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Abstract The streak camera is an ultra-fast diagnostic

instrument with high sensitivity, and a high temporal and

spatial resolution. It is primarily employed in various sci-

entific research, such as inertial confinement fusion (ICF),

synchrotron light sources, and electron–positron colliders.

An automatic control system for an X-ray streak camera is

presented in this paper. The output terminal of an analog-

to-digital converter was isolated from its input terminal, to

reduce interference from high-voltage electrodes. Com-

pared with traditional methods, this scheme also improved

the internal electromagnetic interface immunity. Therefore,

the system stability was enhanced. With this optimized

control system, some characterizations of the streak camera

were measured. Static and dynamic spatial resolutions of

25 and 20 lp/mm (CTF = 20%), respectively, were

obtained. In addition, a dynamic range of 552:1 and a

temporal resolution of 7.3 ps were achieved. The results

confirmed that these characterizations are sufficient for the

specifications derived from the diagnostic requirements of

ICF.
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1 Introduction

The streak camera is an indispensable instrument for

studying X-ray burn duration and time of peak emission of

imploding inertial confinement fusion (ICF) capsules, as

well as beam profile measurements of electron–positron

colliders, due to its extremely high temporal and spatial

resolution [1–3]. At present, high-performance streak

cameras have been developed in Japan [4, 5], Russia [6],

Germany [7], France [8], and USA [9, 10]. In addition to

the main characterizations of the streak camera such as the

temporal and spatial resolution, a high stability remains to

be achieved. In an earlier paper [11], Liu et al. developed a

C51 microcontroller unit (MCU)-based modular hardware

system for the streak camera. However, the system stability

suffered from a drastic decrease in the internal electro-

magnetic interface (EMI) and interference of high-voltage

electrodes introduced through the ground of the analog-to-

digital converter (ADC) module.

As the electrode voltage can be up to hundreds or

thousands of volts when a streak camera is operational

[12], the high-voltage–power monitoring system needs to

be isolated from the high-voltage system. To achieve this,

we propose an isolated ADC design to monitor the high-

voltage–power in the streak camera. This design is based

on an isolated power supply and magnetically isolated

device. With the isolated ADC technique, low-voltage

electronic devices can be isolated from the high current if

discharging occurs between parallel electrodes [13]. Under

this condition, the system performance is not limited by the

local instability, ensuring normal operation of streak

camera.

Furthermore, the streak camera requires remote-con-

trolled operation, because the strong electromagnetic rich
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environment of the ICF is harmful to humans [14, 15].

Distributed control systems are widely employed in large

facilities, such as the Beijing Spectrometer and Shanghai

Synchrotron Radiation Facility [16–18]. In this paper, a

modular distributed control system and a graphical lan-

guage (LabVIEW)-based software [19, 20] were designed

to realize a remote control.

2 System architecture

The X-ray streak camera is used to convert the temporal

characteristic of an X-ray into the spatial characteristic.

The basic configuration of the streak camera is shown in

Fig. 1, which consisted of an input optical element, streak

tube, fiber optic taper, charge-coupled device (CCD)

recording system, and control system. The streak tube was

comprised of a photocathode, prefocusing electrodes,

electric quadrupole lens, focusing electrodes, deflector,

micro-channel plate (MCP), and phosphor screen. These

components were housed in an air chamber. The commu-

nication of the programmable modules and industrial

computer was realized with a controller area network

(CAN) bus and Ethernet, and the host computer software

was based on LabVIEW. The operation mode and other

parameters were set up via a computer software interface.

Therefore, the distributed remote control of the streak

camera was realized.

