Nuclear Science and Techniques (2023) 34:116
https://doi.org/10.1007/s41365-023-01279-z

=

Check for
updates

Fault locating for traveling-wave accelerators based on transmission
line theory

Tong-Ning Hu'® - Hai-Meng Wang' - Yi-Feng Zeng' - Hong-Jie Xu' - Li Chen? - Guang-Yao Feng? - Yuan-Ji Pei®

Received: 9 December 2022 / Revised: 6 April 2023 / Accepted: 5 May 2023 / Published online: 17 August 2023
© The Author(s), under exclusive licence to China Science Publishing & Media Ltd. (Science Press), Shanghai Institute of Applied Physics, the Chinese
Academy of Sciences, Chinese Nuclear Society 2023

Abstract

Radio-frequency (RF) breakdown analysis and location are critical for successful development of high-gradient traveling-
wave (TW) accelerators, especially those expected to generate high-intensity, high-power beams. Compared with commonly
used schemes involving dedicated devices or complicated techniques, a convenient approach for breakdown locating based
on transmission line (TL) theory offers advantages in the typical constant-gradient TW-accelerating structure. To deliver
such an approach, an equivalent TL model has been constructed to equate the TW-accelerating structure based on the fun-
damental theory of the TL transient response in the time domain. An equivalence relationship between the TW-accelerating
structure and the TL model has been established via analytical derivations associated with grid charts and verified by TL
circuit simulations. Furthermore, to validate the proposed fault-locating method in practical applications, an elaborate analysis
via such a method has been conducted for the recoverable RF-breakdown phenomena observed at an existing prototype of
a TW-accelerating-structure-based beam injector constructed at the Huazhong University of Science and Technology. In
addition, further considerations and discussion for extending the applications of the proposed method have been given. This
breakdown-locating approach involving the transient response in the framework of TL theory can be a conceivable supple-
ment to existing methods, facilitating solution to construction problems at an affordable cost.

Keywords Traveling-wave structure - RF breakdown - Fault locating - Transmission line

1 Introduction

In recent years, with the development of high-power radio-
frequency (RF) sources as well as microwave devices, rapid
growth has been witnessed in high-gradient traveling-wave
(TW) accelerators in support of various scientific applica-
tions [1-5], such as high-energy colliders, free electron
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lasers (FELs), and synchrotron radiation. However, for com-
mercial and civil use, the accelerator facility is expected to
be confined within a relatively small scale, which means
the length of the TW structure should be reduced by further
increasing the accelerating gradient [6]. Furthermore, from
the perspective of accelerator-based industrial applications,
a high repetition rate and even continuous wave operations
are required for generating high-intensity, high-power beams
[7-9]. In other words, adequate accelerating fields are sup-
posed to be established in such TW structures by feeding a
high RF power with a high work ratio.

However, after being fed into the accelerating struc-
ture, the RF power dissipates along its inner wall, and the
associated pulsed RF heating, along with field emission,
is considered to be a limiting factor in the design of room-
temperature high-gradient accelerators [10]. Such pulsed
heating induces not only cavity deformation but also vac-
uum arcing or breakdown [11, 12] becoming dramatically
serious at high work ratios. Consequently, efforts have
been made to analyze and reduce its influences [7, 13].
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Breakdown, which mainly depends on conductor materi-
als, machining accuracy, and vacuum level, is one of the
primary phenomena limiting the achievable accelerating
gradient in normal-conducting RF structures [6, 12]. To
make the TW-accelerating structure suitable for normal
operations, a process of gradually increasing fed-in power,
namely RF conditioning, is commonly deployed after a
long period of vacuuming [14, 15]. Most of the break-
downs caused by gas ionization and machining burrs can
be avoided by sufficient RF conditioning under the condi-
tions of both low and high power. However, in the case of
high gradient or high work ratio, there will still be occa-
sional ignition, which might affect the normal operation
of the accelerator and even cause permanent damage to
the RF structure, while associated reflection power might
destroy the microwave device or even the RF source [16].
Therefore, it is vital to find the breakdown position and
analyze the cause, thereby maintaining beam quality and
ensuring machine safety but also helping us to understand
the underlying physics of TW accelerator. This will then
drive continuing interest in further improvement in cases
of higher gradient and higher power and even guide the
in-depth development of X-band and higher frequency TW
accelerators [17, 18].

Extensive efforts especially over the past decade, involv-
ing both simulations and experiments, have been made to
identify and analyze the formation mechanism and underly-
ing physics of RF breakdown [19-22]. Many works have
contributed greatly to the in-depth study of RF break-
down physics and the improvement of accelerator facilities
[23-26]. Because the experimental results are significant for
evaluating the simulation models and improving practical
engineering, a considerable number of dedicated devices and
techniques have been developed to conduct online diagnos-
tics of RF breakdowns [27-31]. Unfortunately, most of them
are inevitably accompanied by complex peripheral subsys-
tems, which lead to an enlarged facility scale as well as extra
economic costs, not to mention other costs of necessary
upgrades for existing facilities. However, for constructed
accelerators, if the breakdown is recoverable and does not
cause permanent damage, compared to disassembling the
facility, it is preferred to analyze the phenomenon and iden-
tify the cause online, bringing commensurate cost savings.
One attractive approach is employing predictive methods
to limit the impact of the breakdowns [6, 32], such as using
data-driven machine learning algorithms, which have been
recently applied for design, commissioning, and diagnosis
in the accelerator field [33-36]. Nevertheless, such machine
learning-based predictions require a considerable volume of
data to form the training set. Therefore, it is imperative to
seek a more convenient and cost-efficient approach with the
lowest possible cost to analyze and locate RF breakdowns
in TW-accelerating structures.

@ Springer

According to the fundamental theory upon which TW
accelerators are based, the entire TW-accelerating structure
can be regarded as a transmission line (TL) with accelerating
voltage traveling at group speed, while the voltage presents
as a TW. Therefore, it is logical to introduce fault-locating
methods based on the TL theory used in power and signal
systems [37—-40]. This context concentrates on investigating
an equivalence relation between the TW-accelerating struc-
ture and the TL by recalling the fundamental TL theory and
exploring how to apply the TL-based fault-locating method
to the TW-accelerating structure. In this method, circuit
simulations are conducted and analytical derivations asso-
ciated with grid charts are formulated. In addition, the RF
breakdown phenomena, which have been observed at a pro-
totype of an TW-accelerating-structure-based injector con-
structed at the Huazhong University of Science and Technol-
ogy (HUST injector) [41, 42], are reviewed and taken as an
example for validating the proposed method. Moreover, we
also discuss how to further extend the proposed approach.

