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A light source project named very compact inverse Compton scattering gamma-ray source (VIGAS) is
under development at Tsinghua University. VIGAS aims to generate monochromatic high-energy gamma
rays by colliding 350-MeVelectron beams with 400-nm laser photons within a 12-m beamline. To produce
a high-energy electron beam in such a compact space, the system consists of an S-band high-brightness
injector and six X-band high-gradient accelerating structures. The goal of the X-band structure is to operate
at a high gradient of 80 MV=m. Therefore, we adopts the constant gradient traveling wave approach, where
the iris from the first cell to the end cell is tapered. The structure has 72 cells, including 70 cells and 2
couplers, so we named it XT72. The frequency of XT72 is selected to 11.424 GHz, and the 2π=3 mode is
adopted. In this paper, we present a comprehensive study covering the detailed design, fabrication, rf
tuning, and high-power test results of the first XT72. Additionally, we compare the performance of this
structure to that of the previous constant impedance structure. Our results demonstrate that the XT72 is
capable of operating at an 80-MV=m gradient with a lower breakdown rate. This advancement paves the
way for the development of VIGAS project and contributes to the wider application of X-band room-
temperature high-gradient structures in compact accelerator facilities.

DOI: 10.1103/PhysRevAccelBeams.27.090401

I. INTRODUCTION

High brightness, monochromatic, and tunable x-ray
sources have wide applications in many fields, such as
production of medical radioisotopes and protein crystal-
lography [1,2], isotope-selective radiography and material
assay [3,4], and radiation therapy and cultural heritage
preservation [5,6]. Therefore, there is a growing need for
advanced light source tools or facilities. One promising
method to generate a high-bright and monochromatic
photons is the inverse Compton scattering (ICS), which
involves a scheme where a high-intensity laser is scattered
from high-energy electrons, resulting in the transformation
of laser photons into x-ray photons due to the Doppler shift
[7]. Many facilities aimed at generating high-energy and
high-flux gamma-rays are being developed, for example,
the ThomX ICS source (45–90 keV, 1012–1013 ph=s) at
IJCLAB in Orsay [8], the compact light source (15–35 keV,
1010–1011 ph=s) of Lyncean Technologies inMunich [9,10],

the extreme-light-infrastructure nuclear-physics gamma-
beam-source project (ELI-NP-GBS, 0.2 to 20 MeV,
108 ph=s) in Romania [11,12], and Tsinghua Thomson
Scattering X-ray Source (TTX, 50 keV, 107 ph=s) at
Tsinghua University in Beijing [13–15].
Recently, Tsinghua University has proposed a program

to develop a very compact inverse Compton scattering
gamma-ray source (VIGAS), the goal of VIGAS is to
generate a high flux gamma rays of 108 ph=s with con-
tinuously adjustable energy in the range of 0.2–4.8 MeV by
colliding an electron bunch with a 400- or 800-nm laser,
the electron’s energy can be tuned from 50 to 350 MeVand
the emittance is less than 0.6 μm [16–18]. Currently, the
beamline is under construction and we expect to achieve the
first light by the end of 2025.
The beamline 3D model and schematics are illustrated in

Figs. 1(a) and 1(b), with all elements abbreviations listed in
the table below. The length from photoinjector cathode
to the electron-laser interaction point is less than 12 m,
while the total length including the electron beam energy
diagnostic system is about 14 m. The entire beamline can
be divided into two sections: the S-band high-brightness
injector section and the X-band main accelerator section.
The S-band injector section comprises an S-band photo-
injector [19] and a traveling wave structure [20] powered
by a Canon E3730A 50-MW klystron. Additionally, there
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is a S-band 7-cell standing wave buncher located between
the photoinjector and the accelerating structure. Its purpose
is to compress the bunch length and it is powered by
another 7.5-MW klystron. The photoinjector solenoid sol 1
and S-band traveling-wave accelerating structure solenoid
sol 2 serve as the focusing elements and play roles in
emittance compensation [21]. The X-band main accelerator
section comprises three identical modules, each consisting
of a 50-MW X-band klystron, a pulse compressor, and two
high-gradient X-band accelerating structures. The pulse
compressor serves to increase the peak power of the rf

while compressing the pulse length. Subsequently, the
compressed rf pulse is split and fed into two structures.
At the end of the S-band injector, the electron bunch energy
is approximately 50 MeV. Each X-band accelerating
structure provides an energy gain of 50 MeV, enabling
the total electron energy at the end of the X-band main
accelerator section to reach 350 MeV.
The goals of VIGAS for an X-band high-gradient

structure are to achieve a gradient of at least 80 MV=m
and an energy gain of at least 50 MeV, resulting in a
structure length of no less than 0.63 m. The repetition rate

