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Abstract This paper describes the design and preliminary
test of the low-level radio frequency (LLRF) part of the C
band high-gradient test facility for the Shanghai Soft X-ray
Free-Electron  Laser  (SXFEL)-Linear  Accelerator
(LINAC). Before installation, the accelerating structures
should be tested and conditioned. During the conditioning
process, breakdown detection is needed to protect the
accelerating structures and klystron from damage. The PCI
extensions for instrumentation-based LLRF system and
auto-conditioning algorithm are designed and applied in
the LLRF part of the C band high-gradient test facility.
Three C band accelerating structures and 1 pulse com-
pressor have completed conditioning and were installed in
the SXFEL-LINAC.

Keywords Accelerating structure - High gradient - C
band - Breakdown - LLRF - Conditioning

1 Introduction

A revolutionary advance in light sources has been
realized with the recent advent of the free-electron laser
(FEL) [1]. The FEL is regarded as a fourth-generation light
source [2] and has a series of advantages that cannot be
replicated by existing laser sources. These advantages
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include a continuously adjustable frequency, a wide spec-
trum range, high and adjustable peak and average powers,
excellent coherence, strong polarization, and controllable
temporal structure [3].

The Shanghai Soft X-ray Free-Electron Laser (SXFEL)
facility is the first coherent X-ray light source in China [4].
It is being developed in two steps, namely the SXFEL test
facility (SXFEL-TF) and the SXFEL user facility (SXFEL-
UF) [5]. The SXFEL-TF is a critical development step
toward the construction of a soft X-ray FEL user facility in
China and is currently undergoing commissioning at the
Shanghai Synchrotron Radiation Facility (SSRF) campus.
The test facility will generate 8.8 nm FEL radiation using a
840 meV electron LINAC with a two-stage cascaded
HGHG-HGHG or EEHG-HGHG (high-gain harmonic
generation, echo-enabled harmonic generation)
scheme [6, 7].

The LINAC in SXFEL-TF is designed to increase the
beam energy from 150 to 840 meV. C band accelerating
structures are applied here to guarantee a high gradient.
The entire LINAC is built with 12 C band accelerating
structures working at 40 MV/m. The RF field stabilization
is controlled by a low-level radio frequency (LLRF) system
based on accurate RF field measurements at the frequency
of 5.712 GHz [8]. The LLRF parameters therefore need to
be optimized to maximize the beam stability [9]. There is a
large amount of residual absorbed gas and micro-protru-
sions left in the cavities in the C band accelerating struc-
tures after their manufacture which act as emission sources
for electrons and ions. Increasing the electric field in the
accelerating cavity requires the breakdown rate (BDR) to
be decreased [10, 11]. Before installation in the LINAC,
the C band high-gradient accelerating structures must go
through a process called conditioning to decrease the BDR
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to a level that is acceptable within the theoretical design of
the SXFEL-TF (10~ breakdowns per pulse).

The high-gradient test for high-gradient accelerating
structures is a relatively long process that can last for
weeks. Automating the high-power test is therefore greatly
significant for experimental accuracy and operation sim-
plicity. Additionally, the high RF feed power during the
process of conditioning increases the likelihood of vacuum
pressure increases and frequent breakdowns (BDs), which
can easily cause irreversible damage to the accelerating
structures and klystron and necessitate the incorporation of
interlock protection. In the subsequent diagnosis of the
accelerating structure, it is necessary to store the waveform
when a BD occurs to determine the location of the BD. The
high-gradient test facility should therefore be able to con-
trol all the parameters in the conditioning process, detect
the operation of the machine in real-time, record and
analyze various information, and decide what to do during
both the planning and the actual execution of the condi-
tioning process.

The LLRF system design and implementation will be
described in detail in the following sections together with
the test results of the entire conditioning process.

2 System design

Unlike online LLRF systems in use in LINACsS, the
LLRF system in the high-gradient test facility is required to
possess the advantages of convenient adjustment, online
software structure, and support for hardware driver chan-
ges, which would save time for the entire conditioning
process. Compared with other architectures like MTCA
(Micro Telecom Computing Architecture) and VME
(VersaModule Eurocard), the PXI architecture from
National Instruments has more software flexibility that
would allow us to customize and reconfigure the systems to
meet evolving test requirements. We therefore chose the
PXI architecture to build the LLRF part of the high-gra-
dient test facility.

