows that the average energy values under 
the multi-particle model were consistent with those under 
the single-particle model, whereas the energy spread and 
capture ratio were slightly larger. Owing to the correlation 
between the longitudinal and transverse motions, electrons 
focused in the transverse direction could be extracted in 
the longitudinal direction. Additionally, the electron gun 
beam was focused when injected into the TW accelerating 
structure with negative-angle beam injection, and the focus 
was in the coupling cavity, which contributed to a high 
capture ratio. Thus, the capture ratio obtained from the 
multi-particle simulations surpassed the simulation results 
of the single-particle model. In addition, multi-particle 

simulations considering the space-charge effect resulted in 
a higher energy spread.

To validate the outcomes of the algorithm, adjustments 
were made to the phase velocities for specific segments, such 
as replacing 0.38 with 0.42 for the second segment and 0.50 
with 0.52 for the third segment. The optimization results for 
the capture ratio, energy spread, and average energy under 
different distributions are listed in Table 5.

The first phase velocity distribution had the optimal beam 
parameters, which indicates that the optimization outcome 
based on the MOGA is reliable.

6 � Conclusion

A versatile MOGA under multiple constraints was introduced 
for the design of TW accelerator cavity chains, which can be 
expanded as a universal technology for linacs with bunching 
sections. In view of its application to the on-site NDT of 
electrical equipment, an X-band linac with a low-energy spread 
and high capture rate was successfully designed. Therefore, 
the accelerator cavity chain was segmented to simplify both 
design and fabrication. To constrain the transverse beam 
spread in TW accelerator structures, focusing coils optimized 
for the beam spot size were devised to achieve beam focus. 
In addition, a single-sided eccentric coupler was engineered 
to establish electric fields within TW accelerator structures. 
Furthermore, an electron gun was designed to supply electrons 
to the accelerator cavity chain. Another low-energy spread 
X-band linac was designed, as described in Appendix A, 
using the same MOGA under multiple constraints, which 

Fig. 16   (Color online) 
PARMELA simulation results 
for the 200 mA beam current

Table 4   Results of different simulation models

/ Capture
ratio (%)

Energy
spread (%)

Average
energy (MeV)

Single-particle
model

91.20 5.19 3.07

Multi-particle
model

95.00 7.15 2.92

Table 5   Optimization results under different phase velocity 
distributions

Phase velocity
distribution

Capture
ratio (%)

Energy
spread (%)

Average
energy (MeV)

1st 95.00 7.15 2.92
2nd 94.82 21.42 2.89
3rd 93.98 8.83 2.89
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further demonstrates the universality of the proposed design 
methodology.

Consequently, a versatile MOGA under multiple constraints 
was proposed for the design of TW linacs with optimization 
objectives tailored to specific operational requirements. 
Notably, the proposed design method not only guides the 
specific accelerator design discussed in this context but can 
also be utilized as a general approach for related designs 
according to various design demands.

Appendices

Appendix A: MOGA generality

As mentioned previously, the primary contribution of 
this study is the development of a MOGA under multiple 
constraints for the design of linac cavity chains. The design 
methodology and approach can be extended as a general 
technology to simplify the design of linacs with bunching 
sections, and specific optimization objectives can be chosen 
and determined based on different application scenarios 
and requirements. The X-band linac designed for NDT of 
electrical devices in the main text serves as an illustrative 
example of the proposed method. Application goals and 
constraints can be tailored according to specific application 
requirements. To verify the generality the MOGA method 
proposed in this context, a low-energy-spread X-band linac 
was designed for other applications; therefore, the output 
energy and energy spread were taken as the optimization 
objectives.

In this design example, both the number of segments and 
cavities per segment were set as independent variables. The 
other algorithm parameters are the same as those in the main 
text. The designed accelerator cavity structure is shown in 
Fig. 4. The final optimized results were obtained after 50 
iterations. The five pareto front points obtained using the 
NSGA-II are shown in Fig. 17. The corresponding energy 

spread ranged from 1.13% to 3.12%, and the energy ranged 
from 2.64 to 2.96 MeV.