2 Fault-locating method based on TL theory

As mentioned in Sect. 1, the approaches based on TW and
TL theories are commonly applied for fault locating in both
power and signal systems. Among such approaches, the
pulse-reflection method is widely used in TLs owing to its
simplicity and low cost [43, 44]. In this method, a voltage
pulse is applied to the faulty line and traverses as a TW
therein. When it arrives at the fault point, both reflection
and transmission phenomena will occur at the same time.
Then, by measuring and analyzing the voltage waveform
at the initial terminal of the TL, the location of the fault
point can be determined. Nevertheless, when the TL is very
short, even the wave propagation time is close to the applied
pulse width, and overlap of incident and reflected pulses will
inevitably occur at the line. It thus becomes necessary to
shorten the pulse. However, the high-frequency components
of such short pulses will be lost, and the voltage waveform
will be distorted as it traverses the line, which might cause
information loss and a reduction in the accuracy of fault
locating [43].

To clearly explain the fundamental principle of the pulse-
reflection method, grid charts are introduced here to intui-
tively illustrate the transmission and reflection processes
of the TW in the faulty TL. For the sake of simplification,
multireflections are not considered by assuming that both
terminals of the line are always matched. For a specific TL
with a fixed fault point, according to different widths of the
incident pulse, there might be two different kinds of volt-
age waveforms at the initial terminal. These correspond to
short-pulse and the long-pulse cases, with the wave pro-
cesses being illustrated by the grid charts in Fig. 1a and b,
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Fig.1 Schematics of the pulse-reflection method applied in faulty
TLs: wave processes via grid charts under (a) a short pulse and (b) a
long pulse; voltage waveforms at the initial terminal under (c) a short
pulse and (d) a long pulse

respectively. In the figure, the horizontal axis represents the
longitudinal location on the TL of length [, with the starting
point set to z = 0 and the fault point at z = x. The vertical
axis represents the times at different longitudinal locations.
As shown in Fig. 1a and b, the incident pulse is input to the
initial terminal at time # = 0, and when its front edge reaches
the position z = x, a fault occurs after a cumulative time .
Then, both transmission and reflection will occur at z = x,
and the front edge of the reflected pulse will arrive at the
initial terminal at = .

In addition, it is noteworthy that, for the TW-accelerat-
ing structure, RF breakdown will cause the local vacuum to
deteriorate at the fault location, resulting in a lower break-
down threshold, which in turn leads to continuous discharge
for the duration of the RF pulse. Therefore, only when the
incident power is turned off will the surface electric field
required for breakdown generation disappear, and then the
vacuum can be slowly recovered. That is, once the break-
down occurs, the fault cannot be recovered within the RF
pulse duration. The corresponding wave process is exactly
the same as that in the faulty TL, as demonstrated in Fig. 1b.

For the short pulse, the emitted time of its trailing edge, ,,
would be earlier than the arrival time of the front edge of the
reflected pulse, 7. The voltage waveform established at the
initial terminal can be represented as two separated pulses
with opposite amplitudes, as plotted in Fig. 1c, and both of
them have the same width as the initial incident pulse. In
contrast, for the long pulse, the emitted time of its trailing

edge ¢, would be later than tg, in which case the waveform
observed at the initial terminal looks like that in Fig. 1d, and
there is an overlap between the incident and reflected pulses.

The time difference between the trailing edges of the inci-
dent and reflected pulses, (#/ — ,), is the time for the TW to
make a round-trip from the initial terminal to the fault point.
Because it is feasible to measure the trailing edges of the two
pulses at the initial terminal by using an oscilloscope, the
fault location can be obtained from

x= %v(tt/ —1,). (1)

where v is the wave velocity in the TL. Note that, in the
long-pulse case, because of the inevitable overlap between
the incident and reflection waves, the negative pulse in the
waveform at the initial terminal will be shortened, while an
amplitude step will appear in the positive pulse. Moreover,
when the fault point is a short-circuit fault and total reflec-
tion is generated, the voltage waveform at the initial terminal
also appears as two separated inverse pulses, but the width of
the positive pulse is smaller than that of the original incident
pulse, enabling it to be distinguished from the short-pulse
case. Therefore, before applying such a pulse-reflection
method for fault locating, it is necessary to first judge the
application case according to the width and amplitude of
the positive pulse caught by the oscilloscope at, and then
identify the trailing edges of the positive and negative pulses
from the observed waveform. Finally, Eq. (1) can be used
to solve for the fault distance. Note that, when the terminals
of the TL are not matched, multiple reflections will occur
in the TL, which is a complex problem and is beyond the
scope of this study.

3 Applying the pulse-reflection method
to a TW-accelerating structure

3.1 General description

According to the basic theory of RF accelerators, in the con-
stant-gradient TW-accelerating tube with a constant phase
velocity, the accelerating voltage established by fed-in RF
power is invariant along the longitudinal position. Although
the dissipated power values in the individual cells are differ-
ent from each other, from the view of the amplitude of the
accelerating voltage, it is conceivable to regard the entire
structure as a lossless TL. Furthermore, because the RF sig-
nal fed into the accelerator is modulated by a square wave,
the excitation source can also be equivalent to the square
wave by ignoring the inner RF oscillation. Therefore, by
using the transient response of the TL described in Sect. 2
and analyzing the delay time between the wave edges, the
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fault location inside the TW-accelerating structure can be
determined.

In a lossless TL, the wave velocity should correspond to
the group velocity of the TW-accelerating structure. The lat-
ter directly relates to the time it takes to establish the field,
namely the filling time of the TW-accelerating structure,
which is also the arrival time of the front edge of the square
wave propagating in the TL. However, the group velocity
varies for each cell of the TW structure, which means that
the equivalent TL is nonuniform. However, as a constant-
phase and constant-gradient structure, each cell of the TW-
accelerating structure has the same length L _, and the group
velocity of each cell decreases monotonically along the lon-
gitudinal position. Consequently, it is conceivable to make
each cell of the TW-accelerating structure be equivalent to
a segment of the TL. Figure 2a shows the group velocity
distribution of a classical SLAC-like TW-accelerating struc-
ture. The wave velocity of the ith segment equals the group
velocity of the ith cell, defined by Vi Therefore, the final
wave velocity will be a comprehensive result of multiple
different velocities v,;. The grid chart shown in Fig. 2b dem-
onstrates such an equivalent effect.

