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Abstract To implement the Tsinghua Thomson Scattering

X-ray Source upgrade plan and the Very Compact Inverse

Compton Scattering Gamma-ray Source (VIGAS) pro-

gram, a new 1.5-m traveling-wave accelerating structure

was designed to replace the old 3-m SLAC-type structure

with the aim of increasing the accelerating gradient from

15 to 30 MV/m. The new type of structure works in the 3p/
4 mode with a comparatively low group velocity varying

from 0.007c to 0.003c to increase the accelerating gradient

at a given power. An elliptical iris was employed to reduce

the surface field enhancement. The filling process of the

low-group-velocity structure was analyzed using a circuit

model. After fabrication, the structure was precisely tuned

using the non-contact tuning method, followed by detailed

low-power radiofrequency measurements. The structure

was first installed and utilized at a beamline for the tera-

hertz experiment at Tsinghua University. After 120 h of

conditioning, it is now operating at a gradient of 24.2 MV/

m and a 20.7-MW input power, with the klystron operating

at its full power. It is expected to generate an accelerating

gradient of 30 MV/m when the klystron power is upgraded

to 30 MW in the near future.

Keywords Traveling-wave accelerating structure � Cavity
optimization � Tuning method � High-power test

1 Introduction

The S-band SLAC-type traveling-wave (TW) acceler-

ating structure was first studied and used in the Stanford

Two-Mile accelerator [1]. In the 1980s, this type of

structure was developed for the injectors of the Large

Electron–Positron Collider (LEP) at CERN [2]. In recent

decades, because of its stability and high performance, the

S-band TW accelerating structure has played an important

role in the injectors of coherent light sources and free-

electron lasers (FELs), such as the LINAC Coherent Light

Source (LCLS) at SLAC [3], Sorgente Pulsata e Amplifi-

cata di Radiazione Coerente (SPARC) at the National

Institute for Nuclear Physics (INFN) [4], the Swiss FEL at

the Paul Scherrer Institute (PSI) [5], and MAX IV at Lund

University [6]. In recent years, S-band structures have also

been adopted in beam facilities for Thomson scattering

X-ray sources [7–9] and medical research [10–12].

The Tsinghua Thomson Scattering X-ray Source (TTX)

has been operating with an SLAC-type structure and has

served as a tunable monochromatic X-ray source for

advanced X-ray imaging experiments over the past few

years [7]. Recently, an upgrade was performed to increase

the beam energy from 50 to 150 MeV. To achieve this, two

X-band accelerating structures [13] were used to increase

the electron energy. However, owing to space limitations in

the bunker, the currently operating 3-m SLAC-type struc-

ture is planned to be replaced with a 1.5-m one with the

accelerating gradient increasing from 15 to 30 MV/m. The
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present and proposed linac layouts are shown in Fig. 1a

and b, respectively [14].

In 2020, another inverse Compton scattering (ICS)

facility for advanced X/c-ray imaging applications called

the Very Compact ICS Gamma-ray Source (VIGAS) was

approved at Tsinghua University, which utilizes a similar

injector to the TTX upgrade plan. The layout of the

accelerator system of the VIGAS facility is shown in

Fig. 1c [15].

In the accelerator system of the VIGAS facility, an

S-band photocathode electron gun was employed to pro-

duce 5-MeV electron bunches [16]. The 1.5-m S-band

accelerator was used to boost the energy to 50 MeV and

achieve emittance compensation. The injector of the

VIGAS program employs the S-band scheme because it

can realize a narrow bandwidth of inverse Compton scat-

tered light [15] and the technology is comparatively mature

at Tsinghua University. The main accelerating section of

this system consists of six X-band, 0.6-m structures, which

operate at 80 MV/m and further boost the energy to

350 MeV [17, 18]. Both TTX and VIGAS operate in the

single-bunch mode. As an important part of the S-band

injector, the 1.5-m S-band accelerator developed in this

study will play a key role in ICS experiments and relevant

studies at Tsinghua University.