The first point in Fig. 17 was selected to design the 
X-band linac. To analyze the movement of electrons in the 
TW accelerating structure, the changes in the phase and 
energy with the longitudinal position are plotted in Fig. 18.

Figure 18a shows the capture of a phase width of 200.1◦ 
from an initial 360◦ phase width, achieving a capture ratio of 
69.4%. The captured electrons exhibited phase oscillations in 
the first half of the cavity chain and stabilized longitudinally 
after traversing 0.1 m from the entrance. Figure 18b shows 
that the energies of the captured electrons oscillated in the 
first half. As the phase gradually stabilized after 0.1 m in the 
longitudinal position, the energy increased approximately 
linearly. The final design consisted of an exit energy of 2.61 
MeV and an energy spread of 1.24%.

Thus, the work described in Appendix A further validates 
that the universal approach proposed in the main text 
can be extended to different design demands for various 
applications and only needs to modify the optimization 
objectives and design conditions.

Fig. 17   (Color online) Five pareto front points obtained by NSGA-II

Fig. 18   (Color online) Coupling cavity structures under different 
eccentricities: a field intensity amplitude distribution and b field 
intensity phase distribution
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Appendix B: Radiation effects of the uncaptured 
electrons in the linac

On-site NDT is typically conducted under controlled 
environmental conditions and involves precise control of 
X-ray radiation generation, transmission paths, and beam 
energy. This ensures minimal impact of radiation on the 
electronic components surrounding the object being tested 
during inspection. Enhancing electron capture rates is one 
of the measures aimed at reducing the radiation effects on 
components and human beings near the tested object. To 
validate the influence of the uncaptured beam, GEANT4 was 
used to analyze the radiation effects caused by uncaptured 
electrons.

For the low-energy spread design scheme proposed in 
Appendix A, the energy and proportion of electrons lost 
in different cells of the linac have were calculated, and the 
statistical results are shown in Fig. 19. Figure 19 shows that 
the particle losses were concentrated before the eighth cell, 
with the highest losses occurring in the fourth cell, where 
the central energy was approximately 100 keV. To simplify 
the analysis, the beam energy and transverse radius were set 
to 100 keV and 1 mm in GEANT4, respectively. To analyze 
the radiation effects caused by the uncaptured electrons, 
it was assumed that the lost electrons impacted the inner 

wall of the cell rather than the disk; thus, the electrons were 
emitted radially in GEANT4. To simplify the calculation 
process, it was assumed that all uncaptured electrons were 
lost in the fourth cell, and the calculated results are shown 
in Fig. 20. Using a source of 108 electrons, the calculated 
maximum dose deposition on the outer wall of the linac was 
9.75 × 10−7 Gy/h.

Taking the X-band linac design proposed in Appendix 
A as an example, the linac yielded an output energy of 
2.61 MeV, energy spread of 1.24%, and capture rate of 
69.4%. The beam current was 200 mA, the macro-pulse 
width was 10 μs , and the repetition rate was 100 Hz. The 
resulting maximum dose deposition on the outer wall of the 
accelerator tube was calculated to be 37.2 Gy/h. During the 
on-site NDT of electrical equipment, the scanning time is 
sustained from a few minutes to 30 min [32]. Taking 30 
min as an example, the cumulative dose deposited from the 
lost electrons was 18.66 Gy. NDT processes often require 
multiple scans, resulting in a cumulative dose far exceeding 
18.66 Gy. Typically, surrounding electronic equipment 
is affected when the deposition dose exceeds 20 Gy [33, 
34]. In addition, according to the International Atomic 
Energy Agency (IAEA) Radiation Protection and Safety of 
Radiation Sources: International Basic Safety Standards, the 
human body should not absorb more than 2 Gy within two 
days [35]. Furthermore, additional lead shielding around the 
linac can reduce radiation exposure, increase the volume and 
weight of the accelerator, and consequently increase costs, 
which is not conducive to on-site NDT. Thus, it is essential 
to consider a high capture ratio as an optimization objective.
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