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Abstract Free electron lasers provide high-power and

ultrashort pulses with extreme brightness. In order to

improve a facility’s capabilities and explore the possibility

of performing high-resolution time-resolved experiments, a

beam arrival time resolution under 100 fs is required. In

this article, a novel beam arrival time monitor (BAM)

equipped with two cavities has been designed and a beam

flight time measurement scheme based on the BAM pro-

totype has been proposed to estimate phase jitter in the

signal measurement system. The two BAM cavities work at

different frequencies and the frequency difference is

designed to be 35 MHz. Therefore, a self-mixing inter-

mediate frequency signal can be generated using the two

cavities. The measured beam flight time shows a temporal

deviation of 37 fs (rms).

Keywords Beam arrival time monitor � Dual-cavities �
Beam flight time � Self-mixing

1 Introduction

Free electron laser (FEL) has served as a useful and

promising high-power and high-brightness light source in

experimental studies (in the macroscopic world and at

atomic and molecular levels), in static physical systems

and ultrafast dynamic processes, and in investigations

under simple experimental conditions to complex envi-

ronments [1, 2]. The Shanghai soft X-ray FEL (SXFEL)

was developed in phases. The test facility, named SXFEL

test facility (SXFEL-TF), has been constructed in China at

the Shanghai Synchrotron Radiation Facility (SSRF)

campus and is presently under commissioning. It is a

critical development step toward a hard X-ray facility [3, 4]

and will be upgraded to the SXFEL user facility (SXFEL-

UF) next year. The SXFEL-UF consists of two lines

working on different FEL types. In particular, one of the

beam lines will function as Self-Amplified Spontaneous

Emission (SASE) self-seeding mode [5]. Table 1 shows the

main beam parameters of the SXFEL.

The major challenge associated with such ultrashort,

ultrafast, and high-brightness light pulses is the require-

ment of precise synchronization between the electron

bunches and seed laser pulses in three-dimensional spaces

[6–9]. This is because the seed FEL power relies on the

energy exchange of electrons and photons along the

undulator section. Energy exchange can only occur when

the electron beam and seed laser are synchronized.

Therefore, measuring the electron beam arrival time is a

key issue for achieving synchronization in femtosecond

resolution. Moreover, because SXFEL will be applied as a

user facility, it is essential to exploit the possibility of time-

resolved experiments, and such experiments demand high
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resolution of beam arrival time. In short, it is essential to

conduct research on beam arrival time.

Currently, beam arrival time measurement is mainly

based on the RF cavity scheme [10–13] and electro-optic

sampling scheme [14, 15]. According to the published

results, the best resolutions of the arrival time are 13 fs

based on the RF cavity scheme and 6 fs [16] electro-optic

detection scheme. Considering that the latter scheme re-

quires greater cost and extreme complexity, the highly

sensitive RF cavity based phase detection scheme was

adopted. This scheme is realized with a specific metallic

cavity. When an electron bunch passes through the cavity,

the eigenmodes of an internal electromagnetic field of the

cavity are excited owing to the wakefield effect [17, 18].

For a simple pillbox cavity, TM010 is radially symmetric

and has the maximum value at its center. Its amplitude is

proportional to the electron bunch charge and is indepen-

dent of the beam offset [19].

There are various timing jitters that can influence the

measurement of beam arrival time. The main jitter results

from an electron beam timing jitter at various locations

along the undulator. This is mainly because of the disper-

sive effects in the magnetic bunch compressor chicanes

[20, 21]. The energy-dependent path leads to the conver-

sion of a beam energy jitter to an arrival time jitter in the

undulator. The energy jitter comes from the amplitude

fluctuations and phase jitter of the accelerating fields, as

well as the time jitter of the electron gun and reference

clock. The typical detection scheme requires a highly

stable reference signal that usually transmits over a long

distance and is easily disturbed by temperature and

humidity [22], etc. However, the SXFEL environment

outside the tunnel currently is not suitable and the reference

signal has larger jitter. In other words, this detection

scheme applied at SXFEL may not attain appropriate

results.