FIG. 1. VIGAS beamline layout. (a) Beamline 3D model. (b) Schematic and main elements description.
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of VIGAS is 10 Hz, which means the break down rate
(BDR) should not exceed 2 × 10−5=pulse in order to avoid
break down during 1 h of continuous operation. According
to the conditioning history of X-band structures in CERN
and KEK, it will take more than 108 pulses of conditioning
to achieve a low BDR of 10−6=pulse=m [22]. However,
considering that VIGAS requires six X-band structures
within 2 years, we have decided to condition each structure
up to 20 millions pulses in high-power test, aiming to
achieve 80 MV=m gradient with BDR at the level of
10−4=pulse for time saving.
Given the fact that X-band structures can achieve higher

accelerating gradients and are more compact compared to
lower frequency bands structures [23], many light source
facilities adopt X-band structures as part of their accelera-
tor systems. For instance, the CERNCLIC program operates
X-band accelerating structures at 100 MV=m, subsequently,
the collaboration between CERN, KEK, and Tsinghua
University push the limit to 120 MV=m by a choke mode
damped structure [24,25]. Additionally, the EuPRAXIA
program at SPARC LAB is developing an X-band linac
with a gradient of 57 or 80 MV=m [26]. Moreover, the
Shanghai Institute of Applied Physics has designed an
X-band accelerating structure with a target gradient of
80 MV=m for its compact hard X-ray FEL program [27].
Due to convenience in fabrication, we initially adopted a

constant impedance (CI) approach. In 2021, we developed
a prototype of a CI X-band traveling wave structure with 72
cells, which we named XC72 (X-band constant impedance
structure with 72 cells) [28]. XC72 underwent conditioning
for nearly 20 million pulses. Although XC72 has reached
almost 80 MV=m, the BDR is about 10−3=pulsem, slightly
higher than we required, mostly because the field in the first
cell is too high. Therefore, we decided to switch to the
constant gradient (CG) approach. The CG structure has the
same number of cells as XC72, but the apertures are tapered
from input to output, thus we name it XT72 (X-band
tapered structure with 72 cells).
In this paper, we present the fully detailed design of

XT72, along with the fabrication, rf tuning, and high-power
test results of the first XT72 structure. The results dem-
onstrate its ability to operate at a gradient of 80 MV=m
with a lower BDR.
The paper is organized as follows: First, we introduce the

physics design, including the rf design, coupler optimiza-
tion, and wakefields effect analysis. Second, we illustrate
the fabrication and rf tuning process of the first XT72
structure to validate the physics design. In the last section,
we present the high-power test results and analysis, with the
comparison to those of XC72.

II. PHYSICS DESIGN

This section is divided into three subsections. In the first
part, we introduce the rf design of a single cell and the

entire structure, including a comparison of the main rf
characteristics with XC72. In the second section, we
present the coupler optimization, particularly on the sup-
pression of multipole fields from couplers. Lastly, we
provide a method to calculate the wake function of the
structure and a quantitative analysis of the wakefields effect
on beam dynamics.

A. rf design

The CPI VKX8311B X-band klystron is selected as our
power source, which could generate 50-MW and 1.5 μs
pulsed power with a maximum repetition rate of 40 Hz. In
order to drive two X-band accelerating structures in one
module as shown in Fig. 1, a pulse compressor (PC) has to be
implemented. The quality factor of the PC is designed to be
90 000with a coupling factor of 3.5, it can compress thepulse
length by a factor of 10 and boost the power by a factor of 5.
Therefore, the filling time of the structure should be not
exceeding 150 ns with the shunt impedance of the structure
greater than 90 MΩ=m. Similar as the design of XC72 stated
in Ref. [28], we choose 2π=3 phase advance per cell as the
working mode for a better trade-off between shunt imped-
ance and filling time. The aperture of the cell is a crucial
variable; the smaller it is, the higher the shunt impedance and
longer the filling time, but thewakefield is more intense. The
apertures of the CG structure are selected to be in the range of
3.92 to 3.12mm, resulting in an average aperture of 3.52mm,
which is similar to that of XC72.
Table I presents the crucial rf properties of the first,middle,

and end cell. The vg=c denotes the group velocity relative to
the speed of light, r=Q represents the shunt impedance over
quality factor, Es denotes the surface electric field, Ea
represents the accelerating gradient of the cell, Hs denotes
the surface magnetic field, and Sc is the modified Poynting
factor [29,30], which can be expressed by

(
Sc ¼ jReðS⃗Þj þ 1

6
jImðS⃗Þj

S⃗ ¼ 1
2
E⃗ × H⃗� : ð1Þ

Figure 2 shows the distribution of surface electric field,
magnetic field, and modified Poynting factor in the first,

TABLE I. rf properties of the first, middle, and end cell.

