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The streak tubes are widely used in National Ignition Facility (NIF), Inertial Confinement Fusion (ICF), and streak tube imaging lidar (STIL) 
as radiation or imaging detectors. The spatial resolution and effective photocathode area of the streak tube are strongly dependent on its 
operating and geometry parameters (electron optical structure and applied voltage). Studies about this dependence do not cover the full range 
of the parameters. In this paper, 3-D models are developed in Computer Simulation Technology Particle Studio (CST-PS) to 
comprehensively calculate the spatial resolution for various parameters. Monte Carlo Sampling method (M-C method) and spatial 
modulation transfer function method (SMTF) are employed in our simulation. Simulated results of the optimized spatial resolution are 
validated by the experimental data. Finally, the radii of the photocathode (Rc) and phosphor screen (Rs) are optimized. Geometry parameters 
of Rc=60 mm and Rs=80 mm are proposed to optimize the streak tube performances. Simulation and experimental results show that the 
spatial resolution and effective photocathode area of this streak tube are expected to reach 16 lp/mm and 30 mm-length while the voltage 
between cathode and grid (Ucg) is 150 V.   
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1.  INTRODUCTION 

With advantages of ultra-high temporal resolution (ps~fs) 
and high spatial resolution (μm), streak tubes are widely used 
in microscopic and ultrafast process detection, as well as in 
basic and cutting-edge scientific research. For example, a 
large-format streak tube, as a high sensitivity radiation 
device, provides X-ray spectral information in the ICF 
experiment. In the STIL experiment, a large effective 
photocathode area and a high spatial resolution would 
provide large numbers of pixels, thereby improving detection 
accuracy [1]-[3].  

The streak tubes with high spatial resolution and large 
effective photocathode area are developed by several 
companies, including Photonis (France), Photek (the United 
Kingdom), and BIFO company (Russian) [4]. The working 
area of the slit streak tube P510 designed by Photonis is as 
large as 35 mm×4 mm, but the disadvantages of it are the low 
spatial resolution of 10 lp/mm and large magnification of 1.3, 
which are not helpful for the enhancement of the image 
intensity [5]. The streak tube ST-Y is manufactured be Photek 
with a larger working area of 35 mm×5 mm and a spatial 
resolution of 40 lp/mm. However, it has a low deflection 
sensitivity of 25 mm/KV, which is not a benefit to the 

improvement of the temporal resolution [4]. PV400 streak 
tube designed by the Russian company has a larger 
photocathode working area of 35 mm×4 mm compared with 
the above, but the center static resolution is only 35 lp/mm 
and the whole length of the streak tube is 375 mm, which is 
not a benefit to the miniaturization [6]. 

It is necessary to carry out theoretical design before 
manufacture and experiment [7]-[11]. For long-slit streak 
tube, however, studies and experiments investigating the 
dependence of the spatial resolution performances on 
operating and geometry parameters are sparse. In this paper, 
to fully understand the streak tube performances, various 
photocathode, phosphor screen geometries and applied 
voltages between photocathode and grid were systematically 
simulated by 3-D model, which was developed in a 
simulation software, Computer Simulation Technology 
Particle Studio Suite (CST-PS). Monte Carlo (M-C) sampling 
method and finite integral technology method (FIT) were 
adopted in our simulation. Based on the simulations, a set of 
geometry and operating parameters were proposed to design 
a long-slit streak tube with high spatial resolution. Finally, the 
streak tube was successfully manufactured according to the 
electro-optical design to validate the simulation results. 

 
 
 
 
 

     Journal homepage:  https://content.sciendo.com 
 

https://www.baidu.com/link?url=oPXH4bTaL4KwJkNp-f24oyECJ-xPy6y0bkD86lKz8cndoTGpurTwVqmgn87io-fyuqy4P5FM_7LRYsf9BbM7j69PoLQhQFT5r1GzlfGsEQS&wd=&eqid=cd0e9efd00038fad0000000461e3a9a6
https://content.sciendo.com/view/journals/msr/msr-overview.xml


 
 
 

MEASUREMENT SCIENCE REVIEW, 22, (2022), No. 2, 58-64 
 

59 

2.  THEORY AND COMPUTER SIMULATION DETAILS 
The traditional streak tubes, shown in Fig.1.a), often use a 

flat photocathode and phosphor screen, which would cause a 
large aberration, and thereby result in a low spatial resolution 
[12]. An accelerating electrode (mesh or grid) setting 
downstream from the photocathode is adopted to improve the 
temporal resolution by increasing the kinetic energy of the 
photoelectrons [13]. What should be noted is that the 
photocathode and the accelerating grid are usually placed in 
parallel to obtain a uniform electric field. In addition, the 
streak tube used in the STIL system requires a high luminance 
gain to detect the weak visible light [3]. Thus, a grid 
accelerating electrode is usually adopted to increase the 
transmittance of the photoelectrons. The streak tube with a 
compact structure has a length of only 235 mm and the outer 
diameter of the tube is 75 mm. 