An accelerating structure is a device that converts

microwave energy into beam energy. For a TW periodic

structure, the accelerating gradient can be calculated as

[19]

Ea ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

xrP= vgQ
� �

q

; ð1Þ

where Ea represents the accelerating gradient, x represents

the working angular frequency, r represents the shunt

impedance per meter, P represents the power flow through

the periodic cell, vg represents the group velocity, and Q

represents the intrinsic quality factor. Equation (1) indi-

cates that a lower group velocity can convert microwave

power to a higher accelerating gradient and achieve the

same energy gain at a shorter distance. To motivate the

development of compact facilities, the new type of

structure is designed to operate at a lower group velocity

than previously reported structures, as shown in Table 1.

The performance of this low-group-velocity structure was

investigated in detail in this study.

This study presents the design, fabrication, and testing

of a low-group-velocity S-band TW accelerating structure.

The remainder of this paper is organized as follows. In

Sect. 2, the radiofrequency (RF) design of the S-band

acceleration structure is presented. Additionally, the per-

formance of the structure, such as the filling time and

accelerating energy fluctuation, is analyzed. Section 3

introduces the fabrication model, tuning, and low-power

RF measurements of the proposed structure. In Sect. 4, a

high-power test and beam experiment of the structure are

presented. Finally, Sect. 5 concludes the paper.

2 RF design and analysis

The design of the S-band structure was briefly intro-

duced in [14] and [22]. In this section, the design is pre-

sented with more details, and the methods used to improve

the performance compared with the original structure are

described.

The shape and field distribution of a single cell are

shown in Fig. 2. Two filets are used to enhance the intrinsic

quality factor. This method was first employed in the TW

structure of LEP injector linacs (LIL) [2]. A 10.6%

increase was obtained in the quality factor with 10- and

12-mm filets compared with the purely cylindrical cell

shape. For a TW structure, a higher-quality factor results in

less power loss along the beam path and better power flow

to the rear section of the structure. Asymmetric filets were

adopted for fabrication, which will be explained in the next

section. The straight part of the cell was reserved for the

fabrication of the tuning device. An elliptical iris was

adopted because it can achieve a weaker surface field than

a round profile. This is essential in high-gradient applica-

tions. In this design, an iris thickness of 5.7 mm with an

elliptical ratio of 1.8 was selected [22]. A 15% reduction in

Fig. 1 (Color online) Linac layouts of the a present TTX facility, b TTX upgrade plan, and c VIGAS program
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the maximum surface field was achieved when adopting

this type of elliptical iris compared with the round iris.

Additionally, the phase advance was optimized for a

single cell. Different phase advance modes of 2p/3, 3p/4,
and 5p/6 were simulated at the same working frequency by

adjusting the cell length and outer radius. The simulation

results are presented in Table 2. As the phase advance

increased, the intrinsic quality factor increased, while the

group velocity decreased. The shunt impedance was the

highest in the 3p/4 mode; thus, 3p/4 was selected as the

working mode.

According to Eq. (1), a lower group velocity results in a

higher gradient with the same input power. Nonetheless,

this leads to a longer filling time, smaller iris, and narrower

bandwidth. This new type of structure will share the same

power source as the photocathode gun, which has a filling

time of sc ¼ 2Ql=x � 750 ns and will be fed with a 1.5-ls
pulse. The iris radius of each cell is tapered along the beam

path in a constant-gradient structure. The group velocity of

each cell should satisfy the relationship introduced in [20].

Through calculations, an iris radius ranging from 10.22 to

8.13 mm was obtained, and the filling time of the whole

structure was 1.05 ls.
The input and output couplers were designed to imple-

ment power feeding into and out of the structure. A dual-

feed scheme was adopted to eliminate the dipole field in

the coupler. The optimization of the output and input

couplers was performed in Computer Simulation Tech-

nology (CST) [23] as introduced in [24]. After the opti-

mization of the coupler, a simulation of the entire structure

was performed. The tuning method of [25] was applied to

precisely tune the phase advance between the adjacent cells

to the design value. The surface field distribution after

optimization is shown in Fig. 3. Only the front and rear

parts are presented. The maximum surface electric field,

which was 10.6 kV/m at an input power of 1 W, was

located at the iris of the rear part. The maximum surface

magnetic field, which was 29.4 A/m at an input power of

1 W, was located at the output coupler.

Table 3 presents a comparison between the parameters

of the S-band low-group-velocity TW structure and those

of the original SLAC-type structure. The efficiency of a

TW structure is defined as K = V/P1/2 [1], where V repre-

sents the unloaded accelerating voltage with an input

power P. This value indicates the ability to convert the

microwave power to the accelerating voltage of a TW

structure. Compared with the original SLAC-type structure,

the length of the new design was reduced by 49.6%. If we

directly reduced the length of the original SLAC-type

structure to build a shorter one, the efficiency would have

decreased proportionally. However, the efficiency of the

new design was only 19.4% lower than that of the original

design, because a lower group velocity was adopted in the

new design.