Properties First cell Middle cell End cell

Aperture radius (mm) 3.92 3.52 3.12
Frequency (GHz) 11.424 11.424 11.424
Quality factor 7056 7024 6996
vg=c (%) 3.20 2.23 1.44
r=Q (Ω=m) 13261 14404 15650
Es=Ea 2.06 1.99 1.96
Hs=Ea (mA=V) 2.85 2.75 2.66
Sc=Ea2 (mA=V) 0.52 0.44 0.35
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middle, and end cells, as simulated using CST Studio
Suite®. The parameters of the other cells can be interpo-
lated using the data from the first, middle, and end cells.
The rf properties of the entire structure are listed in Table II,
with a comparison to XC72. Using the data in Table II, we
can calculate the output power required from the pulse
compressor for XT72 to achieve 80 MV=m by the method
in Ref. [31], as shown in Fig 3. The blue line is the power
incident into the power compressor, the total pulse length is
1.2 μs, with a phase reverse at 1.1 μs. The quality of the PC
is 90 000 with coupling coefficient of 3.5, thus the output
power from PC is a factor of 5 to the incident power, but
only 100 ns pulse length, as indicated by the red line. The

gradient in time domain of XT72 can be numerically
calculated using the following equation:

GðtÞ ¼
Z

L

0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ωrðzÞP½t − τðzÞ�

vgðzÞQðzÞ

s
e−αðzÞH½t − τðzÞ�dz; ð2Þ

where PðtÞ is the structure incident power, αðzÞ ¼
1
2

R
z
0

ω
vgðz0ÞQðz0Þ dz

0 denotes the power attenuation factor along

the structure, τðzÞ ¼ R
z
0

dz0
vgðz0Þ represents the signal time

delay, and Hðt − τÞ is the heavyside function.
Substituting the input power (red line in Fig. 3) and rf
properties of each cell in Table II into Eq. (2), the gradient
in time domain can be derived as shown by the black line in
Fig. 3. From this calculation, the required peak power out
of the PC is 80 MW in order to achieve gradient of
80 MV=m. It should be noted that for the CG structure, the
optimal pulse shape is square, rather than the exponentially
decaying shape from a pulse compressor. Therefore, if a
pulse with a longer flat-top is used, the required power
should be less than 80 MW.
Maximum surface electric field, surface magnetic field,

and modified Poynting factor are three important physical
quantities that can affect BDR. To have a as low BDR as
10−6/(pulse m), there are empirical thresholds of these
quantities. According to the experiment results from
CERN and KEK [22,30,32], a good criteria for the surface
electric field in design is not to exceed 210 MV=m and for
the modified Poynting factor, it should be less than
5 MW=mm2. The surface magnetic field mainly causes
pulsed heating, especially in the couplers of the structure.
For copper, the equation to estimate the pulsed heating
effect can be written as Eq. (3) [33,34]

ΔT ¼ 127jHkj2
ffiffiffiffiffiffiffi
ftp

q
; ð3Þ

FIG. 2. First, middle, and end single cell rf surface electric field,
magnetic field, and modified Poynting factor in simulation.

FIG. 3. Numerical calculation results of required power and
gradient in time domain.

TABLE II. rf properties of the XT72 and XC72.

Properties XT72 (CG) XC72 (CI)

Aperture radius (mm) 3.92–3.12 3.50
Frequency (GHz) 11.424 11.424
Quality factor 7056–6996 7020
vg=c (%) 3.20–1.44 2.2
Shunt impedance (MΩ=m) 93–109 101
Filling time (ns) 98 94
Working mode 2π=3 2π=3
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whereHk is the maximum surface magnetic field in MA/m,
f is the rf frequency in GHz, and tp is the pulse length in μs.
A practical criteria from experiment is that the temperature
rising due to pulsed heating should be less than 50 °C
[35,36]. In our case, the rf pulse length incident to the
structure is around 100 ns, thus the maximum surface
magnetic field should not exceed 610 kA=m according
to Eq. (3).
To evaluate the design performance, the entire structure

model is built and simulated using CST Studio Suite® F-
solver to calculate surface electric field, surface magnetic
field, and modified Poynting factor, as shown in Fig. 4. All
the quantities are scaled in accordance with 80 MW input
power, which generates 80 MV=m gradient. The values are
listed in Table III along with the comparison with XC72
and recommended design thresholds.
Table III concludes that the design of XT72 meets with

the empirical threshold values. Additionally, all critical

physical quantities that affect BDR are improved compared
to XC72, except Hs. The reason for a larger Hs is that
XT72 adopts a racetrack coupler to suppress the emittance
growth due to multipole fields, which is presented in detail
in the next section.