As can be seen from Fig. 2b, although the wave veloci-
ties v,; of the segments are different from each other, the
broken lines are monotonic. Therefore, under the condition

x10°
oo . . . . . . 03
6 °O°°°°° oo
S T
o, < Jo2s
st o 2
~ 4 i 000000%0% OOO
@2 DT o ° =
g (a) ez 00°° 2
~ 4t 0, & 102 —
A% %Q’gse°°°° S
35F e °°o°°°°
3t oy, 0.15
o,
00%
25F °o°°°
. %,
10 20 30 40 50 60 70 80
Cell no.
0o (¢ * (( z
S
\‘\\\ o oo
\ E\A”‘**
\ L) E LN ] ..“*L_-*
o | T R T
1 1 i i |-~_*'__-*

\

L

tv 4

Fig.2 (Color online) a Group velocity and attenuation factor distri-
butions of the 3-m SLAC TW-accelerating structure. b Wave process
in its equivalent TL model
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that the wave propagation distance and time are fixed, the
broken line representing the wave process in the multiseg-
ment TL can be connected end to end (as shown by the green
dashed-dotted line), and its slope corresponds to the overall
wave velocity. Then, if the fault occurs in the Nth segment,
the round-trip time of the TW front edge between the initial
terminal and the fault point is

N-1

2L
tx=2LCZi+ X )
Vi Vv
=1 "8 N

where L, is the distance between the upper end and the spe-
cific fault position inside the N,th segment, which denotes
the exact fault location inside the fault segment. Obviously,
because there are two variables N and L, to solve for, it is
inconvenient to directly solve Eq. (2) only from the known
o, and L, as well as the measured 7,. Nevertheless, the
round-trip time of the wave from the initial terminal of the
entire TL to the lower end of each segment N can be calcu-
lated in turn to construct a data table. The number of the
fault segment can then be determined by consulting the data
table. Finally, L, can be solved by substituting the known
quantities v,;, L, t,, and N into Eq. (2).

1%

gi*
3.2 Simulation verification using the TL model

As analyzed in the previous subsection, the constant-gradi-
ent TW-accelerating structure can be equivalent to a whole
TL consisting of a cascade of uniform segments with dif-
ferent wave velocities. The RF breakdown occurring in
the TW-accelerating structure then corresponds to a low-
resistance or short-circuit fault in the TL. Moreover, it is
feasible to adopt a delay switch to the fault resistance to
simulate the start time of the RF breakdown. The corre-
sponding equivalence relationships of the main parameters
are listed in Table 1.

To verify such equivalence, simulations were conducted
in MATLAB Simulink by constructing a distributed-param-
eter circuit with a cascade of uniform lossless TL segments,
as shown in Fig. 3a. For the sake of consistency, both termi-
nals of the entire TL are matched in the simulation model,
and the velocity and propagation time for each segment are

Table 1 Equivalence between the TW-accelerating structure and the
TL

Parameters in the Parameters in the equivalent Value

TW-accelerating TL

structure

Pulse width Pulse width 4 ps

Fault delay time Breakdown occurring time 2.5 ps

Wave velocity Group velocity 0.007-0.0208 ¢
Filling time Propagation time 7.62 us
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Fig.3 a Simulation model of a multisegment TL. b Simulated volt-
age waveform at the initial terminal

equal to those of the SLAC TW-accelerating structure men-
tioned in the previous subsection. Because each segment is
uniform and lossless, for all the segments, both the resist-
ance and the leakage conductance per unit length can be set
to zero, while the inductance and the capacitance per unit
length of the ith segment, L; and C;, need be set under the
constraint of

{ LC =1/,

L)C =272 )

Moreover, L; and C; should also be specially set to avoid
inner multireflection in the simulation model. Given a pulse
with a high voltage of 400 V being sent from the source and
a low resistance occurring in the 21st segment after a delay
time of 2.5 ps from the front edge of the pulse, the voltage
waveform as shown in Fig. 3b can be observed after the
reflected wave reaches the initial terminal.

The simulated waveform given in Fig. 3b is consist-
ent with the schematic graph shown in Fig. 1d. Therefore,
according to the basic theory of the pulse-reflection method
introduced in Sect. 2, as well as the equivalence relation-
ship derived in Sect. 3.1, after identifying the trailing edges
and measuring their time difference, the fault location can
be determined from Eq. (2). By substituting the simulation
results, the fault location can then be judged to be the 21st
segment, which is consistent with the initial setup.

Note that the delay time when the fault occurs is useless
in the fault-locating method. In addition, it is worth noting
that, by using a long TL model with an overall velocity cor-
responding to that in Fig. 2b, the same voltage waveform
can be obtained at the initial terminal, which can further

verify the underlying logic of the equivalences between the
TW-accelerating structure and the TL model and validate
the feasibility of the fault-locating method proposed in this
context.

4 Application of the pulse-reflection
method for the HUST injector

As mentioned in the previous section, under reasonable
equivalences, the pulse-reflection method can be applied to
locate the RF breakdown in the TW-accelerating structure.
To further verify such an approach, analysis of the RF break-
down has been performed at the HUST beam injector by
using the theoretical framework proposed above.

4.1 Brief introduction to the HUST injector

As reported in previous publications [38, 39, 47, 48], HUST
THz-FEL is proposed to generate high-power, continuously
tunable THz radiation, while the beam injector needs have
the ability to provide high-performance driven beams that
are comparable to photocathode injectors. However, because
the HUST THz-FEL is intended for industrial and commer-
cial use, both the injector and the entire facility must be
confined within an acceptable scale. Consequently, an ITC-
based pre-injector has been adopted in the constructed proto-
type of the HUST injector. Moreover, a SLAC-like constant-
gradient TW-accelerating structure with 23 cells has been
installed downstream to boost the beam energy to 14 MeV.
In addition, for facility compactness and cost efficiency,
dedicated insertion devices for beam diagnosis, which might
involve complex peripheral subsystem, are avoided in the
prototype. Therefore, efforts have been made to conduct
indirect estimations for the beam properties under the exist-
ing conditions based on underlying accelerator physics.

Nevertheless, for necessary measurements, two fast cur-
rent transformers (FCTs) were exploited to measure macro-
pulse currents upstream and downstream of the TW-accel-
erating structure, as illustrated by Fig. 4a. Meanwhile, a
directional coupler, which is utilized to measure forward and
reverse RF powers, has been installed on the waveguide con-
nected to the TW-accelerating structure for feeding the RF
power. It is worth mentioning that, as illustrated by Fig. 4b,
coaxial absorbing loads were applied at the last four cells of
the TW-accelerating structure instead of a traditional out-
put RF coupler, while previous research indicated that the
structure can achieve a more compact layout as well as more
symmetric accelerating fields. However, to absorb residual
power at the end of the TW-accelerating structure, the coax-
ial loads must be able to withstand high dissipated power
and be able transfer it to a thermal loss. The corresponding
thermal analysis is shown in Fig. 4c.

@ Springer



116 Page6of 11

T-N.Huetal.