Table 1 Group velocities of

different S-band accelerating

structures

Structure Length (m) Filling time (ns) Average group velocity, vg/c

TTX upgrade 1.535 1050 0.49%

SLAC [1] 3.048 830 1.22%

LIL prototype [2] 1.5 272 1.84%

Swiss FEL [5] 4.066 840 1.61%

FERMI FEL [20] 2.920 645 1.51%

KEK prototype [21] 1.899 566 1.12%

Fig. 2 (Color online) Shape and magnitude of the electric field in a

single cell. This cell was simulated with a periodic boundary with a

stored energy of 1 J. Here, a and b represent the short and long axis

lengths of the elliptical iris, respectively, and b/a = 1.8

Table 2 Parameters of the single cells with different phase advances

[22]

Parameter 2p/3 3p/4 5p/6

Iris radius (mm) 8.00 8.00 8.00

Q value 15,130 16,438 17,532

Group velocity, vg/c 0.368% 0.296% 0.208%

Shunt impedance, r (MX/m) 70.1 71.6 70.9
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To date, S-band TW structures have not been reported to

work with a group velocity as low as 0.00302c. Therefore,

more consideration should be given before fabrication.

Two problems influence the performance of the structure.

One is the phase stability [26]. The phase stability of a TW

structure can be estimated using du=df ¼ 2ptfill=n, where
u represents the phase advance of the periodic cell, tfill
represents the filling time, and n represents the number of

cells. According to the parameters in Table 3, the phase

stabilities of the new and original SLAC designs were 9.7�/
MHz and 3.5�/MHz, respectively. In a klystron-powered

microwave system, the frequency fluctuation of the struc-

ture is mainly caused by the temperature variation of the

water-cooling system. According to the linear expansion

coefficient factor of copper [27], a 1 �C variation in the

cooling water leads to an approximately 50-kHz change in

the working frequency of the structure, corresponding to a

0.5� change in the phase advance and only a 4 9 10–5

degradation in the energy gain. This indicates that the

phase stability of the new design satisfied the experimental

requirements.

The second problem is the filling process of the struc-

ture. The filling time of a TW structure is calculated as

tfill ¼
P

Di=vg;i; i ¼ 1; 2; :::; n, where Di and vg;i represent

the cell length and group velocity, respectively, of the ith

cell. This algorithm assumes that power flows through a

cell with a constant velocity, where the structure is regar-

ded as a non-dispersive device, and hence may be inac-

curate for a low-group-velocity structure. From another

perspective, the filling process of the structure is an energy

storage and release process for each cell, which can be

described using the circuit model [28]. The coefficient

matrix of the equivalent circuit equation is composed of the

RF parameters of the couplers and each cell, as well as the

Fig. 3 (Color online) a Surface electric field and b surface magnetic field distributions of the structure at a 1-W input power. The arrows indicate

the power flow

Table 3 Parameters and

comparison of the S-band TW

structures

Parameter New design Original SLAC type

Frequency (GHz) 2.856 2.856

Phase advance per cell 3p/4 2p/3

Length (m) 1.535 3.048

Cell numbers 39 86

Iris radius (mm) 10.22–8.13 13.11–9.55

Cell radius (mm) 42.17–42.53 41.73–44.90

Iris thickness (mm) 5.7 5.8

Iris elliptical ratio 1.8 1.3

Filling time (ns) 1050 830

Group velocity, vg/c 0.302%–0.724% 0.65%–2.04%

Shunt impedance (MX/m) 66.2–72.0 53–60

Average gradient @ 30 MW input power (MV/m) 30.9 17.3

Efficiency, K = V/P1/2 (MV/(MW)1/2) 8.66 10.75
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frequency of the input power [29]. The electric field of

each cell, which is proportional to the accelerating voltage,

was determined by solving the circuit equation. The

spectrum of the electric field of each cell was obtained by

sweeping the frequency of the input power. Then, the

transient electric field inside each cell and transient average

gradient of the entire structure were determined by per-

forming a Fourier transformation with the input signal.