The layout of the whole high-gradient test facility is
shown in Fig. 1. The main LLRF system contains a PXI
crate, a triggering and interlock control box, a radio fre-
quency (RF)-local oscillator (LO) box, and a RF front-end
box. Digitizers for data acquisition and signal generation
and a field-programmable grid array (FPGA) extender card
for distributing the triggering signals and receiving inter-
lock signals are installed in the PXI crate and connected
with the FPGA module. These devices communicate
through the backplane bus. The PXI crate is responsible for
most of the controls, triggers, and interlocks in the system.
The RF frond-end box is responsible for down-converting
the pickup RF signals to intermediate frequency (IF)
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signals. The RF-LO box provides a clock signal to the
digitizers for data acquisition and a LO signal to the RF
front-end box. The triggering and interlock box transfers all
the triggers and interlocks from the NI 6583 to the BNC
interface.

The pulse compressor requires a phase-modulated input
pulse to produce a compressed and flat output pulse. We
therefore used a PXIe-5673E to generate a modulated pulse
signal with a phase shift within 180 degrees. The NI 5673E
is a vector signal generator with a 50 MHz-6.6 GHz RF
output frequency range and consists of three separate
synchronized devices: a 145 MHz bandwidth, 2-channel,
16-bit PXI PXIE-5450 1/Q signal generator, a PXIE-5611 I/
Q vector modulator, and a PXIE-5652 master oscillator.
These three devices work together to produce a modulated
RF pulse. The 5712 MHz RF signal generated by the NI
PXIE-5652 master oscillator is divided into two channels,
one of which is used as a continuous reference signal to
serve as the signal reference of the whole system. The other
channel enters the NI PXIE-5611 1/Q vector modulator and
is divided into two mutually orthogonal components, which
are, respectively, mixed with the baseband I and Q signals
from the NI PXIE-5450 to generate I/Q radio frequency
modulation pulses. These pulses in turn go through in-
phase synthesis to generate the radio frequency modulation
pulse output with a macro-pulse envelope for driving the
solid-state amplifier (SSA). The SSA then drives the
50 MW Toshiba klystron. The RF power is delivered to the
pulse compressor and finally to the C band accelerating
structures.

The main RF frequencies are shown in Table 1. During
the process of conditioning, the transmission power of the
klystron, the transmission power of the pulse compressor,
the reflection power from the power compressor, and the
transmission power of the accelerating structures are down-
converted to IF signals and sampled at quadruple frequency
by a NI 5761 with a 250 MS/s, 14-bit ADC. The signals
would then would be processed by the FPGA to determine
whether a BD is occurring. A BD is regarded as occurring
whether the reflection power delivered back to the klystron
is more than 0.23% of the transmission power (VSWR =

1.1). The RF signal source and the triggers for the mod-
ulator and SSA will then be stopped for ten seconds. The
DC current from the Faraday cup can also help to diagnose
the dark current. A so-called dark current spectrometer can
be used to investigate the geometric source of the emitted
electrons during a BD in real time [12].

3 Breakdown processing

It has been observed in experiments and reported that
the BDR can be approximated by the relation
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Fig. 1 Overview of the high-gradient test facility

Table 1 The main RF frequencies

RF signal Frequency (MHz)

Master oscillator 5712

Local oscillator 5686.5

Sampling clock 102

Intermediate 25.5

E30 x 'CS
0

———— = const. 1
BDR ( )

In this equation, E, indicates the accelerating gradient
and t the RF pulse length. The best fits for most fully
conditioned structures have an exponent of around 30, but
the exponent tends to be smaller in the early stages of the
conditioning progress [13].

In order to design a smooth conditioning process with
low BDR, the operating conditions (gradient, pulse length,
and BDR) should be considered. This can be achieved by
increasing the gradient and pulse length separately [14, 15].