An incident X-ray on the photocathode is converted into

a number of electrons that are proportional to the intensity

of the X-ray. Then, the produced electrons pass through the

streak image tube. The prefocusing electrodes, electric

quadrupole lens, and focusing electrodes are used to focus

and accelerate the electrons. A high-speed push–pull scan

ramp voltage is applied to the deflector when the electrons

arrived. During the high-speed scan, the electrons, which

arrive at different times, are deflected in different angles in

the vertical direction and enter the MCP. As the electrons

pass the MCP, they are multiplied several thousands of

times. Then, the electrons impact against the phosphor

screen and are converted to light. The brightness of the

phosphor image is proportional to the intensity of the

respective incident X-ray pulse. Finally, the phosphor

images are coupled to the CCD recording system using a

fiber optic taper, read out by CCD recording system, and

displayed on the monitor.

2.1 Hardware system

The CAN bus is an efficacious serial communication

network for the distributed control system. However, an

isolation between the bus and module is required since an

abnormal current may cause a CAN bus instability. In order

to ensure normal operation and improve the internal EMI

immunity, a separate ground system was employed.

Fig. 1 (Color online) Basic configuration of the streak camera: a streak camera schematic, b streak tube framework, and c streak tube

appearance

22 Page 2 of 11 Y.-M. Fang et al.

123



The EMI immunity for a camera control system is very

stringent due to the strong electromagnetic rich environ-

ment seen in ICF diagnosis. As the power supply stability

is a key factor for stable operation of a digital device, the

internal EMI immunity can be highly ensured by designing

an efficacious power supply system and suitable overall

architecture [21]. The modular isolated power supply

architecture is shown in Fig. 2a. A magnetic isolation was

employed between the processor and different modules.

The modules contain the ADC acquisition module, digital-

to-analog converter (DAC) control module, general-pur-

pose input/output (GPIO) module, and environment mon-

itoring module. A DC/DC converter with multi-output was

designed to supply the power for the processor and dif-

ferent modules; the GND of the power supply for each

module was separated completely. Furthermore, in order to

reduce interference from the high-voltage electrodes

introduced through the ADC module, the output side of the

ADC module was isolated from its direct measurement

side. The separated GND for the ADC acquisition module

is shown in Fig. 2b. With these methods, system mal-

functions caused by local instability can be avoided. In

addition, a transient voltage suppressor (TVS) and diode

were employed to suppress the transient response. To

ensure normal communication, a high-speed device based

on iCoupler technology was used for magnetic isolation

[22].

2.1.1 Hardware system architecture

The hardware system architecture of the control system

is shown in Fig. 3. The CAN bus and Ethernet were used

for internal and external communications, respectively.

The CAN bus was used for the data exchange between

submodules and the main controller. Data from

submodules were analyzed and processed by the main

controller. Then, the generated command from the main

controller was sent to the submodules. The main controller

played a key role to manage submodules. The entire system

communicated with the computer through a single optical

fiber and a network module. The network module con-

verted the optical signal to an electrical signal in which the

TCP/IP was inserted.

The submodules containing the GPIO, ADC acquisition,

DAC control, and environment monitoring modules were

responsible for collecting data and executing output, but

did little of the data processing. Each module had a specific

function and was separated from each other. The combined

sequence was remotely downloaded and modified to meet

the control requirements of different conditions.

2.1.2 Isolated ADC

The isolated ADC was based on a R–D modulator and

digital filter and is shown in Fig. 4. Firstly, the R–D
modulator was used to sample and quantize the analog

signal at a sampling rate that was much larger than the

Nyquist rate, and the output was a 1-bit data stream.

Therefore, the quantization noise was moved from the

baseband to higher frequencies, and the baseband quanti-

zation noise was reduced [23]. Secondly, the digital filter

was used to achieve low-pass filtering and decimation.

Therefore, the high-frequency components of the modula-

tion noise were attenuated. Due to the implementation of

over-sampling technology, it was necessary for the modu-

lated signal to be decimated. After filtering and decimation,

the high-rate low-precision data stream was eventually

converted into a low-rate high-precision digital signal.

The R–D modulator was a feedback loop, based on a

differentiator, integrator, and comparator. It converts an

Fig. 2 (Color online) a Modular isolated power supply architecture and b separated GND diagram of the ADC acquisition module
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analog signal into a high-speed 1-bit data stream with the

delta modulation method. The principle diagram of the

second-order R–D modulator is shown in Fig. 5.