B. Coupler optimization

The dual-feed coupler approach is adopted for XT72 as
illustrated in Fig. 4, in which the dipole field component
effect in the coupler can be mitigated. However, there is still
quadrupole field component inside which could deteriorate
the emittance during the electron acceleration [37]. One
method to suppress this effect is by using a racetrack coupler.
The geometry of this type of coupler consists of two circles
with a distance Δx between them. Three kinds of coupler
schematics and their characteristics are depicted in Fig. 5.
By adjusting the separation distance Δx between two

cylinders in the coupler, the quadrupole field component
can be optimized to the minimum value. The small
reflection S11 could be obtained by adjusting the coupler
radius. The method to evaluate the high-order fields
component can be described as follows. First, draw a
circle with a radius of 2 mm at the center of the coupler, as
indicated by the blue line in Fig. 6. Next, calculate the
tangential magnetic field Hφ along the circle. Finally,
analyze the multipole field components from the field
distribution by using Fourier transformation. The fields Hφ

FIG. 4. (a) Surface electric field Es, (b) surface magnetic field
Hs, and (c) modified Poynting factor Sc at 80 MW of incident
power simulation results from CST Studio Suite®.

TABLE III. Comparison of XT72, XC72, and recommended
design thresholds on maximum surface electric field Es, surface
magnetic field Hs, and modified Poynting factor Sc.

Properties XT72 (CG) XC72 (CI) Thresholds

Es (MV=m) 186 224 <210
Hs (kA=m) 456 383 <610

Sc (MW=mm2) 4.62 5.65 ≤5

FIG. 5. (a) Single port coupler, with strong dipole and quadru-
pole field components. (b) Dual-feed regular coupler, with strong
quadrupole field component. (c) Dual-feed coupler with racetrack
geometry, both dipole and quadrupole field components can be
suppressed.
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in a dual-feed regular coupler and racetrack coupler are
shown in Fig. 7. From this, one can see that the quadrupole
field component dominates in the regular coupler, while the
octopole field is the main component in racetrack coupler.

The Fourier transformation is applied on the data in
Fig. 7, and the quadrupole field components strength
relative to the monopole field are calculated and listed in
Table IV. The calculation results indicate that the quadru-
pole field strength is suppressed by 2–3 orders of magni-
tude as compared with the circular coupler shape.
The disadvantage of adopting racetrack coupler is that

the surface magnetic field Hs will increase with respect
to the regular one, especially in the neck of the coupler, as
illustrated in Fig. 8. The maximum Hs is about 456 kA=m
at target operating power, which is about 20% higher than
the regular one. Using Eq. (3), the maximum temperature
rise due to pulsed heating effect is about 28 °C, which is
within a safe range to avoid unnecessary increases in BDR.
The performance of racetrack couplers on emittance

growth suppression is validated through beam dynamics
simulation. Three-dimensional field maps of XT72 with
ether regular or racetrack couplers are simulated in CST
Studio Suite® F-solver and then imported into General
Particle Tracer® (GPT) for beam dynamics simulation. The
results of emittance evolution at different z position of the
entire VIGAS beamline are shown in Fig. 9. The primary
parameters of the simulation are listed in Table V. All
parameters and simulation settings are the same except for
the fields in X-band structures. Therefore, the effect of
quadrupole field components in the couplers can be clearly
analyzed. The emittance using racetrack couplers are
0.39 μm compared to 0.42 μm when using regular cou-
plers, representing about an 8% improvement.

FIG. 6. Cross-sectional view of the coupler: The blue circle
represents a virtual geometry used to evaluate fields on it.

FIG. 7. Normalized field Hφ in the regular coupler (a) and in
the racetrack coupler (b) along a circle in the coupler center.

FIG. 8. Surface magnetic field distribution on the racetrack
coupler.

TABLE IV. Comparison of quadrupole field component
strength relative to the monopole field component in regular
and racetrack coupler.