The BD information of the accelerating structure com-
prises the reflected signal, pickup signal, and the DC cur-
rent in the abnormality-diagnosis Faraday cup signal. The
BD identification unit identifies the detection signal and
determines whether a BD is generated in the accelerating
structure during each macro-pulse. Based on the number of

BD counts in the macro-pulses within a specific period and
the microwave system vacuum level, the control system
implemented in the NI PXI architecture based on LAB-
VIEW FPGA technology will automatically adjust the
pulse output amplitude of the klystron modulator beam
voltage to increase the microwave injection power. The
real-time acquisition and storage of the BD signal wave-
forms are of great practical significance for studying the
physical mechanism of BDs and determining the BD
position during the BD event in the accelerating structure.
The BD RF pulse waveform is a spike micro-pulse whose
amplitude changes sharply with time and therefore has a
very wide spectral structure and large phase change. To
obtain a high time resolution, the sampling frequency for
obtaining the information of the BD waveform should be
sufficiently high. In order to achieve a wide baseband
signal spectrum, the IF should also be sufficiently high. In
order to use the existing mature digital I/Q algorithm, the
sampling frequency and the sampled signal frequency
should follow the I/Q sampling. The bandwidth of the RF
signals used for BD detection does not need to be as high as
those of the device under test. Compared to the faster ADC
NI 5772 (1.6 GS/s), the NI 5761 costs less and has more
channels per card. The signals for BD detection are thus
digitized using the 250 MS/s NI 5761 with 14-bit ADCs.
The faster ADC NI 5772 will be installed in a future
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facility upgrade in the PXI crate, which still has remaining
slots.

The schematic of the BD processing is shown in Fig. 2.
The NI 5761 is used in I/Q oversampling mode. The IF
frequency is 25.5 MHz, and the clock sampling is 4 times
the IF frequency, i.e., 102 MHz. In this mode, adjacent
sampling data would be quadruple-sampled at the IF
frequency.

After sampling by the ADC, the signal goes through the
digital down converter (DDC), which generates the base-
band I/Q signal. After IQ down-conversion, the data rate is
reduced to half. The signals then pass through the finite
impulse response (FIR) filter and are separated into two
parts. One part is processed by the coordinate rotation
digital computer (CORDIC) algorithm to obtain the phase
and amplitude, which are useful for real-time waveform
monitoring and for judging whether a BD has occurred. If a
BD has occurred, the output of the NI 5673E vector signal
generator will be stopped and the triggers for the SSA and
klystron held. The other part of the signal from the FIR will
be used to save the waveform in RAM at the system rep-
etition rate, and if a BD occurs, the waveform data will be
recorded onto the hard disk.

When a BD occurs, the reflection power transmitted
back to the klystron will increase to 70-90% of the
accelerating structure input power [16]. Figure 3a shows
the theoretical principle behind locating the BD. When a
BD happens, the BD signal will spread to the input and
output of the accelerating structure simultaneously. The
effects of the incident, transmitted, and reflected power on
a pulse during a BD are shown in Fig. 3b. The transmitted
power will be cut off, resulting in a drop in the transmitted
power curve. The power curve reflected from the BD will
rise sometime later [17].

Using Eq. (2), the group delay from the input of the
structure to the breakdown site 7y can be calculated. fg, is
the arrival time of the reflected rising edge, #r¢ the arrival

time of the transmitted falling edge, and g, the filling time
of the accelerating structure.

ty = (tan + tre — le)/2

(2)

Equation (3) can then be used to obtain the cell number
Neen- Leen s the length of a single cell, and v, is the group
velocity.

(3)

To further diagnose the health of the accelerating
structures and analyze the BD, we need to know the
location in the cavity where the BD happens. The current
LLRF system records the 3 waveforms before the BD, the
waveform when the BD occurs, and 1 waveform after the
BD to locate the BD. In the future, we will add in an auto-
location algorithm to find out which cavity the BD occur-
red in and a phase-detection algorithm to obtain the BD
location in the cavity accurately.

