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Pump-probe experiments using x-ray pulses or MeV ultrafast electrons as probes are important for
studying ultrafast dynamic processes at the atomic level. Increasing demand is being focused on ultrashort
x-ray pulses and electron pulses to research processes down to a few femtoseconds. Due to the limitation of
the space charge force, only low charge electron bunches with critical synchronization can achieve such
short pulses. A high-precision beam arrival-time monitor for the low charge is especially important. In this
paper, a low Ql cavity with high sensitivity is designed to measure the arrival time of charges below 1 pC.
The pickup is particularly optimized with high R=Q at 4.76 GHz to provide the maximum signal, and the
cold test results are in good agreement with the simulations. An IQ demodulation scheme is developed for
the readout electronics. In the beam tests, the measured resolution of the beam arrival-time monitor is
33.46 fs at 0.5 pC.
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I. INTRODUCTION

Ultrafast exploration with the atomic resolution has
contributed to many new breakthroughs in chemistry,
biology, medicine, and materials science [1,2]. Pump-probe
experiments with free-electron lasers (FELs) or ultrafast
electron diffraction (UEDs) for microscopic detection of
ultrafast dynamic processes are some of the most interest-
ing applications [3,4], which have very high synchroniza-
tion requirements. Bunch arrival-time measurement with
femtosecond precision is essential for these experiments.
An accurate measurement of the arrival time can not only
help improve these studies but also be used as feedback for
machine synchronization to reduce the timing jitter at key
locations [5,6].
In recent years, these time-resolved measurements

with FELs have had an emerging demand for ultrashort
FEL shots [7,8], down to a few femtoseconds. The self-
amplified spontaneous emission (SASE) process is essen-
tially determined by the length of the electron bunch [9]. To
generate short x-ray pulses, short and low charge electron
bunches are now a favorable choice, which may also reduce

the machine jitter [10,11]. At FLASH and the European
X-Ray Free-Electron Laser Facility (EXFEL), the bunch
charge was upgraded to a broad range, from 0.02 to
1 nC [12], and in the low charge mode, the bunch length
can be compressed to below 3 fs [13]. For UED facilities,
using short electron beams as probes for ultrafast inves-
tigations, the bunch length is mainly limited by the space
charge force. The beam charge in a UED is also at the
hundreds of fC level to achieve short pulses [4,14].
Therefore, a high-resolution beam arrival-time monitor
(BAM) for the low charge is increasingly necessary.
Currently, there are some schemes for beam arrival-time

measurements, mainly based on the rf cavity with the
rf-phase detection method [15] and the amplitude modu-
lation using the Mach-Zehnder (electro-optical) modulator
(EOM) [16]. The EOM scheme at FLASH consists of three
parts: the high bandwidth rf pickup, the electro-optical unit,
and the data acquisition system [5]. The pickup signal
induced by the beam is fed into an electro-optical modu-
lator to modulate an external laser pulse train [16]. In this
method, the resolution is mainly determined from the
steepness of the modulation slope and the laser amplitude
jitter of the pulses preceding the first modulation [16]. A
temporal resolution of 3 fs@250 pC was reached at EXFEL
by using a 40 GHz bandwidth cone-shaped pickup [17].
Since the slope of the pickup signal decreases proportional
to the bunch charge, the BAM performance at lower charge
rapidly degrades [18]. To reach the target set for 1 pC, more
designs were proposed, such as reducing the beampipe
aperture and a new 90 GHz cone-shaped pickup [19–21].

*huangwh@mail.tsinghua.edu.cn

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI.

PHYSICAL REVIEW ACCELERATORS AND BEAMS 26, 012803 (2023)

2469-9888=23=26(1)=012803(9) 012803-1 Published by the American Physical Society

https://orcid.org/0000-0003-4125-2717
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevAccelBeams.26.012803&domain=pdf&date_stamp=2023-01-18
https://doi.org/10.1103/PhysRevAccelBeams.26.012803
https://doi.org/10.1103/PhysRevAccelBeams.26.012803
https://doi.org/10.1103/PhysRevAccelBeams.26.012803
https://doi.org/10.1103/PhysRevAccelBeams.26.012803
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