Relative strength

Coupler type Input coupler Output coupler

Regular 0.29 0.25
Racetrack 8 × 10−4 1 × 10−3
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Both the calculation of multipole field components from
rf simulations and the emittance calculation from beam
dynamics simulations demonstrate that the racetrack cou-
pler design is a superior option for our structure.

C. Wakefield effect analysis

Wakefields can be categorized as longitudinal and trans-
verse wake. The longitudinal wakefield is proportional to
the square of frequency (wk ∝ ω2), while the transverse
wakefield is proportional to the cube of frequency
(w⊥ ∝ ω3) [38]. Therefore, it is important to consider
the wakefield effect of X-band structures due to their small
beam apertures. Additionally, wakefield effects can also be
classified as long range and short range. The short-range
wakefield mainly affect the drive bunch itself, while the
long-range wakefield acts on the bunch trailing behind the
drive one. Since the repetition frequency of VIGAS is
10 Hz, the separation between a drive and a trailing bunch
is significant enough that the long-range wakefield effect

can be ignored, and we only need to consider the short-
range wakefield effect for XT72.
In one-dimension model, the wake potential (Wp) can be

calculated from the convolution of wake function (w, the
wake potential corresponding to a point charge) with the
charged bunch density, as expressed by Eq. (4)

WpðzÞ ¼
1

Qtot

Z
∞

−∞
wðz − τÞρðτÞdτ; ð4Þ

where Qtot is the total charge of the bunch, and ρðzÞ is the
charge density distribution.
Generally, deriving the analytical expression for the

wake functions of a structure is not easy, it is approximately
expressed as a superposition of many eigenmodes of the
structure [39,40]. Here we present a numerical method to
deduce the wake function of an impedance structure. The
procedure is introduced as follows. First, the XT72 three-
dimension model is built in CST Studio Suite® wakefield
solver, then the longitudinal and transverse wake potential
can be numerically simulated. Then the wake function can
be derived by the following Eq. (5):

wðzÞ ¼ F−1
�
QtotF ½WpðzÞ�

F ½ρðzÞ�
�
; ð5Þ

where F denotes the Fourier transformation symbol, and
F−1 is the inverse process. Finally, the derived wake
function is applied into General Particle Tracer® (GPT)
wakefield element for beam dynamic simulation. Using this
method, the wakefield effect on the beam emittance and
energy spread could be analyzed.
Figure 10(a) illustrates the wake potential simulation

settings in CST. The drive beam charge is 1 nC with
1.5 mm rms length. The cut-off frequency is as high as
68.2 GHz, which covers the fifth harmonic mode of
11.424 GHz. Figures 10(b)–10(d) are the wake potential
simulation results. The longitudinal wakefield is obtained
by setting the drive bunch on axis, while X and Y transverse
wakefields are calculated by setting the drive bunch with an
off-axis 1 and 1.5 mm, respectively. Since transverse wake
function is proportional to the offset, the specific off-axis
value does not matter, as it will be normalized during the
calculation of the transverse wake function.
Substituting the wake potential data in Figs. 10(b)–10(d)

and the drive bunch density into Eq. (5), the longitudinal
and transverse wake function can be derived and as shown
in Fig. 11. The wake function is truncated to 0.4 m because
only the short-range wakefield is taken into consideration.
A quick method to examine the validation of this result is to
roughly calculate the fundamental wakefield amplitude
using the analytical equation in Wangler’s book [38].
The amplitude is ω

2
r
Q0
, substituting the parameters of

XT72 in Table II, the result is about 500 V=pC, which

TABLE V. Primary parameters in the beam dynamics
simulation.

Parameters Value

Laser pulse length (ps) 7.27
Laser transverse rms size (mm) 0.2
Electron bunch charge (pC) 200
Thermal emittance [μm=mmðrmsÞ] 0.9
Photoinjector gradient (MV=m) 100
Sol1 strength (T) 0.2015
Buncher gradient (MV=m) 36
S acc gradient (MV=m) 27
Sol2 strength (T) 0.2075
X acc gradient (MV=m) 80