 

 
 

Fig.1.  Schematic drawing and E-field distribution of the long-slit 
streak tube. 

 
It is an obvious truism that the spatial resolution is greatly 

affected by the aberration of the electro-optical system of the 
streak tube, especially the distortion, which is related to the 
radii of curvature (ROCs) of the photocathode and the 
phosphor screen. In addition, the initial electron energy 
spread and accelerating voltage have great impacts on the 
temporal characteristics. Accordingly, in this paper, the 
dependence of the spatial resolution and temporal resolution 
on the accelerating voltage and different geometry parameters, 
such as ROC of the photocathode and the phosphor screen, is 
systematically simulated. A set of electric and geometry 
parameters which would contribute to achieve high spatial 
resolution, large effective photocathode area and good 
temporal resolution are proposed. The most predominant 
features in this new streak tube are that the spatial resolution 
reaches 16 lp/mm over the effective photocathode length of 
30 mm and the external dimensions are about 
Φ150 mm×249 mm. This new streak tube with a 
photocathode radiant sensitivity of 61 mA/W and a radiant 
emittance gain of 16.3 at the wavelength of 400 nm was 
already demonstrated. All superior performances, including 
high photocathode radiant sensitivity, high radiant emittance 
gain and large effective photocathode area indicate that this 
streak tube can be widely used in the STIL and the ICF 
diagnosis system. 

In this paper, CST-PS is used to build the 3-D streak tube 
model and calculate inner electric fields, electron trajectories 
based on the FIT and M-C method. Inspired by the previous 
research, the state of the electrons emitted from the 
photocathode in this paper have the following considerations. 
ⅰ. The initial energy of the electrons has β distribution of 

0-0.6 eV. 
ⅱ. The electrons launch elevation angle behaves according 

to a cosine distribution of 0~90 degrees. 
ⅲ. The azimuths of the electrons are uniformly distributed 

from the range of 0~ 2π. 
ⅳ. I t should be noted that the above parameters are fully 

independent of each other. 
ⅴ. The voltage applied between photocathode and grid, 

radius of curvature of photocathode and phosphor screen are 
represented by Ucg, Rc, and Rs, respectively. In the following 
simulations, only one of the parameters is varied at a time, 
while the others are kept constant, with initial values listed in 
Table 1. 

 
Table 1.  Initial values of the parameters. 

 

Ucg Rc Rs 

100 V +∞(+inf) +∞(+inf) 
 
3.  RESULTS 
A.  The electric field distribution and the calculation of the 
electron trajectories. 

The axial electric field distribution at different distances 
from the axis inside the streak tube is simulated, shown in 
Fig.1.b), where x represents the off-axis distance. Obviously, 
the photoelectrons emitted from the photocathode are always 
accelerated, causing the negative electric field between the 
photocathode and the phosphor screen. Whether on- or off-
axis, the electric field increases first in the negative direction 
and then decreases in the axis direction, until reaching the 
maximum in the region from the focusing electrode to the 
anode hole. According to the design method, all electrons that 
travel near the anode hole would be focused and move close 
to the axis. It means that the electric field experienced is 
mainly over the range of r=0~6 mm. It is well explained that 
the axis electric field affects the operating speed of the 
photoelectrons, but the impact is only small. The discrete 
Lorentz Force law is used to calculate the electron trajectory 
after obtaining the electric field distribution. In this long-slit 
streak tube, the influence of the magnetic field on the 
electrons can be ignored. Just insert the electric field value 
presented by formulas (1) and (2) into the discrete Lorentz 
Force law, demonstrated by formulas (3) and (4). 

 

( ) ( )d mv q E v B
dt

= + ×
 

                       (1) 

 
dr v
dt

=


                              (2) 

 
1 1 1/2 1/2 1/2( )n n n n n n nm v m v q t E v B+ + + + += + ∆ + ×

 

      (3) 
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3/2 1/2 1n n nr r tv+ + += + ∆
                   (4) 

 
where m and v are electronic mass and speed,  E



 and B


are 
electric and magnetic field distribution of the streak tube, r
is off-axis distance. 

 
B.  Dependence of the spatial resolution and temporal 
resolution on the Rc 

As shown in Fig.2., the spatial resolution distributions for 
Rc= +inf, 75, 85, and 95 mm essentially decrease with off-
axis distance, with the spatial resolution of 11, 15, 19, and 
12 lp/mm at off-axis distance of 15 mm, respectively. The 
spatial resolution increases with increasing Rc, until its 
maximum 19 lp/mm at off-axis distance of 15 mm and then 
decreases, which is a consequence of the reduction of the 
aberrations, especially reduction of distortion at the edge. 
Obviously, the electron beam at the off-axis of 15 mm is 
underfocused at Rc=75 mm and overfocused at Rc=95 mm, 
which both result in a low spatial resolution. Spatial 
resolution for the Rc=85 mm case is significantly higher than 
that of the other case, especially at the edge.  
 