Circuit models of the SLAC-type and low-group-velocity

structures were analyzed, and the results are shown in

Fig. 4. The electric-field spectra of the first, middle, and

end cells are shown. The transient average gradient was

normalized to 1, whereas the transient field inside a cell

was normalized to 0.8. The input signal used for the cal-

culation in Fig. 4b and d had a rising edge of 50 ns and a

pulse width of[ 3 ls.
As shown in Fig. 4a and c, the bandwidth of the electric

field in the low-group-velocity structure was narrower than

that in the SLAC-type structure, because the bandwidth is

inversely proportional to the group velocity. Figure 4b

reveals that the average gradient of the SLAC-type struc-

ture reached 97.6% of the steady-state value at the filling-

time value of 830 ns, which was calculated using the group

velocities of the cells. The average gradient reached a

steady state at 910 ns. For the low-group-velocity structure,

the average gradient reached 96.3% of the steady-state

value at a calculated filling time of 1050 ns. It reached a

steady-state value at 1219 ns, as shown in Fig. 4d. There-

fore, to fully utilize the accelerating capacity of this low-

group-velocity structure, the filling time should be 16%

longer than the calculated one. During the operation, the

election was injected at 1.5 ls. The trigger-time jitter in the

modulator of the klystron was\ 10 ns, and the relative

beam energy jitter caused by the trigger time and fluctua-

tion of the accelerating gradient from the low-group-ve-

locity structure was 0.05%, as shown in Fig. 4d. Although

this value exceeds that of the SLAC-type structure

(0.01%), it is negligible in practice.

Fig. 4 (Color online) a Electric-field spectra of the SLAC-type

structure for the first, middle, and end cells of the periodic part; b the

transient average accelerating gradient of the SLAC-type structure

normalized to 1 and transient electric fields in the first, middle, and

end cells normalized to 0.8. The red circle indicates the calculated

filling time. c Electric-field spectra of the low-group-velocity

structure in the first, middle, and end cells of the periodic part;

d the transient average accelerating gradient of the low-group-

velocity structure normalized to 1 and transient electric fields in the

first, middle, and end cells normalized to 0.8. The red circle indicates

the calculated filling time
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To validate the circuit model, a series of probes were set

in the center of each cell in the CST. The simulated elec-

tric-field spectra are shown in Fig. 5. These results are

consistent with those obtained from the circuit model.

Furthermore, the simulated electric-field spectra of the

cells were used to calculate the transient average acceler-

ating gradient using the measured input power waveform.

3 Fabrication, tuning, and low-power RF
measurement

The fabrication model of this structure differs from that

of the traditional disk-and-loaded structure because of the

filets in each cell. A three-dimensional (3D) fabrication

model of a single cell is shown in Fig. 6a. Each cavity

contained the geometry of a full iris and parts of the cavity

cells on both sides. According to the simulation, larger

filets resulted in a higher-quality factor. However, the

straight part was reserved for fabrication of the tuning

holes. Therefore, on the side without the straight part, a

larger filet of 12 mm was adopted for a higher-quality

factor, whereas on the other side with a straight part, a

smaller filet of 10 mm was employed to leave enough

length for the straight part. Tuning holes were created on

both sides, with the stress areas located in the straight part.

Therefore, the pushing and pulling operations on the tuning

hole were perpendicular to the structure. The 3D fabrica-

tion model of the new type of structure and a photograph of

the fabricated structure are shown in Fig. 6b and c,

respectively.

After fabrication and brazing, field measurements and

tuning were performed on the structure. The low-power RF

measurement setup [30] is shown in Fig. 7. The structure

was laid horizontally for convenient setup and performing

tuning. Two ports of the vector network analyzer (VNA)

were connected to the input coupler to avoid assembling

the power divider and bend waveguides. The VNA trans-

formed the S-parameters from these two ports into a

combined reflection [31]. A bead-pull method based on

non-resonant theory [32] was used to measure the field

distribution.