The resonant detection scheme utilizes an rf phase cavity
to extract an accurate bunch arrival time. A series of
eigenmodes is excited in the cavity by the passing
bunches [22]. For a cylindrical cavity, the TM010 monopole
mode signal is proportional to the beam charge and is
insensitive to the beam offset [23]. Precise bunch charge
and arrival-time information can be obtained from the
amplitude and phase of the TM010 mode signal by mixing it
with the reference clock. Compared with the EOM detec-
tion scheme, this scheme also has the potential to achieve
sub-10 fs resolution [24]. Cavity beam arrival-time mon-
itors are currently used in many facilities [25–28]. The best
resolution has been reported as 13 fs@250 pC and
27 fs@20 pC in low charge mode with a 2806 MHz phase
cavity at the Linac Coherent Light Source (LCLS) [26]. For
low charge bunches, the key point is to design a highly
sensitive pickup. The energy transferred to a cavity when a
beam passes through it is proportional to the R=Q of the
pickup [23]. The R=Q value depends only on the geometry.
The coupling constant β is also a significant parameter that
defines the strength of the coupling between the cavity and
the external circuit. An overcoupling setting is a better
choice to extract more energy from the cavity. To maximize
the signal, the cavity needs a high R=Q and overcoupling
structure. A cavity BAM for charges well below 1 pC is
designed for the relativistic electron gun for atomic
exploration. It comprises a 3.025 GHz cavity with an
optimized R=Q of 236 Ω [29]. Publication of the pickup
measurements and beam experiments is awaited. To obtain
high precision of the cavity BAM at low charges, we
developed a 4.76 GHz cavity and achieved the maximum
R=Q at the resonant frequency with the CST eigenmode
solver [30]. The coupling structure was also carefully
optimized since it determines the decay constant related
to the sampling rate of electronics. Beam experiments were
performed, and a high-resolution cavity BAM for charges
less than 1 pC was realized for the first time.
Our work is organized as follows: In Sec. II, the design

process, simulation, and cold test results are introduced,
mainly focusing on R=Q optimization. Section III describes
the scheme and performance of the readout electronics. The
BAM resolution measurements are presented in Sec. IV.

II. CAVITY DESIGN AND TEST RESULTS

A cavity BAM usually consists of a pillbox cavity as a
pickup. When a beam passes through the cavity, the
electromagnetic field of a series of eigenmodes is excited,
called the wakefield effect [23]. Considering a beam bunch
of charge q and assuming a Gaussian distribution in the
beam direction with beam size σz, the output voltage signal
Vout of the TM010 mode is expressed as follows:

Vout ¼
ωq
2
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where c is the speed of light, Z is the characteristic
impedance, ω is the frequency, Qext is the external quality
factor, which is mostly determined by the coupling struc-
ture, and R=Q is the normalized shunt impedance. R=Q is
proportional to the energy lost in the pickup by a beam and
solely depends on the cavity shape. Therefore, it is a critical
parameter for optimization. For the monopole mode, R=Q
is calculated as

�

R
Q
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where x is the beam offset, a is the cavity diameter, L is the
cavity length, T is the transit time factor, J0 is the zeroth-
order Bessel function, j01 is the first root, and J1 is the first-
order Bessel function. According to the properties of the J0
function, this R=Q value is a constant when the beam is
near the cavity center [23]. The fields for the TM010 mode
are shown in Fig. 1 [31].

A. Cavity design process

The resonant frequency is an important factor for the
BAM. For low charge operation, the choice of frequency
should avoid any background due to the dark current to
achieve the best performance. The dark current is mainly
caused by the high field in the electron gun and distributes in
every rf period [32]. The Tsinghua Accelerator Laboratory
utilizes a 1.6 cell rf gunoperated at 2.856GHz [33].When the
frequency shifts away from 2.856 GHz and its multiples, the
noise caused by the dark current rapidly decreases. Also
considering the electronics and the cutoff frequency,
14.65 GHz for a 6-mm radius beam pipe, the frequency is
intentionally designed to be 4.76 GHz.
The pickup was simulated with the electromagnetic

solver in CST Microwave Studio [30], and the R=Q was
investigated as a figure of merit in the optimization. The
pickup was chosen as a coaxial reentrant cavity because of

FIG. 1. Electromagnetic fields of the monopole mode.
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its mechanical simplicity. The desired frequency can be
easily reached by tuning the reentrant part. As shown in
Fig. 2, the structure is composed of four distinct areas: the
beam pipe, reentrant gap, coaxial cylinder, and coupling
structure [34]. To simplify the optimization process, the
cavity was first built without the coupling structure, which
has little influence on the R=Q value. There are five
adjustable variables: the pipe radius Rpipe, cavity length
Lcavity, cavity radius Rcavity, gap length Lgap, and gap
radius Rgap.
The pipe radius of our beamline usually ranges from 6 to