Therefore, a novel scheme using a dual-beam induced

pickup signal mixing to measure the beam arrival time or

beam flight time has been proposed. The proposed

scheme is shown in Fig. 1. The beam arrival time monitor

(BAM)#1 is installed immediately behind the RF gun and

its generated RF signal can be observed as the reference

signal, because the time lag between the driven laser and

RF signal is almost constant. Most importantly, this

scheme is especially useful for the SASE self-seeding FEL

because this facility focuses mainly on the beam flight time

between the chicane’s entrance and exit (T23). As the

cavities are inside the tunnel where a stable environment

exists, and have similar features (such as temperature

sensitivity), this dual-cavities signal mixing scheme is

expected to obtain better performance. In order to evaluate

the practicability and performance of the new scheme, we

designed a BAM equipped with two cavities working on

different frequencies. In this research, we measured the

beam flight times between BAM01’s two cavities and

between two BAMs. The layouts of the two BAMs are

shown in Fig. 2.

The remainder of this paper is organized as follows.

Section 2 introduces the basic principle of a BAM and

presents the theoretical temporal resolution formula. In

Sect. 3, the design process and simulation results are pre-

sented. Along with the simulated parameters, the theoreti-

cal temporal resolution is also calculated in this

section. The cold test and beam flight time experiments

based on the BAM prototypes are described in Sect. 4.

2 Basic principle of BAM

The BAM utilizes the high sensitivity and high resolu-

tion of a pillbox cavity to extract precise timing informa-

tion. When a relativistic electron beam passes through a

cavity, the beam interacts electromagnetically with its

surroundings to generate an electromagnetic field, named

the wakefield. The wakefield will cause energy loss from a

beam to an electromagnetic field. The energy loss, Eloss,

satisfies: [23]

Table 1 Main beam parameters of the SXFEL

Parameter SXFEL-TF SXFEL-UF

Electron energy (Gev) 0.84 1.5

Energy spread (rms) O 0.1% O 0.1%

Normalized emittance (mm mrad) (rms) O 2.0 O 21.5

Bunch length (ps) (FWHM) O 1.0 O 0.7

Bunch charge (nC) 0.5 0.5

Peak current at undulator (A) O 500 O 700

Pulse repetition rate (Hz) 10 50

Fig. 1 (Color online) New proposed scheme to measure the beam

arrival or beam flight time

Fig. 2 (Color online) Layout of BAMs in SXFEL
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Eloss ¼ q2kloss ¼ q2 ½VðrÞ�
2

4W
; ð1Þ

VðrÞ ¼
Z L

0

EðrÞejxz=v dz ð2Þ

Here, q is the electron bunch charge, kloss is the loss factor,

L is the cavity length in the z direction, x is the angular

frequency, v is the velocity of the electron bunch, and W

and E denote the stored energy and electric field intensity,

respectively. Basically, the electromagnetic (EM) field

inside the cavity is a superposition of several eigenmodes

and the transverse field eigenmodes (TM) are combined

with three indices: n(azimuthal), m(radial), and p(longitu-

dinal). For TM010 mode, the longitudinal electric field

(Ez;010) is:

Ez;010ðr; tÞ ¼ E0J0

j01

a
r

� �
ejxt: ð3Þ

Here, J0 is the 0-order Bessel function, j01 is the 1st root,

and a is the cavity diameter. The output signal voltage of

TM010 (Vout) can then be expressed as follows:

Vout ¼
xq
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Z

Qext

ðR=QÞ
r

exp �x2r2
z

2c2

� �
: ð4Þ

Here Z is the characteristic impedance, which is designed

to be 50X usually, and rz is the electron bunch length. R /

Q is the normalized shunt impedance. c is the light speed.

Qext is the external quality factor that is determined by the

cavity structure, especially the coupled structure; it is a

constant for a given cavity, which complies with the fol-

lowing function:

1

QL

¼ 1

Q0

þ 1

Qext

: ð5Þ

Here, QL is the loaded quality factor; Q0 is the internal

quality factor; ideally it is determined by the material and

structure of the cavity. It can be used to evaluate the cavity

surface characteristic and energy storage. R / Q depends

only on the cavity shape and is related to the beam offset. It

describes the energy exchange between the cavity and

electron bunches. If the electron beam passes the cavity in

the z direction with an offset x and assuming x � 0,

Ez ¼ constant, the R / Q of TM010 can be calculated:

R

Q
¼ 2La2

T

x�0pJ2
1ðj01Þa2

: ð6Þ

Here, aT is the transit time factor. �0 is vacuum permit-

tivity. J1 is the 1-order Bessel function, j01 is its 1st root. It

further shows that R / Q of a monopole is insensitive to the

beam position near the cavity center. Thus, the output

signal only depends on the electron bunch charge.