Neell = Vgtd/lcell

4 RF distribution and timing

In the RF distribution and timing system design, it is
necessary to consider the power matching between the
units and evaluate the key parameters in the key frequency
conversion units that impact the additional phase jitter.
These parameters include the additional phase jitter in the
process of nonlinear frequency conversion, the isolation
between conversion loss and channels, and the phase noise
baseline. Therefore, we designed each functional unit as an
independent module to better reduce the impact of external
interference. In the implementation, the RF components are
placed on a dedicated microwave PCB board in which the
high-performance microwave substrate material ensures a
more uniform distribution of the dielectric and low loss
factors. Each functional module is installed in a shielded
aluminum alloy shell. The modules are matched and
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Fig. 2 BD processing schematic
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Fig. 3 (Color online) a RF signals accompanying a breakdown in the structure. b Two pulses during a BD

interconnected through the RF connectors after indepen-
dent debugging and testing. The compact and uniform heat
conduction surface leads to a smaller temperature gradient,
which can reduce the influence of the circuit on the
impedance matching and working environment. The
schematics of the RF-LO box, RF front-end down con-
verter box, and triggering and interlock control box are

shown in Fig. 4.
4.1 RF front-end down converter box

The RF frond-end box is responsible for down-con-
verting the pickup RF signals to the IF signals. In Egs. 4-7,
the sampling RF signal is denoted by Vg, the LO signal by
VLo, and the IF signal by Vig. After passing through the RF
front-end, an IF signal with an amplitude and phase pro-
portional to the original RF signal is obtained, i.e., the basic
performance parameters of the RF signal are preserved.
This not only makes the design of the digital signal pro-
cessing module simpler, but also preserves the amplitude
and phase information of the original signal to the maxi-
mum extent, which can increase the accuracy of further

measurements and control.

Ve = Vrp sin(wrpt + @gg) (4)
Vio = Vio sin(wLof + @ro) (5)

1
Vre @ V0o = EVRF X VLo % {cos[(wrLo — wrp)t
+(@ro — @rr)] — cos[(wLo + wrE)t + (@ro + Prp)]}
(6)

(7)

RE - Vio cos[(oro — wrp)t + (¢ro — @rp)]

N —

Vig =

For this reason, the 5712 MHz RF signals are down-
converted to a 5686.5 MHz LO signal which is in turn
converted to a 25.5 MHz IF signal. The IF signal goes
through the low-pass filter (LPF) and low-noise amplifier
(LNA) and is sampled by the NI 5761 for the conditioning
process using quadruple frequency sampling with the
102 MHz clock signal.

4.2 RF-LO box
The RF-LO box provides a clock signal to the digitizers

for data acquisition and a LO signal to the RF front-end
box. The amplitude and phase stability of the LO signal
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and clock signal provided by the RF-LO box impact the
performance of the LLRF system directly. The 5712 MHz
master oscillator signal provided by the NI PXIe-5673E is
divided by 14 to obtain a 408 MHz signal. The 408 MHz is
then divided by 4 to obtain a 102 MHz clock signal, which
is used as the sampling rate. The 102 MHz signal is in turn
divided by 4 and goes through a low-pass filter to generate
a 25.5 MHz base signal. At the same time, using a down
converter, the master oscillator 5712 MHz signal is mixed
with the 25.5 MHz base signal to generate a 5686.5 MHz
signal, which can be used as the LO signal.

Previous RF distribution plans implemented in other
facilities use 2 RF signal generators locked to a 10 MHz
master clock to generate the RF and LO signals. If 10 MHz
synchronization is used, phase-locked loop (PLL) or direct
digital frequency synthesis (DDS) should be adopted
because the difference between the output signal frequency
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and 10 MHz is very large and is not an integer multiple of
the frequency, which may introduce additional phase noise.
The near-end phase noise is difficult to control in PLL, and
the frequency conversion time is long. The output fre-
quency range in DDS is small, and there can be more
spurious signals than expected. For this reason, we usually
use a special frequency like 2856 MHz or 119 MHz as the
reference signal in the RF-LO box. These frequencies are
higher and are integer multiples of the frequency used by
the subsystem, which can greatly reduce the complexity of
direct synthesis. Finally, the influence of the noise floor of
the limiting phase noise in the device is reduced by
avoiding the use of high-order frequency division in the
system, which may introduce additional phase jitter. This
can improve the phase jitter of the entire system. On the
other hand, when we multiply or increase the frequency of
a signal with good stability, the phase noise is increased,
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which is reflected in the deterioration of 20lgN. The
additional phase jitter is controllable and can approach the
theoretical value infinitely closely. However, when we
divide the signal frequency, the phase noise should be
improved. The frequency division theoretically improves
201gN, but phase jitter will still be introduced because of
the local influence of device thermal noise. In general, this
limit is about — 153 dbc/Hz at 100 kHz. When the fre-
quency division factor is large enough, the additional phase
jitter will be much higher than the theoretical value,
especially in the PLL phase discrimination and frequency
division processes where the additional impact of the near-
end phase noise will be amplified. The newly designed RF-
LO box requires only one RF signal generator in our C
band LLRF so that all the signals are auto-correlated and
additional phase noise can be eliminated in the synchro-
nizing bias.