FIG. 9. Evolution of emittance versus position z is shown in
two cases: one where all the X-band structures use regular
couplers, and the other where racetrack couplers are used instead.
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is at the similar level of result in Fig. 11(a). It demonstrates
that the results in Fig. 11 is reasonable.
Importing the data of Fig. 11 into GPT’s wakefield

element, the wakefield effect can be calculated in the beam
dynamics simulation. Figure 12 indicates the emittance
results with and without wakfield. From this figure, we
observe that the emittance increases by approximately 10%
due to the wakefield effect but still meets the required
criteria. Figure 13 illustrates the energy spread with and
without wakefield, and the result indicates that the influ-
ence is less than 1%, suggesting that it could be ignored.
This indicates that the emittance is more sensitive to the
wakefield effect in our structure. However, the value
remains acceptable and meets the required emittance for
the VIGAS project.
A short summary for this section, we first discuss the rf

design of XT72, highlighting its maximum surface electric

field and modified Poynting factor, which are lower than
those of XC72 under operational conditions. Second, we
examine the advantages of employing a racetrack coupler,
providing both discussion and demonstration. Finally, we
calculate the wakefield of XT72 and analyze its impact on
beam dynamics. These comprehensive designs lay the
groundwork for fabricating an improved X-band structure
for the VIGAS project.

FIG. 11. Wake function of XT72. (a) Longitudinal wake
function. (b) X-transverse wake function. (c) Y-transverse wake
function.

FIG. 12. Wakfield effect on emittance.

FIG. 10. Wake potential simulation in CST. (a) Simulation
model and settings in CST. (b) Longitudinal wake potential.
(c) Y-transverse wake potential with drive beam 1-mm off axis in
Y direction. (d) X-transverse wake potential with drive beam
1.5-mm off axis in X direction.

FIG. 13. Wakefield effect on energy spread. (a) With wakefield.
(b) Without wakefield.
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III. FABRICATION AND TUNING

The bowl-shape regular cells are machined and the
couplers are milled. All the dimensions tolerance are within
5 μm, and the surface roughness is less than 0.1 μm. The
pictures of cells of XT72#1 before and after brazing is
shown in Fig. 14.
Tuning of XT72#1 was performed using a 4-port VNA,

and the on-axis field was measured using the nonresonant
perturbation bead-pull method [41]. Then the detuning of
each cell can be derived from the bead-pull data and local
reflection [42] using Eq. (6). Where the ΔS11 denotes the
reflection variation between with and without the bead, the

En represents the electric field on axis in the nth cell, ΓðnÞ
11

refers the local reflection in the nth cell, φ is the phase
advance per cell, and Δfn is the detuning frequency in the
nth cell: 8>>><

>>>:
En

2 ∝ ΔS11
ΓðnÞ
11 ¼ 2En cosφ−ðEn−1þEnþ1Þ

En−1−Ene−jφ

Δfn ¼ f
φ
Imag½ΓðnÞ

11
�

vg=c

: ð6Þ

The results of the first XT72 tuning are depicted in
Fig. 15. Before tuning, there is a strong standing wave
inside the structure and the phase advance per cell is far
from 120°. As illustrated in Figs. 15(c) and 15(d), the field
balance and phase after tuning are improved and meet the
requirements of the 2π=3 constant gradient structure. The
phase advance per cell is 120°� 1.4° from Fig. 15(e).

Figure 16 illustrates the S parameters after tuning. At the
working frequency, the reflection S11 is −28 dB and the
transmission S21 is −4.45 dB, which are well matched with
simulation values of −4.38 dB. The filling time can also be
calculated from the S parameters [28], as expressed in
Eq. (7), where φ½S21� denotes the phase of S21, and ω0 is the
working frequency. The phases of S21 from the measure-
ment and simulation are plotted together in Fig. 17, and
they match each other very well. The filling time calculated

FIG. 14. Cells of XT72#1 before brazing (up) and structure
after brazing (down).

FIG. 15. Tuning results. (a), (b) Amplitude and phase of field
before tuning. (c), (d) Amplitude and phase of field after tuning.
(e) Comparison of phase advance per cell between before tuning
and after tuning.

FIG. 16. S parameters after tuning.
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from the phase of S21 from measurement is 98.3 ns, which
agrees well with the single cell calculation in Table II:

tf ¼ −
dφ½S21�
dω

����
ω0

: ð7Þ

The group velocity can be derived from filling time by
vg ¼ L

tf ¼ 2.1%c. The quality factor can be obtained by
using Eq. (8):

Q ¼ ω0

2αvg
; ð8Þ

where α is the attenuation factor and can be derived from
the S21 magnitude. Substituting the working frequency,
group velocity, and attenuation faction into Eq. (8), the
quality factor result is 6886, which is closely aligns with the
value of 6937 obtained from the CST entire structure
simulation and also matched with the single cell simulation
results in Table I.
The results of tuning and low-power rf tests demonstrate

that the rf properties of the structure meet the design
requirements, indicating that it is ready for high-power
testing.