15 mm, and Rpipe is selected to be 6 mm. A small radius can
lead to a stronger interaction between the cavity and the
electron beam. A parameter sweep was performed over the
remaining four variables to optimize the R=Q value. First,
given a set of Lcavity and Rcavity, the maximum R=Q value
with the frequency fixed at 4.76 GHz can be found by
scanning Lgap and Rgap. Then, we change the set of Lcavity

and Rcavity and repeat the above process. R=Q values with
different sets of cavity length and radius were obtained, as

shown in Fig. 3. In this figure, the R=Q value increases with
the cavity length and radius. Since the cavity size is limited
by the fixed frequency, the maximum R=Q is nearly 300 Ω
under the condition of 4.76 GHz. Stainless steel was
employed as the pickup material which has low thermal
conductivity and simple machining processes. The elec-
trical conductivity of stainless steel is smaller than that of
oxygen-free copper, which means a low Q0 factor.
Afterward, the coupling structure was added to the

model. According to Eq. (1), the voltage signal is inversely
proportional to

ffiffiffiffiffiffiffiffi

Qext
p

. Overcoupling can be achieved by
adjusting the position and radius of the coupling hole, that
is, a small

ffiffiffiffiffiffiffiffi

Qext
p

. Finally, magnetic coupling was adopted
for the cavity, and antennas were inserted into the wall, as
illustrated in Fig. 2. This method ensures good contact and
reduces the difficulty of assembly. The radii of the coupling
hole and antenna are 1.85 and 0.8 mm, respectively,
ensuring a characteristic impedance of 50 Ω. The sensi-
tivity of the pickup was also simulated using the wakefield
solver in CST. The charge of the beam was set to 1 pC and
the output signal of the port was monitored. The optimized
dimensions and simulated parameters are summarized in
Table I.

B. Tolerance analysis

Fabrication errors and tolerances may shift the resonance
frequency and change the coupling coefficient. An error
tolerance study must be conducted to analyze the effect of
dimensional errors on rf parameters [35]. As shown in
Fig. 4, mechanical errors in three dimensions were simu-
lated to study the effect on f, Qext and R=Q. The tolerance
analysis results obtained with the postprocessing template
of the eigenmode solver are shown in Fig. 5. Since these
mechanical errors should be at least 2 orders of magnitude
smaller than the cavity size, they hardly change the R=Q
value. The resonant frequency is most sensitive to errors in
the cavity radius and reentrant depth. The error of the
coupling structure in the Z direction causes the largest
change in the Qext parameter.

FIG. 2. Schematic cross section of the cavity. In the R=Q
optimization process, the cavity is built without the coupling
structure (the blue dotted line).

FIG. 3. R=Q variations of the cavity at 4.76 GHz with the cavity
length and radius.

TABLE I. Optimized dimensions and simulation results of the
BAM pickup.

Parameters Values

Lcavity (mm) 22.0
Rcavity (mm) 21.0
Lgap (mm) 6.4
Rgap (mm) 8.0
Rpipe (mm) 6.0
Frequency (GHz) 4.76
Q0 1087.1
Qext 57.2
Ql 54.3
R=QðΩÞ 293
Sensitivity (peak voltage) (mV=pC) 131.2
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C. Cold test result

Two pickups were fabricated to validate the simulation
results. The cavity body made of stainless steel was
composed of two pieces for the convenience of tuning
before welding. The feedthroughs and antennas were
designed as disassembled structures. Figure 6 shows
pictures of the two main parts and the pickup after welding.
Before welding, a first rf measurement using a network

analyzer and cavity tuning based on the tolerance analysis
in Sec. II B was performed. The cavity length and gap
length were selected as tuning parameters, which are easy
to adjust and have little impact on the quality factor. In the
tuning process, we reduced the gap length to increase the
resonant frequency or reduced the cavity length to decrease
the frequency. The cavity tuning accuracy in the fabrication
process was 10 μm. The difference between the frequency
after tuning and the target frequency was within 1 MHz.
Afterward, the pickups were welded and measured again in
the laboratory. The rf parameters of two pickups before and
after welding are summarized in Table II. It can be seen
from Table II that the change in quality factors in the
welding process is very small. However, the process has a
great influence on the resonant frequency. Especially, for
pickup 2, the frequency shift caused by welding is
0.87 MHz.