The above output signal voltage is a theoretical value. In

fact, there are various noise components; one such com-

ponent for the cavity is thermal noise. According to

Nyquist’s Theorem, thermal noise amplitude (Vtn) is rep-

resented as follows:

Vtn ¼ NF �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4kBTZDf

p
: ð7Þ

Here, kB is the Boltzmann constant, T is the temperature,

NF is the noise figure, Df represents the bandwidth and can

be expressed as follows: Df ¼ f010=QL, where f010 is the

frequency of TM010. Incidentally, a higher QL gives a

narrower bandwidth for a determined frequency.

A more detailed discussion on the above theories can be

found in Refs. [24–27]. A signal voltage in the time-do-

main (Vtotal) and frequency-domain (F(w)) as well as a

detected phase (ha) can be expressed as follows:

VtotalðtÞ ¼ VoutðtÞ þ VtnðtÞ: ð8Þ

FðwÞ ¼
Z

ðVoutðtÞ þ VtnðtÞÞe�iwt dt: ð9Þ

ha ¼ arctan
ReðFðwÞÞ
ImðFðwÞÞ

¼ arctan
ReðVoutðwÞ þ VtnðwÞÞ
ImðVoutðwÞ þ VtnðwÞÞ

ð10Þ

Here Re and Im represent the real and imaginary parts,

respectively. Therefore, the beam arrival time (Ta) can be

described as follows:

Ta ¼
ha

2pf010

: ð11Þ

Hence, the time jitter caused by noises (tnj) is as follows:

tnj ¼
1

2pf010 � SNR
: ð12Þ

Here, SNR is the ratio of signal to noise. In addition,

another time shift resulting from frequency-error (Dx) due

to the finite sampling time (tQj) is denoted as follows:

tQj ¼
h0Dx
x2

¼ p

xQ2
L

: ð13Þ

Considering the clock jitter (tcjitter) from ADC sampling

system and reference signal, the theoretical temporal res-

olution (Dt) can be derived as follows:

Dt ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

x0 � SNR

� �2

þ p

x0Q
2
L

� �2

þt2cjitter

s
: ð14Þ
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3 Design and simulation results of BAM

3.1 Physical design of the BAM

A pillbox cavity is easier to fabricate as compared to a

rectangular one. For this pillbox-like cavity, the highest

excitation of all modes is the TM010 mode whose amplitude

is proportional to the electron bunch charge only for a

small beam offset [28]. The first dipole mode is the TM110

mode whose amplitude is proportional to the beam offset

when it is close to the center. The second common mode is

the TM020 mode which is similar than TM010 mode near the

cavity center. Figure 3 shows the first four modes.

In this research, a dual-cavity BAM was designed whose

pickups work at different resonance frequencies. The

physical model is shown in Fig. 4. Each pickup has a

pillbox cavity with two feedthroughs. This symmetrical

design will not destroy the symmetry of the EM fields.

Moreover, it is helpful in the beam tests, especially while

conducting two or more measurements simultaneously.

The cavity body is made of oxygen-free copper. Both ends

of the BAM are connected to a 16 mm beam pipe. The

two-dimensional section view of the BAM is presented in

Fig. 5.

3.2 Simulation results

3.2.1 Frequency

Choosing an appropriate frequency is significant to the

BAM. The resonant frequency of the TM010-mode should

be smaller than the cut-off frequency of the beam pipe to

avoid their propagation into the beam pipe. For a circular

waveguide, the cut-off frequency (fc) of TE11-mode can be

calculated as follows:

fc ¼
1:841 � c

2prp

: ð15Þ

Here rp is the beam pipe radius. Thus, the cut-off frequency

of a TE11-mode is 11 GHz for a circular waveguide with a

8-mm radius. Moreover, the choice of f010 should not be the

integral or half-integral multiplication of an accelerating

frequency of 2856 MHz to minimize the negative influence

of dark current on measurement. Taking all factors into

consideration, f010 of the dual-cavities are designed to be

4.685 GHz (cavity 1) and 4.72 GHz (cavity 2), respec-

tively. The remainder of this section will focus on the

cavity 1. For the specified cavity frequency, a cylindrical

diameter is then determined. The cavity diameter (a) can be

calculated as follows:

a ¼ j01

pf010
ffiffiffiffiffiffiffiffiffi
l0�0

p : ð16Þ

Here l0 and �0 are the permeability and permittivity of

vacuum, respectively. For the cavity 1, a is 49 mm.