IV. HIGH-POWER TEST

The high-power conditioning of the first X-band con-
stant gradient structure (XT72) was conducted at Tsinghua
high-power test stand for X-band (TPOT-X) [43]. The
power source is a CPI VKX8311B Klystron capable of
generating 50-MW power with a pulse width of 1.5 μs and
a repetition rate of 40 Hz, operating at a frequency around
11.4 GHz. Figure 18 depicts the setup of high-power
test stand.
The power generated from the Klystron is boosted by the

pulse compressor by a factor of 4, and the pulse width is
compressed by a factor of 10. Therefore, the maximum
peak power injected into the test stand can reach 200 MW

with a 150-ns pulse width. The power transmitting out of
the device under test is absorbed by an X-band high-power
rf load, which is scaled from S-band version [44].
Directional couplers (DC6 and DC7) located at the entrance
and exit monitor the transmission and reflection rf power,
used to analyze the test structure’s conditioning status.
Other directional couplers (DC1–DC4) are used to monitor
the output power of SSA, Klystron, and pulse compressor.
A Faraday cup is installed at the exist of the device under
test for the dark current recording. A high-power rf window
separates the test structure from the upstream, eliminating
the need to break the upstream vacuum when switching the
device under test.
During the rf conditioning, the transmission, and reflec-

tion power waveforms from DC6 and DC7 are recorded
every 5 s. The vacuum level and dark current signals are
also monitored by the system. The conditioning strategy is

FIG. 17. Phase of S21 and filling time from calculation.

FIG. 18. Setup of high-power test stand. (a) rf room outside the
bunker. (b) Test stand inside bunker. (c) Schematic of the setup.
Abbreviation: LLRF: low-level rf, SSA: solid state amplifier, and
dc: directional coupler.

QIANG GAO et al. PHYS. REV. ACCEL. BEAMS 27, 090401 (2024)

090401-10



described as follows: the power level increasing period is
set to 60 s with a rest time of 30 s. During the 60-s
conditioning period, if no breakdown occurs, the power
level is increased by 0.1 MW. However, in the event of a
breakdown, the rf is turned off for 30 s to evacuate the
structure, and the power level is decreased by 0.1 MW.
There are thresholds for the reflection signal from DC6 at
the entrance of the device under test, the vacuum level,
and the dark current. If any of them exceeds the set
thresholds, the interlock is triggered, and an event of
breakdown is recognized and recorded.
The high-power test results of first XT72 are illustrated

in Fig. 19, along with the XC72 results from [28] at right.
Figures 19(i) and 19(ii) indicate a normal waveform of the
input, the reflection power from DC6 at the entrance of
the structure and the transmission power from the exit of
the structure. The gradient in the figures are calculated
from the input power waveform using Eq. (2) with the
quality factor (Q) from measurement results. The wave-
forms in Figs. 19(i) and 19(ii) were captured at BDR
level of 10−4=pulse=m, the peak power and gradient of
XT72#1 were measured as 76.1 MW and calculated as
81.0 MV=m, while for XC72 they were 78.6 MW and
78.7 MV=m, respectively. The reason that the peak
power of XT72#1 needed for 80 MV=m in Fig. 19(i) is
lower than that of in Fig. 3 is because of the different
pulse shapes. The ideal pulse shape output from a pulse
compressor is exponentially decaying, however, in the
experiment, we increased the phase reverse time and
applied the amplitude modulation for the input pulse,
thus a relative flat pulse was generated compared to the
ideal case. As stated in Sec. II A, constant gradient
structure prefers a pulse with a flat top.
Figures 19(iii) and 19(vi) depict the peak power, break-

down numbers, pulse width, and gradient during the
conditioning history. Data points from XT72#1 appear
denser because we use more data samples from the
conditioning history compared to those from XC72.
Both structures underwent approximately 17 million pulses
and required around 120 h for high-power conditioning.
Obviously, the XT72#1 reached the goal gradient more
quick than the XC72. The breakdown numbers are at a
similar level, around 9000. We believe that by making the
conditioning strategy slightly less aggressive, such as by
extending the duration of each power step, the number
of breakdowns could be reduced. Figures 19(v)–19(xii)
show the maximum surface electric field, maximum modi-
fied Poynting factor, and maximum pulse heating of each
pulse during the conditioning history. These three quan-
tities are calculated from input power pulse. The perfor-
mance of XT72 is clearly superior to that of XC72. Detailed
numerical values of these quantities are listed in Table VI
for comparison.