4.3 Triggering and interlock control box

The triggering and interlock box transfers all the triggers
and interlocks from the NI 6583 to the BNC interface. To
protect the klystron and accelerating structures from dam-
age, several interlocks are installed in the C band high-
gradient test facility. These interlocks include the water,
vacuum, modulator status, and BD interlock. When an
interlock occurs, the RF output signals will be turned down
and the triggers for the modulator and SSA stopped. In this
status, the BD interlock will be processed by the FPGA,
while the other interlocks will go through the LABVIEW
software.

The NI 6583 FPGA extender card is used to distribute
the triggering signals and receive the interlock signals. The
NI 6583 can provide digital /O to interface with single-
ended, differential, and serial signals with the FlexRIO PXI
FPGA module or the controller. It has 35 I/O channels
which can be individually configured to be input or output
channels. To connect the NI 6583 with the other devices,
we built a triggering and interlock box to transfer all the
triggers and interlocks from the NI 6583 to the BNC
interface. Through this trigger box, the triggering signals
are distributed to the SSA and klystron. Meanwhile, the
interlock signals, such as the vacuum and water interlocks,
are sent back to the FPGA for further processing.

5 LABVIEW VI
5.1 LLRF modules
We designed LABVIEW GUIs for the RF pulse gener-

ator control module, the BD definition module, the wave-
form monitor module, the triggering control module, the

modulator control module, and the real-time beam voltage
monitoring module (Fig. 5).

In the RF pulse generator control module, the power
level, pulse length, and phase reversal time of the RF
output signal can be controlled. In the BD definition
module, the relevant parameters for defining a BD can be
controlled. The waveform monitor module displays the
real-time waveform of each channel and whether there is
an interlock status or not. In the triggering control module,
the PXTI 6583 module can be used to control the trigger for
the klystron and SSA through the timing and interlock box
by adjusting the delay and pulse length of the triggers. To
communicate with the modulator, we use Ethernet to
connect with the modulator control module. The beam
voltage control module of the modulator is a Siemens S7-
200. We used the OPC server module in LABVIEW to
implement the connection with LABVIEW in the modu-
lator control module. All the statuses of the modulator,
including the beam voltage and the beam current, are
monitored in this module. The real-time beam voltage
monitoring module displays the beam voltage curve over a
period of time and records the curve to the hard disk.

Differing from the acquisition of the RF single-band or
narrowband modulated signal, the real-time BD data
require long-period acquisition and storage. The sample
rate of our FlexRIO NI 5761 digitizer adapter modules is
250 MS/s. A huge amount of data enters the data buffer
using FIFO with large throughput; after filtering, routing,
and synchronization, the data will be stored in the RAM.
After data integration, routing, and synchronization, the
data sequence is controlled by the read/write controller and
stored in external memory. The whole data transmission
process is completed by the high-speed PXIe bus. When a
BD is detected, the 3 pulse waveforms before the occur-
rence of the BD, the pulse waveform when the BD occurs,
and 1 pulse waveform after the BD occurs are saved.