FCT1

Beam input O TW tube

(a)

Directional
coupler

Phase shifter

Attenuator

RF I

_FCT2
Beam output
‘—

» Beam signal
——-» Time controlling
——-» Device controlling
——-» Forward power

Reverse power

* ,,,,,,
source

(b) | Absorbing loads |

St s st m!” —\ld” il
Normal cells s 1 2 3 4

00 0.0_0_01T

Coating area ~

Wil

. L] beam output
—_— >

Fig.4 (Color online) a Sketch of the TW-accelerating structure with
measurement equipment installed on the HUST injector. b Structure
sketch of the absorbing loads. ¢ Thermal calculation result of the last
four cells of the TW-accelerating structure

After adequate RF conditioning, the TW-accelerating
structure at the HUST injector worked normally for several
months. However, after a subsequent replacement of an in-
vacuum device, RF breakdown has been observed again after
a fast increase of modulator voltage during a relaunched
process of RF conditioning, and such a phenomenon also
appears at a high repetition of the RF power. Given that
sufficient RF conditioning has been conducted before and
that the RF breakdown is repeatable, which means that no
permanent damage has been caused in the TW tube, it was
preliminarily determined that this phenomenon is related
to the absorbing loads at the end of the TW-accelerating
structure. These may adsorb a large amount of gas when
destroying the vacuum, but the gas released at low power is
limited, and the downstream vacuum pump cannot pump fast
enough. As a result, when the thermal load increases, the gas
released therein has no time to be removed and thus gener-
ates ionization ignition under the high-gradient RF field.
However, once the power is reduced, the TW-accelerating
structure can be restored to normal operation.

@ Springer

Based on the above analysis, the downstream pump of the
TW accelerator with a speed of 50 L/s has been replaced by
anew pump with the speed of 100 L/s. In the process of sub-
sequent vacuuming and RF conditioning, the gas adsorbed
in the collinear load was almost fully released, and the gas-
excited occasional ignition was quickly pumped away by the
high-speed pump. After over 70 days, according to statistical
results, the breakdown rate was reduced from 50 times/h to
1 time/h under the same conditions. Moreover, after suf-
ficient conditioning and vacuuming over a year, the amount
of gas molecules adsorbed by the collinear load were greatly
reduced, and, in subsequent operation, such breakdowns did
not occur again. The validates the reasonableness of the pre-
liminary judgment. A more detailed analysis will be given
in the following subsections.

4.2 Preliminary analysis of RF breakdown
at the HUST injector

To clarify the above fault judgment, both the beam and RF
signals, which were recorded at the same time as the RF
breakdown occurred, are analyzed here.

As can be seen from Fig. 5a, when RF breakdown occurs,
electron beams can be detected by the two FCTs installed
upstream (the cyan curves, namely, FCT1) and downstream
(the magenta curves, namely, FCT2) of the TW-accelerating
structure. Note that the amplitudes of the two beam signals
are opposite. This is because both originated from the igni-
tion beam at the fault location but were accelerated and
emitted toward two opposite directions. In other words, two
standing-wave accelerating fields, which are isolated by the
fault point, are established in the TW-accelerating structure.
Although there is no power detector settled downstream of
the TW-accelerating structure, RF signals detected upstream
shown in Fig. 5b (the magenta curves, namely, Acc—) dem-
onstrate that the reflected power is no longer zero, which
proves the establishment of the standing-wave field between
the entrance and the fault location of the TW-accelerating
structure.

Furthermore, by opening the persistence displaying
mode of the oscilloscope, one can conveniently observe
the dynamic change process of the reflected signal with
time. As recorded by Acc— in Fig. 5b, after the first
reflected power pulse (labeled 1) caused by the first RF
breakdown, the reflected pulse will be observed with
each subsequent incident RF pulse and ignition beam. To
demonstrate this more clearly, the subsequent reflected
pulses are successively labeled 2, 3%, 4% and 5" in
Fig. 5b. Moreover, the front edge of the reflected pulse
moves forward step by step, while the trailing edge almost
remains in the same position. The latter phenomenon indi-
cates that RF breakdown occurs at the same location in
the TW-accelerating structure. The variation of the front
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Fig.5 (Color online) a Beam signals when RF breakdown occurs
(where Mod is the voltage signal of the modulator, Kly is the
reflected power signal detected at the klystron, and FCT1 and FCT2
denote the beam currents upstream and downstream of the TW struc-
ture, respectively). b RF power signals when RF breakdown occurs
(where Pre+ is the power signal injected into the pre-bunching cavity
installed upstream of the TW structure, Kly+ is the forward power
signal detected at the klystron, and Acc+ and Acc— denote the for-
ward and reflected power signals, respectively)

edge indicates that, during the duration of the RF macro-
pulse, the starting time of breakdown gradually advanced,
because the vacuum deterioration caused by the previous
breakdown facilitates subsequent breakdowns, making
them earlier every time.

Note that because the detected power pulses on the
oscilloscope come from the RF voltage signals output by
the directional coupler after square-law detection, they are
proportional to the power amplitudes. Figure 5b shows
that the forward power (the cyan curves, namely, Acc+)
detected by the directional coupler increases when break-
down occurs, and the duration of the increased portion is
the same as that of the reflected pulse. This indicates that
the directional coupler is no longer matched after break-
down, resulting in the reflected voltage being reflected
again here and superimposed on the detected forward volt-
age pulse, thus forming an increase in the forward power
amplitude.

Fig.6 Wave process in the
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4.3 Faultlocating for the HUST injector

As mentioned in Sect. 4.2, both reflection and transmission
will occur at the breakdown position. Meanwhile, because
the absorbing loads are applied at the end of the TW-accel-
erating structure instead of a traditional output coupler, the
residual power will be completely absorbed; thus, the final
terminal is always matched and there is no reflection. There-
fore, according to the TL theory introduced in the previous
sections, the grid chart describing the wave process after
breakdown for the TW-accelerating structure at the HUST
injector can be plotted (Fig. 6). In the figure, the green solid
lines represent the reflections at the detecting point; given
their limited amplitude contributions, which cannot be dis-
played by the oscilloscope, further multireflections at the
fault point can be ignored for simplification. Furthermore,
because the directional coupler has been installed on the
short waveguide connected to the first cell of the TW-accel-
erating structure, and the wave speed therein equals that of
light, the initial terminal was assumed to be combined with
the detecting point in the equivalent TL.

Given the wave process analyzed above, and by consider-
ing the characteristics of the directional coupler, the voltage
amplitudes established at its two ports can be identified, as
illustrated in Fig. 7a and b. As mentioned in the previous
subsection, the reflection wave will contribute to the detected
forward voltage, and steps can be observed in Fig. 7a. Mean-
while, because the established voltage at the initial terminal
will compensate for the reverse voltage wave, the voltage
amplitude detected at the reverse port of the directional cou-
pler should have the pattern shown in Fig. 7b. In addition,
because two square-law detectors were adopted to detect the
signals, closer representations of the actual waveforms on
the oscilloscope are shown in Fig. 7c and d. To be consistent
with Fig. 5b, the waveform schematics are plotted inversely.
Note that only the delay times of relative macro-pulses in
the detected waveforms need be addressed according to Eq.
(2), and the transmission and reflection coefficients are also
unknown. Consequently, the voltage waveforms plotted in
Fig. 7 are only schematic diagrams, and their amplitudes do
not represent the real values.
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Fig.7 Schematics of waveforms at the entrance of the TW-accelerat-
ing structure: a forward voltage, b reverse voltage, ¢ forward power,
and d reverse power

According to the analysis performed in Sect. 2 and 3,
after distinguishing the trailing edges of the incident
and reflected pulses, the RF breakdown location can be
obtained by using Eq. (2). Similar formulas are given in
Refs. [28, 45, 46], and it is not difficult to verify that they
are consistent with Eq. (2) after appropriate derivations
using geometrical relationships of the pulses. However,
obviously, the method proposed in this context will be
more convenient and accurate, because only the width
parameter, (#/ —1,), need to be detected online, while in
these other studies, three widths, involving four edges,
corresponding to (, — 0), (1, — /), and (#/ — #/) in Fig. 1d,
must be measured. Moreover, as illustrated by Fig. 5b,
the front edge of the reflection signal is not sharp and is
not stable for each pulse. In contrast, the trailing edge,
which is the exact factor relevant to the fault location,
is relatively stable and suitable for measuring. In addi-
tion, the trailing edge of the incident pulse can be given
independently and will be not affected by the instability
of the reflection signal.