The tuning procedure was introduced in [25]. The results

of bead-pull field measurements performed before and after

tuning are shown in Fig. 8. Owing to the machining errors

of the couplers and cells, the electric field in the beam path

had a non-uniform distribution, and its polar plot was

irregular. After tuning, the errors were compensated, and

the measured field distribution was similar to the designed

one [14].

The phase advance is defined as the difference between

the phases of the next adjacent cell and the selected cell.

The phase advances before and after tuning are shown in

Fig. 9. In the presence of a standing wave inside the

structure, the phase advances oscillated around the oper-

ating mode. After tuning, the standing wave inside the

structure was almost completely removed, and the phase

advance was distributed next to the working mode. There

were ripples in the phase-advance plot with a period of four

cells, which were caused by the imperfect tuning of the

output coupler.

After tuning, the S-parameters were measured. The

results are shown in Fig. 10. The reflection from the input

coupler at the working frequency was below –35 dB. The

bandwidth of the reflection below –30 dB was 0.42 MHz.

The transmission loss from the input coupler to the output

coupler was –5.5 dB. The filling time was calculated by

deriving the transmission angle at the working point [18].

A comparison of the low-power RF measurement results

and the simulation results is presented in Table 4. The

Fig. 5 (Color online) a Simulated electric-field spectra of the low-

group-velocity structure in the first, middle, and end cells of the

periodic part. b Transient average accelerating gradient of the low-

group-velocity structure normalized to 1 and transient electric fields

in the first, middle, and end cells normalized to 0.8
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Fig. 6 (Color online) a CAD

model of a single cell; b CAD

model of the proposed structure;

c photograph of the new

structure after fabrication

Fig. 7 (Color online) Photograph of the low-power RF measurement

setup

Fig. 8 (Color online) Low-power RF measurement results for the

new structure before and after tuning. a Relative magnitude of the

electric field before tuning; b polar plot of the complex electric field

before tuning; c relative magnitude of the electric field after tuning;

d polar plot of the complex electric field after tuning

Fig. 9 (Color online) Phase advance between adjacent cells before

and after tuning
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average phase advance, phase fluctuation, and reflection

differed from the simulation values. These parameters can

be tuned further to approach the design values. However,

the energy degradation caused by these deviations was

estimated to be\ 0.1%; therefore, no further tuning was

applied. The filling time and transmission loss exceeded the

design values, indicating that the iris radii of the fabricated

cells may have been smaller than the designed ones,

resulting in a slightly lower group velocity.

4 High-power test

Owing to the experimental schedule, the new type of

structure was first installed at a beamline for the terahertz

(THz) experiment at Tsinghua University, which uses the

same S-band injector as the TTX upgrade plan, except for

the S-band buncher. A photograph of the accelerating

structure after installation on the platform is shown in

Fig. 11. A power divider and two pairs of 90� H-bend

waveguides were installed on the input coupler. Two high-

power loads were used to absorb microwaves from the

output coupler. A schematic of the RF components and the

power feeding system is shown in Fig. 12. An ultraviolet

laser was used to drive the photocathode to produce an

electron beam, which was accelerated to 5 MeV using an

S-band photocathode gun. The energy of the electron beam

was increased to approximately 42 MeV using the pro-

posed S-band acceleration structure. A seven-cell defecting

cavity was employed to measure the longitudinal distri-

bution of the electron bunches [30]. High-power directional

couplers were used to divide the microwaves in each

device. A dipole magnet was used to measure the energy of

the electron bunches.

After installation at the beamline, the accelerating

structure and photocathode gun were simultaneously con-

ditioned. Because no auto-conditioning program was con-

figured on this platform, the conditioning was controlled

manually. The breakdown of the accelerating structure and

photocathode gun was determined by the rise in the vac-

uum level, reflection from the accelerating structure, or

distortion of the probe signal of the photocathode gun.

When the vacuum level exceeded 9 9 10–6 Pa, the

microwave system was shut off by the interlock system and

restarted until the vacuum was recovered. If both devices

were operating without a breakdown for 10 min, the volt-

age of the modulator was increased by 0.2 kV, which

caused an approximately 0.1-MW increment in the output

power of the klystron. After 120 h of conditioning at a

repetition rate of 10 Hz (4.3 9 106 pulses in total), the

voltage of the modulator was increased to saturation. The

power waveforms of the structure were measured using

directional couplers, coaxial attenuators, crystal detectors,

and oscilloscopes. The measured maximum input power

for the structure was 22.5 MW, and the mean power was

20.7 MW. The input, reflected, and output waveforms of

this structure during the operation are shown in Fig. 13.