3.2.2 Cavity length

The cavity length has a great impact on the energy

exchange between the electron beams and cavity. A narrow

band cavity requires a high-quality factor Q0 while a high

Q0 greatly depends on the cavity length. Based on the

previous experience, a 1 MHz bandwidth can be obtained.

Thus, Q0 sets a lower limit on the cavity length L. For the
Fig. 3 (Color online) Excited modes in a cylindrical cavity: a TM010

mode, b TM110–x mode, c TM110–y mode, d TM020 mode

Fig. 4 (Color online) Physical model of the BAM

Fig. 5 Two-dimensional section view of the BAM
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monopole mode TM010 of a cylindrical cavity, the Q0 can

be calculated as follows:

Q0 ¼ 2Lj201

2Rsx�0ðLþ a=2Þa ; ð17Þ

where Rs is the surface resistance. In addition, owing to the

oscillating nature of the EM fields, the field inside the

cavity will change when the electron bunch passes through

the cavity. This phenomenon reduces the power coupling

efficiency of the electron bunch into the cavity. Transit

time factor aT is used to characterize this factor, which is

expressed as follows:

aTðbÞ ¼ sinc
xL
bc

� �
; ð18Þ

where b ¼ v=c. If the cavity is very long, transit time factor

will reduce the power coupling efficiency. Thus, choosing

a suitable cavity length is the trade-off between power

coupling and quality factor (Q0). As shown in Fig. 6 and

Eqs. (17) (18), when the cavity length is L ¼ 6 mm, Q0 is

about 5000, which enables the bandwidth to reach 1 MHz

and aT is larger than 0.8. Therefore, the cavity length is

designed to be 6 mm.

3.2.3 Cavity structure and parameter

In this design, a re-entrant arrival time cavity is applied

instead of an ordinary pillbox cavity. This structure offers

convenience for frequency tuning during the manufactur-

ing process. According to the theory of coaxial lines, the

ratio of the inner and outer radius is preferably 2.3 to

balance the output power and signal attenuation [29]. The

probe diameter and insertion depth are set to be 1.5 mm

and 0.25 mm, respectively. The cavity length can be

adapted for each cavity radius to maintain the designed

frequency. Moreover, as shown in Fig. 7, an external

quality factor of 105 was appropriate to balance the voltage

amplitude and TM010 mode bandwidth. When the external

quality factor reaches 105, the bandwidth is almost con-

stant, while the SNR keeps decreasing.

Furthermore, the cavity distance should be longer to

avoid crosstalk between the two cavities. In this design, the

distance is required to be larger than 60 mm; thus, the

theoretical crosstalk is less than - 100 dB.

Once the cavity sizes were determined, their simulated

parameters can further be calculated with the postpro-

cessing template of the eigenmode solver, as displayed in

Table 2. With the above-simulated results and Eq. (14), the

theoretical temporal resolution is approximately 3.5 fs

when the SNR was assumed to be 80 dB.

4 The BAM test results

4.1 Cold test

To validate the RF-characteristic of the BAM, two sets

of BAM prototypes have been fabricated and tested with a

network analyzer in the laboratory.

Fig. 6 (Color online) Correlations between quality factor (Q0), transit

factor (aT), and cavity length

Fig. 7 (Color online) Correlations between output voltage (Vout),

bandwidth (BW), and external quality factor (Qext)

Table 2 Simulated parameters of the BAM

Parameters Value (Cavity 1) Value (Cavity 2)

Frequency (GHz) 4.685 4.72

Q0 4796 4835

Qext (�105) 1.8 1.9

Qload 4671 4716

R / Q (X) 107.2 107.9

sa (ns) 317.7 318

Bandwidth (MHz) 1.00 1.02

aDecay time constant
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Table 3 displays the cold test results of BAM01 and

BAM02. It can be seen that the measured frequencies are

4.6852 GHz and 4.7204 GHz for BAM01, and 4.729 GHz

and 4.685 GHz for BAM02. The 3 dB bandwidths are

1.1109 MHz and 1.0578 MHz for BAM01, and 1.24 MHz

and 1.16 MHz for BAM02. In short, the cold test results

agree well with the simulation results, which implies that

the prototype can meet the demands of the beam

experiments.