As mentioned in Sect. 4.1, the TW-accelerating
structure at the HUST injector is a typical SLAC-like
tube, but it only contains 19 normal cells followed by 4
absorbing loaded cells. According to the design param-
eters of the TW accelerator, the filling time of the entire
tube is 0.318 ps, while that of the last cell is 0.016 ps.
Given that the round-trip time measured from Fig. 5b is
1} —t, = 0.608 ps, it can be judged that breakdown might
occur in the 23" cell, which is specifically located at the
lower end of the cell. This is exactly where the load-
coating is located. This also proves the reliability of the
previous preliminary judgment given in Sect. 4.1.
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5 Further considerations and discussion

In this section, we further apply TL theory to the TW-
accelerating structure and discuss how to extend the pro-
posed time-based fault-locating method.

5.1 Discussion of more general situations

As mentioned in Sect. 3, the amplitude of the accelerat-
ing voltage is constant in the TW-accelerating structure,
but the power actually attenuates along the cell number
to build the accelerating field. Corresponding attenuation
factors are determined by the accelerating structure and
do not vary with the incident power, and Fig. 2 also gives
the attenuation factor distribution of the SLAC TW-accel-
erating structure. In other words, the constant-gradient
constant-phase-velocity TW-accelerating structure can
be equaled to a uniform lossless multisegment TL with
different wave velocities for each segment.

However, for industrial accelerators, both the phase
velocity and gradient are generally not constant. To
achieve a high capture rate, the phase velocity is gen-
erally increased cell by cell and then stabilized around
the speed of light, and the corresponding accelerating
gradient also has the same distribution trend. Neverthe-
less, after each cell is filled by the accelerating field, it
can still be regarded as a uniform lossless TL segment,
while the unequal gradient will only affect the voltage
amplitude observed at the initial terminal. Because the
proposed fault-locating method relies only on the trailing
edge distance of the RF pulse signals rather than their
amplitudes, it is feasible to extend the application of the
proposed method to nonuniform TW accelerators under
known structure parameters.

To verify such an extension, an industrial accelerator
with a nonuniform TW structure was considered [50]. The
distributions of the phase velocity f, and accelerating gra-
dient E, along the cell number are illustrated in Fig. 8a.
To improve the capture rate to >90%, both f, and E,, were
designed to grow monotonically with cell number for the
first 25 cells, and the latter stabilized at ~19 MV/m for the
last few cells, while the former returned to light speed. By
utilizing the same analysis as in Sect. 3, an equivalent TL
model with different segments has been constructed for a
nonuniform TW accelerator.

After establishing a TL circuit model similar to that in
Fig. 3a, corresponding circuit simulations have also been
performed to observe the voltage waveforms at the initial
terminal. To demonstrate the results clearly, four simulat-
ing waveforms with different settings of stimulating pulse
widths and faulty segments are plotted together in Fig. 8b.
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Fig.8 (Color online) a Phase velocity and accelerating gradient dis-
tributions of the nonuniform TW accelerator. b Voltage waveforms at
the initial terminal with different settings of stimulating pulse width
and a faulty segment

Note that, because only the pulse edge distances are rel-
evant, for simplification, the driving voltage was still set
to the constant value of 400 V and the switch delay time
was set to 1.5 ps. By measuring the round-trip time (#/ — 7,
from the simulation results as marked in Fig. 8b, accord-
ing to the proposed method denoted by Eq. (2), the fault
location can be determined to be consistent with the initial
settings.

In essence, the pulse-refection method makes use of the
transient response in the time domain of the TL under the
excitation of a rectangular pulse, and it uses the reflection
delay time from the fault point combined with the equiva-
lent wave speed to deduce the fault location. The proposed
approach does not involve pulse amplitudes, which indi-
cates that it can be extended to nonuniform TW-acceler-
ating structures as well. Consequently, if only the length
of each cell in the TW accelerator and the corresponding
group velocity are known, the approach relevant to Eq. (2)
can always be applied to obtain the fault position informa-
tion. In other words, the fault-locating method proposed
in this context can be extended to more general cases of
TW accelerators.

5.2 Improved locating method
for a constant-impedance TW accelerator

Furthermore, for a constant-impedance accelerator with an
uncertain group velocity, a more convenient fault-locating
method can be obtained by combining the equivalent TL
theory. Because the group velocity is constant, Fig. 1b can
be recalled here to develop the following improvement: As
marked in the figure, #;, and #,, denote the arrival times of
the front and trailing edges, respectively, at the exit of the
accelerator. For a TW-accelerating structure with a length
of [, RF detectors can be conventionally installed on both
the input and output couplers, and so it is reasonable to
assume that #;, and ¢, can be measured online. Similar to
the deduction of Eq. (1), fault location can be obtained
based on the detected delay time of the pulse at the exit
of the tube:

_ ’ tt/_tl
l—x=v|t,— | 1, - 5 . 4

Combining Egs. (1) and (4) eliminates the influence of the
group velocity, and corresponding formula can be expressed
as

l(tt, —t[)
e 2(te 1) ©)

Finally, for the constant-impedance TW-accelerating struc-
ture, the RF breakdown location can be determined without
needing to know the group velocity. Because the directional
couplers for RF detection are conventionally installed at both
the entrance and exit of the tube, the improved approach
denoted by Eq. (5) is quite practical.

6 Conclusion

An economically convenient method for breakdown analy-
sis and location identification in TW-accelerating structure
was introduced on the basis of TL theory. By recalling the
fundamental theory of the TL transient response in the
time domain, the equivalence relation between the TW-
accelerating structure and the TL was established first.
Analytical derivations for the fault-locating method in
the TL were demonstrated by using grid charts, and the
equivalent circuit simulations were performed to verify
the analysis by taking the classical SLAC TW-accelerating
structure as an example. Both the theoretical and simula-
tion results indicated that it is reasonable to equate the
constant-gradient TW-accelerating structure as a whole
TL composed of multiple segments of uniform lossless
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TLs and that the accelerating voltage in the structure can
be regarded as a TW traversing with a series of group
velocities in the multisegment TL.