5.2 Conditioning algorithm

To ensure that all the parameters can be modified during
the conditioning progress, we designed a conditioning
control panel. The parameters in the conditioning panel are
the current highest beam voltage, current beam voltage,
current vacuum status, final beam voltage, vacuum
threshold value, beam voltage decrease when BD occurs,
step voltage without BD occurrences, step time interval
without BD occurrences, step voltage when recovering to
the highest beam voltage, step time interval when recov-
ering to the highest beam voltage, beam voltage decrease
when the vacuum breaks, and the BD count per hour
threshold value. The interface of the conditioning control
panel is shown in Fig. 6a. The basic conditioning algorithm
is shown in Fig. 6b. The conditioning process should
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follow the rules below. The main parameters in the con-
ditioning process are shown in Table 2.

e Normal status

e In normal status where no BD occurs, the beam
voltage would rise by 0.01 kV every N seconds.
(N is normally 10-200 and can be adjusted in the
conditioning control panel. N is increased as the
beam voltage rises.)

e Vacuum break status

e [If the vacuum read back value is higher than the
threshold value V, decrease the beam voltage from
the current highest beam voltage N,,. (normally
8 kV, adjustable in the conditioning control panel).
The RF signal source and the triggers for the
modulator and SSA will be stopped for ten seconds,
and the system enters the vacuum recovery mode.

e If no BD and vacuum breaks occur during the
vacuum recovery mode, return the beam voltage to
the value before the vacuum break occurred. The
recovery time interval (adjustable in the condition-
ing control panel) will be shorter than that in the
normal status, and the recovery beam voltage step
(adjustable in the conditioning control panel) will
be larger than in the normal status. When the beam
voltage has recovered to the voltage before the
vacuum break occurred, return to normal status.

e [If BD or vacuum break occurs during the vacuum
recovery mode, the RF signal source and the
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triggers for the modulator and SSA will be stopped
for ten seconds, after which the system will return
to the start of the vacuum recovery mode.

e BD status

If BD occurs and the vacuum does not exceed the
threshold value V  (normally 4 x 107° Pa,
adjustable in the conditioning control panel) and
the BD counts in one hour do not exceed N (ad-
justable in the conditioning control panel), decrease
the beam voltage from the current highest beam
voltage of M kV (normally 0.5 kV-1kV,
adjustable in the conditioning control panel, and
increased with increasing beam voltage) and stop
the RF signal source and the triggers for the
modulator and SSA for ten seconds, then recover
the beam voltage to the highest value before the BD
occurred. The recovery time interval (adjustable in
the conditioning control panel) will be shorter than
in the normal status, and the recovery beam voltage
step (adjustable in the conditioning control panel)
will be larger than in the normal status.

If there is no BD and no vacuum break during the
BD recovery progress, when the beam voltage has
recovered to the highest voltage before the BD
occurred, return to normal status.

If BD occurs during the BD recovery process, the
beam voltage will revert to the voltage when the
recovery process started, and the RF signal source
and the triggers for the modulator and SSA will be
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stopped for ten seconds, after which the BD
recovery process will be restarted again.

e [If the vacuum read back value is worse than the
threshold value V during the BD recovery progress,
decrease the beam voltage from the current highest
beam voltage N,,. (normally 8 kV, adjustable in the
conditioning control panel). The RF signal source

and the triggers for the modulator and SSA will be
stopped for ten seconds, after which the system
enters the vacuum break status.

BDR over status

e If there is no BD or vacuum break but the BD count
in one hour exceeds Npp (adjustable in the
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Table 2 The main parameters Conditioning parameter

Value range

in the conditioning process

Conditioning step time (s) 10-120
Conditioning beam voltage increment step (kV) 0.01
Vacuum threshold value (Pa) 4 %1078
Beam voltage decrease when vacuum break occurs (kV) 5-8
Vacuum break status recovery time interval (s) 0.5-5
Vacuum break status recovery beam voltage step (kV) 0.01-0.2
BD counts 5 per h
Beam voltage decrease when BD occurs (kV) 2-5

BD status recovery time interval (s) 0.5-5
BD status recovery beam voltage step (kV) 0.01-0.2

conditioning control panel), do not increase the
beam voltage until the BD count drops to a value
under N, and then return to normal status.

e Final status

e If the beam voltage has reached the final voltage, do
not increase the beam voltage and return to normal
status.