FIG. 4. Mechanical errors in three dimensions.

FIG. 5. rf parameter variations of TM110 mode from the tolerance analysis.

FIG. 6. BAM prototype: two parts of the pickup body and the
assembly after welding.
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III. BAM ELECTRONICS

For cavities with a low loaded Q factor Ql, the
bandwidth of the rf signal is relatively wide, which
indicates a small decay constant [36]. The readout elec-
tronics mainly adopt the in-phase and quadrature (IQ)
demodulation scheme, mixing the rf signal with a local
oscillator (LO) to the baseband. The amplitude, A, and
phase, Φ, can be easily obtained from the in-phase, IðtÞ,
and quadrature phase, QðtÞ, components [37]. The elec-
tronics prototype consists of three parts: an rf front-end,
high-speed analog-to-digital converters (ADCs), and a
digital signal processing board [38]. The rf front end
produces the baseband signals from a raw signal. The
baseband signals are sampled by high-speed ADCs and
then processed in a field-programmable gate array (FPGA)
board. The LO signal and the ADC sampling clock are
locked to the reference clock.
The readout electronics system we developed for the

BAM is shown in Fig. 7. In our design, the rf signal from
the pickup is fed into a bandpass filter centered at
approximately 4760 MHz, which can reject the high-order
modes and reduce the noise. The filter is followed by a
programmable attenuator and a low noise amplifier to
extend the dynamic range. Since the machine reference
system provides a reference signal at 2856 MHz, an LO

synthesis module is added to the front end. The LO signal
and an ADC sampling clock are generated in this module,
and their phases can be adjusted by the FPGA board.
Baseband signals from the front end are recorded by 16-bit
ADCs with a 238MHz sampling rate. Amplitude and phase
information is calculated from the samples by the online
processing system.
The rf front-end and digital motherboard are installed in a

chassis. Temperature stabilization is employed inside the
chassis. The temperature is controlled by a digital feedback
loop, and the jitter is less than 0.05 °C rms. A low-noise
power supply is integrated with the chassis, which reduces
thermal drift and noise. The performance of the electronics
was tested with rf signal generators before the beam experi-
ments. We used two phase-locked signal generators to
provide rf signal and reference signal, respectively. The
amplitude of the output signal was recorded with an
incremental rf input signal to measure the linearity.
Figure 8 shows the linearity test result and the amplitude

FIG. 7. Schematic diagram of the BAM electronics.

TABLE II. Cold test results of two pickups.

BAM pickup Frequency (MHz) Q0 Qext Ql

Before welding

Pickup 1 4759.47 1030.9 60.0 56.7
Pickup 2 4760.63 1020.2 53.2 50.6

After welding

Pickup 1 4759.12 1015.7 60.5 57.1
Pickup 2 4761.50 1033.8 54.2 51.5

FIG. 8. Amplitude linearity test results of the electronics.
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linearity error is less than 1%.Afterward, the electronic noise
was tested with a constant rf input voltage, about 80% of the
full scale. As shown in Fig. 9, the amplitude error is 8.32
ADC counts, and the phase error is 27.59 fs@4760 MHz.

IV. EXPERIMENTAL RESULTS

The two pickups were installed downstream of the THz
beamline at the Tsinghua Accelerator Laboratory. Figure 10
illustrates the layout of the THz beamline. The beamline
consists of an S-band photocathode rf gun, an S-band
accelerating tube, an undulator and a deflecting cavity.
The distance between the two pickups is approximately
50 cm. The main beam parameters downstream of the
beamline are summarized in Table III. In this section, we
describe the signal processing method and the experimental
results of the BAM.
The raw signal from the pickup was measured by an

oscilloscope, and the bandwidth of the oscilloscope was

20 GHz. Figure 11 shows the measured rf signal and the
simulated signal at 1 pC. In this figure, the peak voltage is
measured to be approximately 130 mV=pC, and the decay
constant is 3.5 ns. These measurements and simulation
results are in good agreement.
As described in Sec. III, the rf signals are detected by