Furthermore, after elaborately analyzing the recoverable
RF breakdown phenomena observed before, the proposed
fault-locating method was applied to the HUST injector to
find the breakdown position in the TW-accelerating struc-
ture. Combined with the experimental data as well as the
adopted solution at that time, the following conclusions can
be made: The fault location obtained via the proposed TL-
based approach is feasible and consistent with the previ-
ous experimental judgement. In addition, by analyzing the
characteristics of the time-based fault-locating method, fur-
ther considerations involving more general TW accelerators
were investigated to extend the applications of the proposed
method. The corresponding analyses were also verified by
using circuit simulations. Moreover, for another typical TW-
accelerating structure with a constant-impedance structure,
an improvement for the TL-based locating method was
explored and discussed preliminarily.

Consequently, the TL-based fault-locating approach,
namely the pulse-reflection method, proposed in this context
can deliver the RF breakdown location for TW-accelerating
structures without dedicated devices or complicated tech-
niques. This provides a conceivable supplement to existing
approaches for RF breakdown analysis. This potentially ena-
bles achieving a solution for faulty accelerators at the lowest
possible cost, while the proposed TL-based fault-locating
method can also be broadened to other TW-accelerating
structures in the future.

Acknowledgements The authors thank Prof. Ping Tan for her stimulat-
ing discussions about microwave technology.

Author contributions All authors contributed to the study conception
and design. Material preparation, data collection and analysis were
performed by Tong-Ning Hu, Hai-Meng Wang and Yi-Feng Zeng. The
first draft of the manuscript was written by Tong-Ning Hu and Hai-
Meng Wang, and all authors commented on previous versions of the
manuscript. All authors read and approved the final manuscript.

Data availability statement The data that support the findings of this
study are openly available in Science Data Bank at https://doi.org/10.

57760/sciencedb.j00186.00006 and https://doi.org/10.57760/sciencedb.
j00186.00006.

Declarations

Conflict of interest The authors declare that they have no competing
interests.

References

1. M. Sullivan, R. Jones, L. Cowie et al., X-band linac design. Phys.
Rev. Accel. Beams 24, 082001 (2021). https://doi.org/10.1103/
PhysRevAccelBeams.24.082001

@ Springer

10.

11.

12.

13.

15.

16.

17.

18.

19.

D. Angal-Kalinin, A. Bainbridge, A.D. Brynes et al., Design,
specifications, and first beam measurements of the compact lin-
ear accelerator for research and applications front end. Phys. Rev.
Accel. Beams. 23, 044801 (2020). https://doi.org/10.1103/PhysR
evAccelBeams.23.044801

T. Inagaki, C. Kondo, H. Maesaka et al., High-gradient C-band
linac for a compact x-ray free-electron laser facility. Phys. Rev. ST
Accel. Beams 17, 080702 (2014). https://doi.org/10.1103/PhysR
evSTAB.17.080702

V. Paramonov, S. Philipp, I. Rybakov et al., Design of an L-band
normally conducting RF gun cavity for high peak and average
RF power. Nucl. Instrum. Methods Phys. Res. Sect. A 854(11),
111-126 (2017). https://doi.org/10.1016/j.nima.2017.02.058

A. Degiovanni, S. Doebert, W. Farabolini, et al., High-Gradi-
ent test results from a CLIC prototype accelerating structure :
TD26CC. CERN Accelerating science. (2014)

C. Obermair, T. Cartier-Michaud, A. Apollonio et al., Explainable
machine learning for breakdown prediction in high gradient RF
cavities. Phys. Rev. Accel. Beams 25, 104601 (2022). https://doi.
org/10.1103/PhysRevAccelBeams.25.104601

T.N. Hu, B.Q. Zeng, J.Y. Li et al., Analysis and design consid-
erations of coupler tuning based on improved equivalent circuit
and 3D-EM simulations. Jpn. J. Appl. Phys. 61, 046003 (2022).
https://doi.org/10.35848/1347-4065/ac541d

S. Débert, A. Grudiev, G. Riddone, et al., High Power test of a
low group velocity X-band Accelerator Structure for CLIC. CERN
Accelerating science. (2008)

B.J. Woolley, High Power X-band RF Test Stand Development
and High Power. Testing of the CLIC Crab Cavity. Lancaster
University (United Kingdom) ProQuest Dissertations Publishing,
10095164 (2015)

J.W. Wang, Research of RF high gradient physics and its applica-
tion in accelerator structure development. High Gr. Accel. Struct.
17-30 (2014). https://doi.org/10.1142/9789814602105_0002
J.-H. Han, M. Cox, H. Huang et al., Design of a high repetition
rate S-band photocathode gun. Nucl. Instrum. Methods Phys. Res.
Sect. A 647(1), 17-24 (2011). https://doi.org/10.1016/j.nima.
2011.05.032

A. Grudieyv, S. Calatroni, W. Wuensch, New local field quantity
describing the high gradient limit of accelerating structures. Phys.
Rev. ST Accel. Beams 12, 102001 (2009). https://doi.org/10.1103/
PhysRevSTAB.12.102001

Y. Jiang, J.L. Hirshfield, Multi-harmonic cavity for suppressing
surface pulsed heating. AIP Conf. Proc. 1777, 060003 (2016).
https://doi.org/10.1063/1.4965632

. N. Catalan Lasheras, T. Argyropoulos, D. Esperante Pereira, et al.,

Commissioning of XBox-3: a very high capacity X-band test
stand. In 28th Linear Accelerator Conference (LINAC’16), Paper
568, East Lansing, MI, USA, September 25-30 (2016). https://
doi.org/10.18429/JACoW-LINAC2016-TUPLR047

A. Descoeudres, Y. Levinsen, S. Calatroni et al., Investigation
of the dc vacuum breakdown mechanism. Phys. Rev. ST Accel.
Beams 12, 092001 (2009). https://doi.org/10.1103/PhysRevSTAB.
12.092001

A. Hassanein, Z. Insepov, J. Norem et al., Effects of surface dam-
age on rf cavity operation. Phys. Rev. ST Accel. Beams 9, 062001
(2006). https://doi.org/10.1103/PhysRevSTAB.9.062001

E. Sicking, R. Strom, From precision physics to the energy frontier
with the Compact Linear Collider. Phys. Nat. Phys. 16, 386-392
(2020). https://doi.org/10.1038/541567-020-0834-8

X.C. Lin, H. Zha, J.R. Shi et al., Fabrication, tuning, and high-
gradient testing of an X-band traveling-wave accelerating structure
for VIGAS. Nucl. Sci. Tech. 33, 102 (2022). https://doi.org/10.
1007/s41365-022-01086-y

