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Abstract A bunch arrival-time monitor (BAM) based on

an electro-optical intensity modulation scheme is currently

under development at Shanghai Soft X-ray Free-Electron

Laser to meet the high-resolution requirements for bunch

stability. The BAM uses a radio frequency signal generated

by a pickup cavity to modulate the reference laser pulses in

an electro-optical intensity modulator (EOM), and the

bunch arrival-time information is derived from the ampli-

tude change of the laser pulse after laser pulse modulation.

EOM is a key optical component in the BAM system.

Through the basic principle analysis of BAM, many

parameters of the EOM are observed to affect the mea-

surement resolution of the BAM system. Therefore, a

systematic analysis of the EOM is crucial. In this paper, we

present two schemes to compare and analyze an EOM and

provide a reference for selecting a new version of the

EOM.

Keywords Bunch arrival-time monitor (BAM) � Soft

X-ray Free-Electron Laser (SXFEL) � High resolution �
Electro-optical intensity modulator (EOM)

1 Introduction

X-ray free-electron lasers (XFELs) [1–6] with fully

coherent, high-intensity, and ultrashort pulses can be an

effective tool to study the structure and dynamic process

of matter on the atomic scale, thereby pushing the fron-

tiers in different disciplines, such as physics, chemistry,

and material science [7, 8]. In order to provide a

stable operation of the FEL in pump–probe experiments

and seeded schemes (such as high gain harmonic gener-

ation (HGHG), echo-enabled harmonic generation

(EEHG), and two-stage cascade) [9–14], the arrival-time

of electron bunches must be controlled with femtosecond

accuracy. Therefore, a high-precision measurement of the

bunch arrival time is crucial for the synchronization

process.

Currently, at the Shanghai Soft X-ray Free-Electron

Laser (SXFEL) [15], a bunch arrival-time monitor (BAM)

based on an electro-optical intensity modulation

scheme [16–18] is under development. This BAM has the

potential to achieve sub-10-femtosecond resolution. The

radio frequency (RF) signal induced by the electromag-

netic field of the electron bunch modulates the laser pulse

train propagated from the synchronization system in a

Mach–Zehnder-type electro-optical intensity modulator

(EOM). The modulated laser pulse carries the arrival-time

information of the electron bunch. A laser pulse is phase-

shifted to the RF signal zero-crossing point, and this

moment’s RF signal is determined as a benchmark signal.

The degree of the subsequent modulated laser pulse offset

relative to the zero-crossing position is the relative time

information of the electron bunch. The degree of this

offset is proportional to the amplitude of the modulated

laser pulses.
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The bunch arrival-time information is derived from the

amplitude change of the laser pulse after laser pulse

modulation. The reason for choosing the zero-crossing

point as the reference point is that the slope of the RF

signal zero-crossing point is the largest. Furthermore, it is a

linear area near the zero-crossing point, which can be used

to measure the time information of whether the bunch is

advanced or delayed. Because this modulation process is

performed in the EOM, many parameters of the EOM will

affect this modulation efficiency, and this efficiency needs

to be considered when analyzing the resolution of the BAM

system to achieve maximum BAM resolution. A detailed

analysis of the parameters that affect the resolution of the

BAM system by EOM is necessary to provide guidance for

the optimization of the next generation of BAM system.

In this paper, we first present the basic principle of the

BAM system and a theoretical derivation of the electro-

optical intensity modulation in the EOM. The remainder of

this paper describes the design of two different schemes to

study an EOM in the same test environment and a com-

parative analysis of the results.

2 Principle of BAM

A schematic diagram of the bunch arrival-time monitor

is shown in Fig. 1. The BAM system is mainly composed

of three parts: the RF front end, the electro-optical modu-

lation front end, and the readout electronics.

The electromagnetic field excited by the electron bunch

will induce the RF signal at the pickup pole of the pickup

cavity, which is a high-bandwidth, bipolar RF signal. In

order to increase the peak-to-peak value of the RF, a

combiner combines two symmetry extraction poles of the

pickup cavity and connects them to the RF modulation port

of an EOM via a phase stable coaxial cable. The EOM RF

port often has a maximum voltage limit; thus, a limiter

must be added to the EOM RF port to protect the EOM

from being damaged. The electro-optical modulation front

end is the center of the BAM system, where the laser pulses

are modulated by the RF signal.