The simulated electric-field spectra were used to calculate

the transient average accelerating gradient along the beam

path, as indicated by the green dashed line, which reached

the maximum value at the end of the input pulse.

After conditioning, a laser system was used for beam

experiments. During the experiments, no breakdown of the

new type of structure was observed, and the vacuum level

was maintained at 10–6 Pa, as measured by a vacuum

gauge. The electron energy at the exit of the structure was

measured at the end of the beamline using a dipole magnet.

Fig. 10 (Color online) S-parameters of the new structure after tuning.

The blue solid line indicates the reflection from the input coupler. The

red dash-dotted line indicates the reflection from the output coupler.

The yellow dotted line indicates the transmission loss from the input

coupler to the output coupler. The black dashed line indicates the

working frequency

Table 4 Comparison of the

low-power RF measurement

and simulation results

Parameter Measured value Simulation value

Average phase advance (�) 134.8 134.9

Standard deviation of phase advance (�) 2.3 0.7

Reflection S11 (dB) –35 –50

Filling time (ns) 1090 1050

Transmission S21 (dB) –5.5 –5.1
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The parameters of the dipole magnet are presented in

Table 5.

Figure 14 shows the output beam profile deflected by

the magnet to the yttrium aluminum garnet (YAG) screen,

which was collected using a charge-coupled device camera.

The energy measured using the dipole magnet was

42.2 MeV. The output energy of the photocathode gun was

measured as 5 MeV. Therefore, the beam energy gain from

the S-band accelerating structure was 37.2 MeV. Given an

effective length of 1.535 m, the measured average accel-

erating gradient was 24.2 MV/m. The simulated gradient

with this input power was 25.7 MV/m, as indicated by the

dashed green line in Fig. 13. The measured gradient was

94% of the simulated gradient, which verified the effective

acceleration of this structure in the beam experiment. The

gradient was lower than the designed one, which is ascri-

bed to the following factors. (1) The output energy of the

photocathode gun was measured in the old TTX beamline.

In the new beamline, the power from the klystron travels a

longer path, resulting in less power to the photocathode.

The energy output of the RF gun may have been\ 5 MeV,

implying that the energy gain may have been larger than

the measured value. (2) The structure was preserved in a

coarse vacuum conditions for a year before installation,

which may have reduced the quality factor.

Owing to the power limit of the microwave system at

this THz beamline, the target gradient of 30 MV/m for the

TTX upgrade program was not reached. According to the

simulation results, the maximum surface electric field at

the target gradient was 56 MV/m. Considering the S-band

high-gradient test results obtained at KEK [33] and FERMI

[20] which reported an accelerating gradient of 40 MV/m

with a maximum surface electric field of[ 80 MV/m, the

target gradient for the TTX upgrade is expected to be

achieved in future without reaching the breakdown limit.

Fig. 11 (Color online)

Photograph of the accelerating

structure installed on the

platform

Fig. 12 (Color online) RF

components and power feeding

system of the THz beamline.

Here, ‘‘Att.’’ represents the

power attenuator, ‘‘P.S.’’

represents the phase shifter,

‘‘D.C.’’ represents the high-

power directional coupler for

power dividing, and ‘‘dc’’

represents the directional

coupler for power measurement
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5 Conclusion

A low-group-velocity S-band TW structure was

designed at Tsinghua University for the TTX upgrade plan

and the VIGAS program. This new structure can increase

the accelerating gradient with a given RF power to increase

the beam energy to the target parameter in a limited space.

The structure was fabricated, tuned, and tested at a high

power, and it has been operating at a gradient of 24.2 MV/

m with a 20.7-MW input power at the THz beamline at

Tsinghua University. The second structure of this type,

which is currently under fabrication, will be conditioned

with a 30-MW input and reach the target gradient of 30

MV/m in the VIGAS platform in future. In addition to

compact ICS and THz sources, this structure can be applied

to other high-energy electron research, such as very high-

energy electron therapy and neutron generation. The suc-

cessful operation of this new type of accelerating structure

provides reference value for the design of compact high-

gradient accelerating structures.
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