4.2 Beam flight time experiments

The two BAMs have been installed in the injector sec-

tion of the SXFEL test facility and the distance between the

two BAMs is approximately 40 m. A beam flight time

detection experiment based on the new proposed

scheme (the dual-cavities signals mixing scheme) can be

performed. This experiment consists of two parts: the beam

flight time between BAM01’s two cavities, the beam flight

time between BAM01-A and BAM02-A cavities. As dis-

cussed above, the first experiment is mainly used to eval-

uate the performance of the measurement system. The

second part is actually used to measure the two BAMs’

beam flight times. Figure 8 shows the beam flight time

detection setup based on the dual-cavities signals mixing

scheme. The system consists of four parts: a BAM cap-

turing the beam induced RF signal, an RF front-end, a

signal acquisition processor, and an online/offline signal

processing system.

The raw RF signals from two BAMs’ four cavities were

captured by an oscilloscope with a sampling rate of

20 GHz. Figure 9 shows the four RF signal in time-domain

and frequency-domain. In particular, BAM01-B and

BAM02-A signals are used as the local oscillator (LO)

signals. As the LO input is an exponentially damped

sinusoidal signal, the dynamic range and linearity of the

mixer will deteriorate with the attenuation of the LO signal.

Currently, the whole signal processing electronics sys-

tem is placed outside the tunnel for convenient operation in

this preliminary research. Thus, low noise and phase-

stable cables are required for the RF front-end realized

analog down conversions, bandpass filtering, and amplifi-

cation of RF signals.

Table 3 Cold test results
Parameters BAM01-A BAM01-B BAM02-A BAM02-B

Frequency (GHz) 4.6852 4.7204 4.729 4.685

Frequency difference (MHz) 0.2 0.4 9 0

Bandwidth (MHz) 1.11 1.06 1.24 1.16

Bandwidth difference (MHz) 0.108 0.035 0.215 0.158

Fig. 8 Beam flight time detection setup based on dual-cavities signals

mixing scheme
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Fig. 9 (Color online) Time-domain signals and frequency spectra of

the four output signals from BAM01 and BAM02
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After self-mixing, the two generated intermediate fre-

quency (IF) signals are shown in Fig. 10. Their peak

amplitudes are approximately 0.2 h, which is considerably

smaller than the full scale of the analog–digital converter

(ADC), i.e., 1 h. The frequencies of IF-1 and IF-2 are

35 MHz and 44 MHz, respectively. IF-1 is the measured

beam flight time between BAM01’s two cavities, while IF-

2 represents the beam flight time between BAM01 and

BAM02.

The IF signals are then digitized by a 16-bit ADC with a

sampling rate of 119 MHz. This signal acquisition pro-

cessor works at an external trigger of (10 Hz) and external

clock mode of (119 MHz). The obtained digital IF signal is

processed and corrected online or offline.

The measured two beam flight times over 40 min are

given in Fig. 11. The deviations of IF-1 and IF-2 are 37 fs

and 51 fs, respectively. For the beam flight times between

BAM01’s two cavities, the limitation mainly comes from

the unoptimized electronics and environmental noise. For

the beam flight time between the two BAMs, the beam

jitter is additionally a jitter source apart from the mea-

surement system limitations.

5 Summary

To measure the beam arrival time with the limitations of

a poor reference signal, a dual-cavities signals mixing

scheme is proposed and it is especially useful for the SASE

self-seeding FEL facility that focuses more on the beam

flight time. Based on this, a BAM equipped with two

cavities working at 4.685 GHz and 4.72 GHz, respectively,

is designed and two sets of BAMs were installed at the

SXFEL injector section. Moreover, two beam flight time

experiments, one between a single BAM’s two cavities,

and the other between the two BAMs have been investi-

gated to evaluate the performance of the measurement

system and the practicability of the new proposed scheme.

The measured beam flight times show a standard deviation

of 37 fs and 51 fs, respectively, and they are significantly

larger than the theoretical values. This is mainly due to the

unoptimized electronics and environmental noise, etc.

Therefore, further investigations are ongoing, such as

planting the whole system inside the tunnel, optimizing the

RF front-end system. Moreover, further experiments will

be conducted soon to demonstrate how close the real sys-

tem values may become to these promising theoretical

values.
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