A. Palaia, M. Jacewicz, R. Ruber et al., Effects of RF breakdown
on the beam in the compact linear collider prototype accelerator


https://doi.org/10.57760/sciencedb.j00186.00006
https://doi.org/10.57760/sciencedb.j00186.00006
https://doi.org/10.57760/sciencedb.j00186.00006
https://doi.org/10.57760/sciencedb.j00186.00006
https://doi.org/10.1103/PhysRevAccelBeams.24.082001
https://doi.org/10.1103/PhysRevAccelBeams.24.082001
https://doi.org/10.1103/PhysRevAccelBeams.23.044801
https://doi.org/10.1103/PhysRevAccelBeams.23.044801
https://doi.org/10.1103/PhysRevSTAB.17.080702
https://doi.org/10.1103/PhysRevSTAB.17.080702
https://doi.org/10.1016/j.nima.2017.02.058
https://doi.org/10.1103/PhysRevAccelBeams.25.104601
https://doi.org/10.1103/PhysRevAccelBeams.25.104601
https://doi.org/10.35848/1347-4065/ac54fd
https://doi.org/10.1142/9789814602105_0002
https://doi.org/10.1016/j.nima.2011.05.032
https://doi.org/10.1016/j.nima.2011.05.032
https://doi.org/10.1103/PhysRevSTAB.12.102001
https://doi.org/10.1103/PhysRevSTAB.12.102001
https://doi.org/10.1063/1.4965632
https://doi.org/10.18429/JACoW-LINAC2016-TUPLR047
https://doi.org/10.18429/JACoW-LINAC2016-TUPLR047
https://doi.org/10.1103/PhysRevSTAB.12.092001
https://doi.org/10.1103/PhysRevSTAB.12.092001
https://doi.org/10.1103/PhysRevSTAB.9.062001
https://doi.org/10.1038/s41567-020-0834-8
https://doi.org/10.1007/s41365-022-01086-y
https://doi.org/10.1007/s41365-022-01086-y

Fault locating for traveling-wave accelerators based on transmission line theory

Page110of 11 116

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

structure. Phys. Rev. ST Accel. Beams 16, 081004 (2013). https://
doi.org/10.1103/PhysRevSTAB.16.081004

F. Wang, C. Adolphsen, C. Nantista, Study of radio frequency
breakdown in pressurized L-band waveguide for the international
linear collider. Appl. Phys. Lett. 103, 104106 (2013). https://doi.
org/10.1063/1.4820437

X.W. Wu, J.R. Shi, H.B. Chen et al., High-gradient breakdown
studies of an X-band compact linear collider prototype structure.
Phys. Rev. Accel. Beams 20, 052001 (2017). https://doi.org/10.
1103/PhysRevAccelBeams.20.052001

T. Abe, T. Kageyama, H. Sakai et al., Breakdown study based on
direct in situ observation of inner surfaces of an RF accelerating
cavity during a high-gradient test. Phys. Rev. Accel. Beams 19,
102001 (2016). https://doi.org/10.1103/PhysRevAccelBeams.19.
102001

M.D. Forno, V. Dolgashev, G. Bowden et al., Experimental meas-
urements of RF breakdowns and deflecting gradients in mm-wave
metallic accelerating structures. Phys. Rev. Accel. Beams 19,
051302 (2016). https://doi.org/10.1103/PhysRevAccelBeams.
19.051302

E.A. Nanni, V.A. Dolgashev, G. Bowden et al., Prototyping high-
gradient mm-wave accelerating structures. J. Phys. Conf. Ser. 874,
012039 (2017). https://doi.org/10.1088/1742-6596/874/1/012039
B. Woolley, G. Burt, A.C. Dexter et al., High-gradient behavior of
a dipole-mode rf structure. Phys. Rev. Accel. Beams 23, 122002
(2020). https://doi.org/10.1103/PhysRevAccelBeams.23.122002
X.C. Lin, H. Zha, J.R. Shi et al., Design, fabrication, and testing
of low-group-velocity S-band traveling-wave accelerating struc-
ture. Nucl. Sci. Tech. 33, 147 (2022). https://doi.org/10.1007/
$41365-022-01124-9

M. Jacewicz, V. Ziemann, T. Ekelof et al., Spectrometers for RF
breakdown studies for CLIC. Nucl. Instrum. Methods Phys. Res.
Sect. A 828, 63—71 (2016). https://doi.org/10.1016/j.nima.2016.
05.031

A. Degiovanni, S. Doebert, W. Farabolini, et al., Diagnostics and
Analysis Techniques for High Power X-Band Accelerating Struc-
tures. In 27th Linear Accelerator Conference, Geneva, Switzer-
land, August 31-September 5 (2014)

R. Rajamaki, Vacuum arc localization in CLIC prototype radio
frequency accelerating structures. CERN Accelerating science.
(2016)

Z.Q. Geng, R. Kalt, Advanced topics on RF amplitude and phase
detection for low-level RF systems. Nucl. Sci. Tech. 30, 146
(2019). https://doi.org/10.1007/s41365-019-0670-7

G.L. Wang, J.Q. Zhang, L. Li et al., The control and measurement
of high power high-gradient acceleration structures. Nucl. Sci.
Tech. 26, 030102 (2015). https://doi.org/10.13538/j.1001-8042/
nst.26.030102

C. Tennant, A. Carpenter, T. Powers et al., Superconducting radio-
frequency cavity fault classification using machine learning at
Jefferson Laboratory. Phys. Rev. Accel. Beams 23, 114601 (2020).
https://doi.org/10.1103/PhysRevAccelBeams.23.114601

E. Fol, R. Tomas, J.C. De Portugal et al., Detection of faulty beam
position monitors using unsupervised learning. Phys. Rev. Accel.
Beams 23, 102805 (2020). https://doi.org/10.1103/PhysRevAcc
elBeams.23.102805

O. Convery, L. Smith, Y. Gal et al., Uncertainty quantification
for virtual diagnostic of particle accelerators. Phys. Rev. Accel.
Beams 24, 074602 (2021). https://doi.org/10.1103/PhysRevAcc
elBeams.24.074602

S.R. Xie, G.R. Stewart, J.J. Hamlin et al., Functional form of the
superconducting critical temperature from machine learning.
Phys. Rev. B 100, 174513 (2019). https://doi.org/10.1103/PhysR
evB.100.174513

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

C. Emma, A. Edelen, M. Hogan et al., Machine learning-based
longitudinal phase space prediction of particle accelerators. Phys.
Rev. Accel. Beams 21, 112802 (2018). https://doi.org/10.1103/
PhysRevAccelBeams.21.112802

H.K. Liu, T. Jia, L. Mou, et al., Improved traveling wave based
fault location scheme for transmission lines. In 5th International
Conference on Electric Utility Deregulation and Restructuring
and Power Technologies (DRPT), Changsha, China, November
26-29 (2015). https://doi.org/10.1109/DRPT.2015.7432375
C.Q. Cui, Y.H. Cheng, B. Liu et al., Fault location approach for
teed transmission line independent of wave speed. IOP Conf. Ser.
Earth Environ. Sci. 634, 012049 (2021). https://doi.org/10.1088/
1755-1315/634/1/012049