The laser pulse train generated from the synchronization

system enters the chassis of the electro-optical modulation

front-end system and passes an optical delay line (ODL).

The ODL has a 560 ps optical delay range. It is used to

scan the RF signal and shift the laser pulse signal to the

zero point of the RF signal. After the ODL, the laser pulses

are divided into two channels by an optical splitter: One of

the signals is transmitted to the EOM, and the other is used

as a sampling clock for the analog-to-digital converter

(ADC) to synchronize with the laser pulse from the EOM

channel. The EOM is the core of the electro-optical-mod-

ulation front end as the arrival-time information of bunches

is transferred there. In the EOM, the RF signal coming

from the RF front end modulates the laser pulse divided by

the optical splitter. The amplitude of the laser pulse will

change with its relative position to the RF signal. The

modulated laser pulses are transmitted out of the tunnel to

the readout electronics for subsequent signal acquisition,

processing, and analysis.

Fig. 1 (Color online) Schematic of bunch arrival-time monitor. Different positions of laser reference pulses relative to the pickup signal are

displayed at different modulation amplitudes
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3 Theoretical description

As an optical device, the EOM is a Mach–Zehnder

electro-optical intensity modulator used in BAM. A basic

principle diagram of the EOM is shown in Fig. 2, and the

transmission of light intensity modulation signals is shown

in Fig. 3.

When the laser pulse enters the EOM, it splits into two

symmetrical light branches through a 3-dB directional

coupler. The electric field applied by the external electrode

modulates the refractive index of the two optical paths and

thus introduces a phase shift after the two laser pulses

propagate into two branches. Furthermore, the refractive

index is a function of the strength of the electric field.

When the two laser pulses are recombined at the output,

their phase shift change will be converted into a laser pulse

amplitude modulation. According to [19, 20], the transfer

function of an intensity modulator can be described as

IO ¼ Tr � Ii

� 1

2
þ 1

2
cos

p� Ubias tð Þ
Vp;bias

þ p� URF tð Þ
Vp;RF

þ ;
� �� �

;

ð1Þ

where IO and Ii are the output and input power intensity of

the laser, respectively. Tr is the modulation depth of the

EOM optical transmission. The intrinsic initial phase term

of the EOM is presented by ;. This phase term ; is from a

small difference between the two optical paths owing to

material inhomogeneity and manufacturing tolerances.

Vp;bias and Vp;RF, which are also intrinsic parameters, are

the half-wave voltages of the EOM. The static operating

point of the EOM is set by Ubias. URF represents the pickup

signal from the RF front end. The Quad operating modu-

lation point without the pickup signal is determined by

Ubias as

IQuad ¼ Tr � Ii �
1

2
þ 1

2
cos

p� VQuad

Vp;bias

þ ;
� �� �

¼ Tr � Ii

2
;

ð2Þ

where cos
p�VQuad

Vp;bias
þ ;

� �
¼ 0.

Modulation IM based on the pickup signal is calculated

by

IM ¼ IO � IQuad ¼ 1

2
cos

p� VQuad

Vp;bias

þ ; þ p� URF tð Þ
Vp;RF

� �

¼ Tr � Ii

2
sin

p� URF tð Þ
Vp;RF

� �
:

ð3Þ

Normalized modulation M is described by

M ¼ IM

Ii
¼ Tr

2
sin

p� URF tð Þ
Vp;RF

� �
; ð4Þ

and URF tð Þ¼ Vp;RF

p arcsin 2 � M
Tr

� �
.

The slope S of the zero-crossing position near the pickup

signal can be approximated as linear in a short interval

[21]:

URF tð Þ � S� t: ð5Þ

where t is the time offset of the laser pulse relative to the

zero-point position of the pickup signal. Thus, t can be

represented as

t ¼ Vp;RF

S� p
arcsin 2 �M

Tr

� �
: ð6Þ

According to the Taylor series expansion of arc-

sin(2 9 M), t can be expressed as

t � Vp;RF

S� p

2 �M

Tr

� �
þ

2 � M
Tr

� �3

3ð Þ! þ
2 � M

Tr

� �5

5ð Þ! � � �
2 � M

Tr

� � 2�nþ1ð Þ

2 � nþ 1ð Þ!