6 Test results

The high-gradient test facility is located in the Jiading
Campus of the Shanghai Institute of Applied Physics and
shares the same tunnel as SDUV-FEL (Shanghai Deep
Ultraviolet-Free-Electron Laser). The conditioning plan is
shown in Table 3. The RF power was gradually increased
by the conditioning algorithm until the target beam voltage
was reached. When the beam voltage reached the beam
voltage value of the target gradient, the next conditioning
step was applied. There was no need to reduce the beam
voltage to the value at the very beginning of the first
conditioning process. Here, we reduced the beam voltage
to 31 kV, increased the RF pulse length and shift time
simultaneously, and repeated the conditioning process until
the next target value was reached.

Table 3 The conditioning plan for C band structures

Pulse length (ns) Shift time (ns)

1000 200
1400 280
1800 360
2200 440
2500 500

@ Springer

As shown in Table 3, the initial pulse length and shift
time were 1000 ns and 200 ns, respectively. These values
can guarantee a thorough pulse compression process under
about half the filling time of the accelerating structure. The
pulse length and shift time were then increased separately
[18, 19].

Figure 7a shows the recorded data during the condi-
tioning process. All the waveform data entered the data
buffer FIFO and were stored in the RAM after filtering,
routing, and synchronization. When a BD occurred, 3
waveforms before the BD, the waveform when the BD
occurred, and 1 waveform after the BD were recorded. The
recording interval is related to the repetition rate of the
whole operating system.

In the recorded BD data, we can see clearly that when a
BD occurred, the reflected power jumped to a high level.
The reflected power protection interlock was released
immediately, and the RF output and pulse trigger signals
for the klystron and SSA held simultaneously for 10 s.
After 10 s, the RF output signal and triggers for the kly-
stron and SSA has recovered to the status before the BD
occurred.

In the beam voltage rising trend graph in Fig. 7b, the
abscissa is the time and the ordinate is the current highest
beam voltage. The BDR is inversely proportional to the
electric field strength, so when the beam voltage was low
(the klystron output power was low), the probability of BD
was not high and the conditioning could progress smoothly.
When the beam voltage rose to about 23 kV, the condi-
tioning progress slowed down because of the absorbed gas
in the waveguide. After most of the absorbed gas has been
released from the waveguide, the beam voltage continued
to rise slowly until it was close to the target beam voltage.
At this time, the output microwave power of the klystron
was very high, and the electric field in the accelerating
structure was large enough to cause continuous BD. When
we found that there were too many continuous BD occur-
rences within a certain period of time during the condi-
tioning process, we reduced the beam voltage and restarted
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Fig. 7 (Color online) a BD waveform storage. b Entire beam voltage rising trend. ¢ Site photograph

the conditioning from a lower beam voltage until we could
pass through the beam voltage points where the BD had
occurred frequently with a low BDR.

The gradient of the C band accelerating structure can be
calculated by Eq. (8), in which E is the gradient in MV/m
and P is the power delivered to the C band accelerating
structure in MW [20, 21]:

_ P
E= 40\/9:0.

When the beam voltage reached the goal voltage cor-
responding to the gradient required by the SXFEL-LINAC
theoretical design (Table 4) and the accelerating structure
could operate with a low BDR (less than 10~* breakdowns
per pulse) for more than 24 h, we considered the

(3)

accelerating structure to be fully conditioned and ready for
installation in SXFEL-LINAC.

After thorough conditioning, 3 C band accelerating
structures and one pulse compressor were installed in the
SXFEL-LINAC and are currently operating in good
condition.

7 Conclusion

The LLRF part of a high-gradient test facility has been
developed for the SXFEL-LINAC. The auto-conditioning
algorithm has been proven to be suitable for the C band
accelerating structure conditioning process. Three C band
accelerating structures and 1 pulse compressor have been
pre-conditioned and installed in the SXFEL-LINAC and

Table 4 SLED output power vs

average gradient (MV/m) Beam voltage (kV)

SLED output power without attenuation (MW)

Average gradient (MV/m)

36 102.5651926 42.70106793
355 99.31160484 42.01832507
35 94.84184633 41.06187122
34.5 91.41132415 40.31240761
34 88.1048873 39.57662325
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are operating in good condition. The whole LLRF system is
still in the design improvement stage. In the future, we will
add functions such as a BD auto-locator to this LLRF
system.
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