B. Wang, L. Yang, X.Z. Dong et al., Fault location method for
high-voltage direct current transmission line using incident cur-
rent travelling waves. J. Eng. 2018(15), 1165-1168 (2018). https://
doi.org/10.1049/joe.2018.0278

Y.L. He, N. Li, C. Zhang, et al., Power cable fault location method
based on pulse current method. In 2020 IEEE International
Conference on Applied Superconductivity and Electromagnetic
Devices (ASEMD), Tianjin, China, October 16—18 (2020). https://
doi.org/10.1109/ASEMD49065.2020.9276360

T.N. Hu, Y.J. Pei, G.Y. Feng, Electron beamline of a Linac-based
injector applied to a compact free electron laser-terahertz radiation
source. Jpn. J. Appl. Phys. 57, 100310 (2018). https://doi.org/10.
7567/JJAP.57.100310

T.N. Hu, Y.J. Pei, B. Qin et al., Development of a novel thermionic
RF electron gun applied on a compact THz-FEL facility. Nucl.
Instrum. Methods Phys. Res. Sect. A 887, 1-6 (2018). https://doi.
org/10.1016/j.nima.2017.12.070

K. Liu, S.L. Tian, Y.L. Xiao et al., Network cable fault location
based on the width pulse time-domain reflection. J. Univ. Electr.
Sci. Technol. China 38(06), 975 (2009). (in Chinese)

P. Liang, Y.H. Peng, B.Y. Xu et al., The application of correlation
method in cable fault location using pulse reflection. J. Shandong
Univ. (Eng. Sci.) 01, 89 (2004). (in Chinese)

H. Hanaki, Y. Otake, S. Anami, et al., Test operation of the PF
linac RF system upgraded for the KEKB injector. In 5th European
Particle Accelerator Conference, Sitges (Barcelona), Spain, June
10-14 (1996)

Q.S. Chen, T.N. Hu, Q. Bin, et al., Location of RF breakdown
point in a coaxially loaded LINAC cavity. In 8th International
Particle Accelerator Conference, Copenhagen, Denmark, May
14-19 (2017)

T.N. Hu, J.Y. Li, YJ. Pei et al., Indirect estimations of energy
and energy spread for a compact free electron laser-terahertz pre-
injector using RF measuring parameters. Nucl. Instrum. Methods
Phys. Res. Sect. A Accel. Spectrom. Detect. Assoc. Equip. 1016,
165775 (2021). https://doi.org/10.1016/j.nima.2021.165775
T.N. Hu, YJ. Pei, G.Y. Feng et al., Bunch length evaluation for
typical low-energy beam injectors based on RF-phasing tech-
niques. Nucl. Instrum. Methods Phys. Res. Sect. A 916, 87-93
(2019). https://doi.org/10.1016/j.nima.2018.10.200

Q.R. Yan, Circuit Theory (Chinese High Education Press, Beijing,
2018), pp.287-290. (in Chinese)

Y. Lu, Study on Design of An Electron Linear Accelerator with
High Capture Efficiency. Huazhong University of Science and
Technology (2019). (in Chinese)

Springer Nature or its licensor (e.g. a society or other partner) holds
exclusive rights to this article under a publishing agreement with the
author(s) or other rightsholder(s); author self-archiving of the accepted
manuscript version of this article is solely governed by the terms of
such publishing agreement and applicable law.

@ Springer


https://doi.org/10.1103/PhysRevSTAB.16.081004
https://doi.org/10.1103/PhysRevSTAB.16.081004
https://doi.org/10.1063/1.4820437
https://doi.org/10.1063/1.4820437
https://doi.org/10.1103/PhysRevAccelBeams.20.052001
https://doi.org/10.1103/PhysRevAccelBeams.20.052001
https://doi.org/10.1103/PhysRevAccelBeams.19.102001
https://doi.org/10.1103/PhysRevAccelBeams.19.102001
https://doi.org/10.1103/PhysRevAccelBeams.19.051302
https://doi.org/10.1103/PhysRevAccelBeams.19.051302
https://doi.org/10.1088/1742-6596/874/1/012039
https://doi.org/10.1103/PhysRevAccelBeams.23.122002
https://doi.org/10.1007/s41365-022-01124-9
https://doi.org/10.1007/s41365-022-01124-9
https://doi.org/10.1016/j.nima.2016.05.031
https://doi.org/10.1016/j.nima.2016.05.031
https://doi.org/10.1007/s41365-019-0670-7
https://doi.org/10.13538/j.1001-8042/nst.26.030102
https://doi.org/10.13538/j.1001-8042/nst.26.030102
https://doi.org/10.1103/PhysRevAccelBeams.23.114601
https://doi.org/10.1103/PhysRevAccelBeams.23.102805
https://doi.org/10.1103/PhysRevAccelBeams.23.102805
https://doi.org/10.1103/PhysRevAccelBeams.24.074602
https://doi.org/10.1103/PhysRevAccelBeams.24.074602
https://doi.org/10.1103/PhysRevB.100.174513
https://doi.org/10.1103/PhysRevB.100.174513
https://doi.org/10.1103/PhysRevAccelBeams.21.112802
https://doi.org/10.1103/PhysRevAccelBeams.21.112802
https://doi.org/10.1109/DRPT.2015.7432375
https://doi.org/10.1088/1755-1315/634/1/012049
https://doi.org/10.1088/1755-1315/634/1/012049
https://doi.org/10.1049/joe.2018.0278
https://doi.org/10.1049/joe.2018.0278
https://doi.org/10.1109/ASEMD49065.2020.9276360
https://doi.org/10.1109/ASEMD49065.2020.9276360
https://doi.org/10.7567/JJAP.57.100310
https://doi.org/10.7567/JJAP.57.100310
https://doi.org/10.1016/j.nima.2017.12.070
https://doi.org/10.1016/j.nima.2017.12.070
https://doi.org/10.1016/j.nima.2021.165775
https://doi.org/10.1016/j.nima.2018.10.200

	Fault locating for traveling-wave accelerators based on transmission line theory
	Abstract
	1 Introduction
	2 Fault-locating method based on TL theory
	3 Applying the pulse-reflection method to a TW-accelerating structure
	3.1 General description
	3.2 Simulation verification using the TL model

	4 Application of the pulse-reflection method for the HUST injector
	4.1 Brief introduction to the HUST injector
	4.2 Preliminary analysis of RF breakdown at the HUST injector
	4.3 Fault locating for the HUST injector

	5 Further considerations and discussion
	5.1 Discussion of more general situations
	5.2 Improved locating method for a constant-impedance TW accelerator

	6 Conclusion
	Acknowledgements 
	References