The z-transform function of the second-order R–D
modulator shown above is

Y zð Þ ¼ z�1X zð Þ þ 1� z�1
� �2

E zð Þ ð1Þ

Equation (1) shows that an input signal X(z) is trans-

mitted without distortion. While the quantization noise

E(z) is transmitted with a high-pass characteristic of sec-

ond-order, the quantization noise is removed from the

baseband.

The output of the R–D modulator is a serial data stream.

In order to reconstruct an original input signal, the data

stream is decimated and filtered by a cascaded integrator–

comb (CIC) filter. The order of the filter should be higher

by one, than the order of the noise-shaping function. The

specified transfer function of the filter can be described by

HðzÞ ¼ 1

Mc

1� z�Mc

1� z�1

� �3

; ð2Þ

where Mc is the decimation rate. The throughput of the

filter is determined by the sampling and decimation rates of

the modulator as follows

Throughput ¼ fs

Mc

; ð3Þ

where fs is the sampling rate of the modulator. The prin-

ciple diagram of the CIC filter is shown in Fig. 6.

The front anti-aliasing filter can be simplified as a first-

order low-pass RC filter due to the implementation of over-

sampling technology. Compared to the ADC which sam-

ples at the Nyquist rate, an isolated ADC replaced most of

the complex analog components with digital signal pro-

cessing components. Therefore, the design and debugging

were relatively simpler.

Fig. 3 (Color online) Hardware architecture of the control system

Fig. 4 Composition block

diagram of the isolated ADC

Fig. 5 Principle diagram of the

second-order R–D modulator
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2.2 Software system

2.2.1 Software system architecture

The main control program was responsible for collecting

data from the submodules, running module sequence

combinations, and generating commands. The main con-

troller was remotely accessed through an interface pro-

vided by the network communication program, which

operated as a server. By inputting appropriate commands,

the combined sequence and parameters of the submodules

were modified. When the main control program was

operating, the input data were read from the input BUFFER

rather than from the submodules directly. At first, the

resultant program operation was also stored in the output

image area and transferred to the output BUFFER until the

operation was complete. Therefore, the program could

operate without considering the data exchange, and the

design of software was subsequently simplified. The soft-

ware framework of the control system is shown in Fig. 7.

The software system was based on LabVIEW, and the

control interface is shown in Fig. 8. Multithreading

Fig. 6 Principle diagram of CIC filter

Fig. 7 Software framework of the control system

Fig. 8 (Color online) Software interface of the control system
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technology was employed in this design, so that the data

transmission, data reception, and interrupt handling were

processed using separate threads. Thus, the stability and

processing speed of the software were improved.

2.2.2 Work flow

To meet the diagnostic requirement of ICF, the work

flow of the program is shown in Fig. 9. When the streak

camera started to operate, the main control program firstly

checked the environment conditions, and if these met the

requirements, then the operation voltages were turned on.

The high voltages were simultaneously monitored and

compared with the default values. If the detected voltages

matched the default values, the operation parameters of the

camera were configured. Otherwise, the program would set

off an alarm and turn off the camera.

3 Results

The diagnostic requirement of the ICF was derived from

the specifications for the x-ray streak camera. Some of

these, such as the spatial resolution, dynamic range, and

temporal resolution, are listed in Table 1.

Figure 10 shows the X-ray streak camera with the

designed control system in the experimental setup. With

this control system, the static and dynamic spatial resolu-

tions, dynamic range, and temporal resolution of the

camera were measured.

The static spatial resolution was measured with the

arrangement of Fig. 11a. A mode-locked Nd:YLF pulsed

laser (pulse width 7 ps and wavelength 263 nm) was used

to generate the test pulse.

The spatial resolution was tested with a gold photo-

cathode with a 200-lm-width slit and periodic pattern.