FIG. 19. Comparison of high-power test results between
XT72#1 (left) and XC72 (right). (i), (ii) Input power (blue line),
reflection power (red line), transmission power (yellow line), and
gradient (Eacc, dotted purple line). (iii)–(xii) Conditioning
history of peak power, breakdown (BD) numbers, pulse width,
gradient (Eacc), maximum surface electric field [Max(Es)],
maximum modified Poynting factor [Max(Sc)], and maximum
pulse heating.
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The locations where breakdowns occur can also be
estimated using the approach mentioned in [28,45], here
we briefly repeat its processing procedure. When a break-
down occurs in the structure during the input pulse, the
portion of the pulse preceding the breakdown timestamp
continues to transmit through the structure. Consequently,
the width of the transmitted pulse (ttr) leaving the structure
indicates the timestamp of the breakdown occurring in the
input pulse. The latter portion of the input pulse will be
reflected toward the input coupler and captured by the
directional coupler as the reflection signal. The time

separation between the rising edges of the input and
reflection pulses (tre) represents the round-trip time traveled
by the signal. Therefore, the location of the breakdown
occurring from the input coupler can be calculated using
the following equation:

Xn
i¼1

2L
vgi

> tre − ttr ≥
Xn−1
i¼1

2L
vgi

; ð9Þ

where L is the single cell length, vgi represents the group
velocity of the ith cell, and n is the cell index number where
breakdown happens.
In Fig. 20, we present two instances of breakdown event

occurring in XT72#1: one at the front part of the structure
and the other at the rear part. Apparently, the breakdown
location information can be derived from tre and ttr.
By applying the approach introduced above, we can

count the numbers of breakdown occurring at each cell
during the conditioning history, as shown in Fig. 21. From
the comparison, it is observed that breakdowns have a high
probability of occurring at the first several cells of the
constant impedance structure (XC72), as the electric field

TABLE VI. Comparison of XT72 and XC72 on maximum
surface electric field Es, modified Poynting factor Sc, and
temperature rising due to pulsed heating in the conditioning
history.

Properties XT72 XC72

Max(Es) (MV=m) 182 225
Max(Sc) (MW=mm2) 4.6 5.5
Max (ΔT) (°C) 32.0 34.5

FIG. 20. Breakdown instances of XT72#1. (a) The breakdown
occurs at the front part of the structure. (b) The breakdown occurs
at the rear part of the structure.

FIG. 21. Breakdowns distribution in the (a) constant gradient
structure XT72#1 and (b) constant impedance structure XC72.
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decreases from input end to output end in such a structure.
However, the breakdown distribution is more uniform in
the constant gradient structure (XT72) compared to XC72,
corresponding to a nearly flat electric field distribution as
shown in Fig. 15(c).
The high-power test results demonstrate that the new

constant gradient structure (XT72) performs better than the
constant impedance structure (XC72). XT72 reached
81.0 MV=m at a lower BDR of 1.5 × 10−4 within 17 mil-
lions conditioning pulses. The improvement is attributed to
the reduction of the electric and magnetic field in the
structure at the target gradient level, resulting in a more
uniform probability of a breakdown event occurring in each
cell. This uniformity benefits the conditioning process,
resulting in a lower breakdown rate (BDR) for XT72
compared to XC72 at the same gradient level. In con-
clusion, XT72 has been demonstrated to be superior and
meets the requirements of the VIGAS project. As a result,
the other five X-band accelerating structures will adopt the
same design for fabrication.

V. SUMMARY

This paper presents the design, fabrication, and testing of
an X-band constant gradient structure for the VIGAS
project at Tsinghua University. The high-power test results
indicate that this structure outperforms previous constant
impedance structure XC72, reaching a gradient of
81.0 MV=m compared to 78.7 MV=m within 17 million
pulse conditioning at a BDR level of 10−4=pulse=m. The
successful development of the first constant gradient
structure demonstrates its superiority for VIGAS main
accelerators. Other X-band high-gradient structures in
the world, such as CERN TD26R05CC, TD24R05, KEK
TD24R05-#2, and TD24R05-#4 [32], took more than
100 million pulses for conditioning to reach the gradient
of 80 MV=m with a BDR of 10−6/pulse/m. XT72#1 took
much less pulses for conditioning but a higher BDR
because we took an aggressive conditioning strategy due
to the VIGAS project tight schedule and its loose BDR
requirement. Further conditioning will be conducted on
beamline to achieve a gradient above 80 MV=m with a
target BDR at the level of 10−5=pulse=m. Subsequent
XT72 structures (#2 to #6) have been fabricated and are
undergoing brazing and exhausting. We plan to complete
conditioning of these structures by the end of this year and
conduct a full comparison and analysis of the conditioning
history for all six structures.
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