2
64

3
75:

ð7Þ

The measurement resolution of the arrival-time infor-

mation of the bunch will be affected by the amplitude noise

of the laser pulse DM. For the first term of the Taylor series

Fig. 2 (Color online) Mach–Zehnder electro-optical intensity modulator
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in Eq. (7), the bunch arrival-time measurement resolution

Dt can be estimated as follows:

Dt � 2 � Vp;RF

S� p� Tr

� DM: ð8Þ

Therefore, we can observe from Eq. (8) that Vp;RF and Tr

are determined by the inherent properties of the EOM

device. A lower Vp;RF and a larger Tr are desirable. Simi-

larly, a reasonable value of VQuad is also very important

because it is related to the thermal power of the entire

EOM device.

4 EOM performance measurement

The commercially available EOM in the marketplace is

mainly used in the telecommunications field. Different

from its application in the telecommunications field, a laser

pulse train is provided to the EOM. Therefore, it is nec-

essary to verify the fitness between the laser pulse train and

the EOM. Nowadays, a LiNbO3-type commercial EOM is

used in the BAM system. The key parameters of this EOM

from the official datasheet are as follows (Table 1) [22].

Based on the symmetry of the internal structure of the

EOM, Vp;bias can be used to describe Vp;RF. Therefore,

stepwise scanning of the DC bias voltage is performed

through the DC bias port, and the overall performance of

the EOM is described by the measured transmission curve.

In order to verify whether the key parameters of EOM in

the input of the laser pulse are consistent with the official

datasheet used as telecommunications application, two test

platforms are set up.

4.1 Test platform based on optical power meter

For a comparison verification, a high-sensitivity optical

power meter-based measurement scheme was proposed.

The block diagram of the test platform is shown in Fig. 4.

The tested laser pulse train is provided directly by the

optical synchronization system. The input laser pulse

power can be adjusted by an optical power attenuator

placed in front of the EOM. Stepwise scanning of the

voltage is added to the EOM’s DC bias port. The scan

voltage is increased from - 10 to ? 10 V at 0.07-V

intervals. Through a full stepwise scanning, an EOM laser

pulse transmission curve for the bias voltage was obtained

and is shown in Fig. 5.

According to the operating principle of the BAM, the

measured transmission curve is analyzed. Many parameters

have been drawn for the DC bias voltage, which is related

to the selection of the reference operation point. Based on

Fig. 3 (Color online)

Transmission of light intensity

modulation signals

Table 1 Key parameters from official datasheet

Supplier Material Bandwidth Vp;bias Vp;RF @ 10 GHz

Photline LiNbO3 12 GHz 6.5 V 6.5 V
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the measured transmission curve, the half-wave voltage

value of Vp;bias is determined to be 6.44 V. For this par-

ticular EOM, an operation point voltage of Quad point =

- 2.68 V is applied at around 50% of the transmission

curve (marked with red dots in Fig. 6). A linear region

(marked with a pink line in Fig. 6) between 20 and 80% of

the transmission curve is typically selected as the modu-

lation region to prevent excessive modulation voltages

from bringing the modulation into the nonlinear region.

The linearity of this region is calculated by R2 = 0.9996.

By Eq. (8), the modulation depth Tr is an important

parameter, which is determined with Tr = 0.999 from

Fig. 7.

4.2 Test platform based on DAQ system

The EOM is an optical integrated circuit that is very

sensitive to temperature. Therefore, it is necessary to

periodically correct the operating voltage of the EOM for

different environments (especially the temperature). This is

a real-time performance that cannot be achieved by the

optical power meter. As shown in Fig. 8, a test platform

based on a Data Acquisition (DAQ) system can realize

real-time measurement and determine a new operating

point to correct. A DAQ system principle block diagram is

shown in Fig. 9.

The basic principle of the DAQ system is to use a

homologous laser pulse as the ADC clock signal to sample

the peak of the electrical pulse signal after photoelectric

conversion, and the transmission curve of the laser pulse is

obtained after a full DC bias voltage scan. Based on the

measured transmission curve, the half-wave voltage value

of Vp;bias is determined to be 6.38 V, and the operation

position value of the Quad position = - 2.53 V. The lin-

earity of the region from 20 to 80% is calculated by

R2 = 0.9991.