Fig. 9 Work flow of the program

Table 1 X-ray streak camera specifications

Item Specification

Static spatial resolution 25 lp/mm (CTF = 10%)

Dynamic spatial resolution 20 lp/mm (CTF = 10%)

Dynamic range 500:1

Temporal resolution 7.5 ps

Fig. 10 (Color online) Photograph of the experimental setup
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Each period contained seven groups, and each group con-

tained four bars. The resolutions of the bars in each group

were 5, 10, 15, 20, 25, 30, and 35 lp/mm. The gold pho-

tocathode and its slit pattern are shown in Fig. 12.

The streak image and intensity distribution of the static

spatial resolution test are shown in Fig. 13. A static spatial

resolution of 25 lp/mm (CTF = 20%) was achieved.

The dynamic spatial resolution was measured with the

arrangement of Fig. 11b. The laser pulse from the Nd:YLF

pulsed laser was injected into an air-gap Fabry–Perot eta-

lon. Therefore, a train of pulses of monotonically

decreasing intensities, separated by the double-transit time

of the etalon, was generated from each incoming laser

pulse (Fig. 11d). It was then necessary to record the train of

pulses in a single streak photograph to obtain the direct

measurement of the dynamic spatial resolution. The streak

photograph for the measurement of the dynamic range and

temporal resolution was recorded in the same method,

except the gold photocathode did not have a periodic pat-

tern, as shown in the arrangement of Fig. 11c.

In the dynamic spatial resolution test, the full screen

scan time was 4.5 ns, the full screen height was 2048 pixel,

and the gap of the Fabry–Perot etalon was 45 mm. The

streak image and intensity distribution of the dynamic

spatial resolution test are shown in Fig. 14. A dynamic

spatial resolution of 20 lp/mm (CTF = 20%) was

achieved.

In the dynamic range test, the full screen scan time was

3.5 ns, the slit width of the photocathode was 100 lm, and

the gap of the Fabry–Perot etalon was 30 mm. The scan

image and intensity distribution are shown in Fig. 15. The

maximum and minimum intensities of the detected pulses

were Imax = 4960 and Inoise = 2.994, respectively. There-

fore, the dynamic range was

D ¼ Imax

Imin

¼ Imax

3Inoise
¼ 4960

8:982
¼ 552:1: ð4Þ

In the temporal resolution test, the full screen scan time

was 500 ps, the slit width of the photocathode was 30 lm
and the gap of the Fabry–Perot etalon was 1.1 mm. The

scan image and intensity distribution are shown in Fig. 16.

Therefore, achieved temporal resolution was

T ¼ ð1:1 mmÞ � 2

3� 108 m/s
¼ 7:3 ps: ð5Þ

Fig. 11 (Color online) Experimental arrangements for: a static spatial resolution measurement, b dynamic spatial resolution measurement,

c dynamic range and temporal resolution measurement, and d test pulse separated by the Fabry–Perot etalon

Fig. 12 (Color online) Gold photocathode and its slit pattern
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4 Conclusion

In this paper, a modular distributed control system was

developed to realize the remote control of a streak camera.

We proposed an isolated ADC design to monitor the high-

voltage–power in the streak camera. Compared to tradi-

tional methods, the entire scheme can be used to effica-

ciously enhance internal EMI hardening, thereby

enhancing the system stability. Finally, some characteri-

zations of the streak camera were measured. Static and

dynamic spatial resolutions of 25 and 20 lp/mm

(CTF = 20%) were obtained, respectively. A dynamic

range of 552:1 and a temporal resolution of 7.3 ps were

achieved. These results confirmed that these characteriza-

tions are sufficient for the specifications that are derived

from the diagnostic requirement of ICF. The distributed

control system was successfully used in a streak camera to

verify the synchronization of a multichannel laser on the

ICF facility. With further updates, it can be used in a

femtosecond streak camera.

Fig. 13 (Color online) Static

spatial resolution test: streak

image and intensity distribution

of central image
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Fig. 14 (Color online)

Dynamic spatial resolution test:

streak image and intensity

distribution of central image

Fig. 15 (Color online) Dynamic range test: a scan image and b intensity distribution
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