down-conversion, and the baseband signals are sampled by
ADCs. An example of the baseband signals is shown in
Fig. 12(a). Because of the low Ql factor, the pulses are
relatively narrow compared to the sampling interval. The
amplitude and the phase waveforms are calculated from
the I, Q signals, as shown in Fig. 12(b). The sampled
magnitude of the pulse is very sensitive to the sampling
clock phase, and the top point of the magnitude waveform
has the maximum signal-to-noise ratio. A feedback loop of
the sampling clock is employed to sample the peak of the
amplitude. The magnitude and phase of the peak point
[Fig. 12(b)] are used for bunch charge and arrival time
calculations, respectively.
The BAM charge reading was calibrated by comparing

the amplitude of the signal to the charge read by adjacent
integrating current transformer and stripline beam position
monitors (SBPMs). The- calibration range was 0–1.2 pC.
Figure 13 shows a good correlation between the ADC
counts and the bunch charge. In this calibration procedure,
the digital attenuator was set to 0 dB to provide the highest
sensitivity. For higher charges, the attenuation value was
reasonably set to guarantee a linear response in the
electronics. The maximum charge in the experiments
was approximately 50 pC.
The resolutions of arrival time and charge can be

evaluated from the difference between the two BAM
readings. Assuming that two BAMs have equal perfor-
mance, the resolutions can be calculated as follows:

RQ ¼ stdðQ1 −Q2Þ
ffiffiffi

2
p ð3Þ

FIG. 9. Phase and amplitude errors of the electronics with a
constant rf input.

FIG. 10. Schematic diagram of the THz beamline.

TABLE III. THz beamline beam parameters.

Parameters THz beamline

Bunch charge (pC) 0.1–50
Bunch length (fs) (FWHM) 200
pulse repetition rate (Hz) 10
Electron energy (MeV) 33
Energy spread (rms) 0.15%
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Rt ¼
stdðt1 − t2Þ

ffiffiffi

2
p ð4Þ

whereQ1,Q2 are the bunch charges and t1, t2 are the bunch
arrival times measured by two BAMs. The charge and
arrival-time information were extracted by both BAMs

over 1 min. In this measurement, the bunch charge was
approximately 0.5 pC. The charges measured by the two
BAMs are shown in Fig. 14(a), and the charge jitter is
approximately 7.5 fC. Figure 14(b) shows the residual
charge distribution. Therefore, the charge resolution of the
BAM is 0.69 fC, calculated by Eq. (3). Figure 15(a) shows
the arrival times measured by both BAMs. Both detectors
show a slow drift of the arrival time, with a jitter of 250 fs.
The difference between the two arrival times is plotted in

FIG. 11. Measured and simulated raw voltage signals from the
pickup.

FIG. 12. Example of the baseband signals (a). Amplitude and
phase waveforms calculated from the I, Q signals (b).

FIG. 13. ADC counts of the BAM vs charge read by the SBPM.

FIG. 14. Charges measured by two BAMs (a). Distribution of
residual charge (b).
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Fig. 15(b). Applying Eq. (4) results in an arrival-time
resolution of 33.46 fs. The resolution values are slightly
higher than the electronic noise described in Sec. III. One
possible reason for the increased error is the high LO phase
jitter from the synchronization system. However, any
environmental noise could also cause poor performance.
Finally, we measured the charge dependence of the beam
arrival-time resolution. The relationship between the res-
olution and the charge is shown in Fig. 16. In this figure, the
resolution between 50 and 0.5 pC slowly deteriorates from
30 to 35 fs. However, below 0.5 pC, it rapidly becomes

worse. The resolution is approximately inversely propor-
tional to the bunch charge, that is, mainly limited by the
signal-to-noise ratio of the electronics.

V. SUMMARY

Pump-probe experiments in FEL and UED facilities have
an increasing demand for short and low charge bunches,
where the timing jitter is specifically critical. We con-
structed a high-resolution cavity BAM system for bunch
charges below 1 pC. A reentrant cavity at 4.76 GHz was
designed. The R=Q parameter was optimized to realize the
maximum sensitivity. The measurements agree well with
the simulations. Two BAMs were arranged on the THz
beamline at the Tsinghua Accelerator Laboratory, and the
performance was evaluated by beam tests. The results show
high resolutions of 33.46 fs and 0.69 fC with bunch charges
of 0.5 pC. This performance is mainly limited by the BAM
electronics and the LO signal from the synchronization
system. Further studies on electronics are ongoing. Further
experiments will hopefully achieve sub-10 fs resolution for
charges less than 1 pC.
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