As shown in Fig. 10, the bottom of the transmission

curve is distorted near the voltages - 6 V or ? 8 V. After

a photodiode, the laser pulse signal is converted into a

bipolar electrical pulse signal. Since the used ADC board is

an AC input, it prevents offsetting of the electrical pulse

signal by the DC bias voltage. Therefore, when the laser

pulse power is very weak, the negative half-axis value of

the electrical pulse signal cannot be collected, and distor-

tion is caused.

Fig. 4 (Color online) Block diagram of test platform based on optical power meter

Fig. 5 (Color online) Dependence of EOM laser pulse output power

on voltage applied to DC bias port measured by optical power meter
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5 Measurement conditions

A 900-lm semi-tight tube fiber type is used for the

EOM pigtail, and the thermal coefficient of delay (TCD)

of the 900-lm semi-tight tube is 55 fs/m/K [23, 24].

According to the working principle of the BAM, it is

necessary to evaluate the temperature stability of the

transit time delay of the fiber length at the EOM input.

Consider the fiber length at the EOM input as a total

fiber length of 1.5 m. The transit time delay per unit of

temperature change for the total fiber length of 1.5 m is

then 82.5 fs/K. Therefore, in order to achieve a high

BAM resolution, an active temperature stability control

Fig. 6 (Color online) Based on

optical power meter Vp;bias,

Quad point voltage and linearity

of a linear region R2 can be

measured and calculated

Fig. 7 (Color online) Residual transmission value is measured by

zooming in on bottom area of transmission curve

Fig. 8 (Color online) Test platform based on DAQ system
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must be introduced. As shown in Fig. 11, the EOM was

placed in a thermostat box for active constant tempera-

ture control.

In the thermostat box, an aluminum plate used to place

the EOM is temperature stabilized to 5.5 mK (rms) over

1 h (Fig. 12) and 89 mK (rms) over a week (Fig. 13).

Based on the temperature control performance of the alu-

minum plate placed in the thermostat box, the EOM input

fiber introduces a temperature drift of 0.45 fs (rms) owing

to temperature changes. Therefore, the temperature drift

caused by temperature changes on the final resolution of

the BAM is negligible. To ensure that the EOM perfor-

mance test environment is similar to the actual operating

environment, the two EOM comparison schemes men-

tioned above are measured under this constant temperature

environment.

Fig. 9 (Color online) Principle

block diagram of DAQ system

Fig. 10 (Color online) Based

on DAQ system test platform

Vp;bias, Quad point voltage and

linearity of a linear region R2

can be measured and calculated

Fig. 11 (Color online) Photograph of thermostat box for EOM

testing
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6 Conclusion

The EOM serves as the core of the electro-optical

modulation front end. It is essential for carrying out a

detailed analysis of an EOM. From the EOM aspect, a

higher measurement resolution of a new version of the

BAM system requires a lower half-wave voltage Vp;RF, a

higher modulation depth, and a higher bandwidth. In this

paper, two different test platforms were designed to test the

EOM for laser pulse modulation transmission curves.

According to the measured EOM transmission curves, it

can be known that the measured values of the two schemes

have only a small difference that is negligible. The half-

wave voltages of 6.44 V and 6.38 V were relatively high.

This can be used for optimization in selecting the next

version of EOM. The high linearity of the transmission

curve from 20 to 80% at 0.9996 and 0.9991, respectively,

ensures the high sensitivity of the BAM.

The two schemes are analyzed by comparison. On the

one hand, both test schemes identified that this type of

electro-optical intensity modulator applied in the field of

telecommunications also has high performance for laser

pulse signals. On the other hand, the test platform based on

the DAQ system is more reliable and flexible. Compared

with the poor real-time performance and tedious operation

of the optical power meter-based test platform, the DAQ

system-based test platform can modify the environmental

changes in real time.

In addition, the readout electronics is also part of the

BAM system. However, because the ADC board only

supports AC input, some distortion is observed when the

electrical signal is weak. Therefore, it is necessary to make

Fig. 12 Temperature stability

control performance of

thermostat box over 1 h

Fig. 13 Temperature stability

control performance of

thermostat box over a week
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certain improvements in the ADC board and introduce a

DC bias voltage to the baseline. Alternatively, the peak and

baseline of the electrical pulse signal can be sampled

separately by dual ADCs and subtracted to obtain the true

signal amplitude.
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