 
Fig.2.  Spatial resolution as a function of Rc over the range of +inf, 

75 mm to 95 mm by the step of 10 mm. 
 

The temporal resolution of an electro-optical system is 
known as the transit time dispersion of the electrons emitted 
from the photocathode to the photocathode, traveling from 
the special point on the photocathode to the phosphor screen. 
The transit time dispersion is caused not only because of the 
variations in photoelectron initial energy, initial launch 
elevation angle, and azimuth, but it also depends on the space 
charge effect contributed by the number of the electrons and 
electric field. To improve the temporal resolution uniformity, 
curved spherical photocathode is considered to eliminate the 
time distortion by shortening the optical path differences 
between the photoelectrons emitted from the different 
location of the photocathode. Fig.3. shows the simulated 
temporal resolution distribution of the streak tube for Rc=+inf, 
75 mm, 85 mm, and 95 mm. The temporal resolution 
deteriorates with the increasing off-axis distance. It is because 

electron pulses off-axis suffer larger longitudinal time 
dispersion than those of the electron pulses at the center. The 
temporal resolution deteriorates the most while we adopt a 
flat (Rc=+inf) photocathode. In addition, it is better than 50 ps, 
and there is almost no difference when the Rc =75 mm, 
85 mm, and 95 mm. 

 

 
 

Fig.3.  Temporal resolution as a function of Rc over the range of 
+inf, 75 mm to 95 mm by the step of 10 mm. 

 
C.  Dependence of the spatial resolution and temporal 
resolution on the Rs 

Fig.4. and Fig.5. exhibit the simulated spatial and temporal 
resolutions, which result from the variation of the Rs of the 
long-slit streak tube over the range of 40 mm≤Rs≤100 mm 
by step of 20 mm. As shown in Fig.4., the spatial resolution 
for fixed off-axis distance increases to a maximum at 
Rs=60 mm and then decreases with increasing Rs. Decreasing 
the electron pulses optical path difference plays a dominant 
role in the spatial resolution improvement. From Fig.4., we 
can see that the spatial resolution can reach 20 lp/mm at 
15 mm off-axis distance while Rs=60 mm,  which means that  

 

 
Fig.4.  Spatial resolution as a function of Rs over the range of 

40 mm to 100 mm by the step of 20 mm. 
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the effective photocathode length can reach 30 mm. The 
temporal resolution is calculated with different Rs and off-
axis distances, as shown in Fig.5. Comparing all these 
temporal resolutions in fixed off-axis distance, we can see 
that the temporal resolution almost remains the same value, 
which indicates that the radius of curvature of the phosphor 
screen has little effect on the temporal dispersion. Besides, 
Fig.5. also reveals that there is no much variation at different 
off-axis distance. It is due to the spherical structure reducing 
the optical path difference of the photoelectron pulses, which 
can clearly provide time-resolved consistency. 
 

 
Fig.5.  Temporal resolution as a function of Rs over the range of 

40 mm to 100 mm by the step of 20 mm. 
 

D.  Dependence of the temporal resolution on the Ucg 
Fig.6. exhibits the simulated temporal resolution of this 

long-slit streak tube, which results from the variation of the 
accelerating voltage between photocathode and grid over the 
range of 50 V≤Ucg≤300 V. In Fig.6., we observe improving 
temporal   resolution  which   is  a  result  of  increasing  Ucg.  

 

 
 

Fig.6.  Temporal resolution as a function of Ucg over the range of 
50 V to 300 V by step of 50 V. 

It is evident, on the one hand, that the electric field intensity 
between photocathode and accelerating grid increases with 
increasing Ucg. The stronger electric field could accelerate 
electrons in a shorter time and improve uniformity of the 
electron speed to suppress the time dispersion. On the other 
hand, the stronger electric field gives rise to the shorter 
electron transit time, which could reduce the space charge 
effect, thereby helping to decrease the electron longitudinal 
dispersion to improve temporal resolution. From Fig.6., we 
can see that the temporal resolution of this long-slit streak 
tube is better than 90 ps. 

 
E.  Optimization on the streak tube geometry parameters 

Based on the simulation results above, we propose a set of 
optimized parameters, which are fine-tuned, for better 
performances. Results in Section 3-B and 3-C show that the 
higher spatial resolution occurs at Rc=85 mm and Rs=60 mm, 
which are employed as the optimal value on the radii of 
curvature (ROCs) of the photocathode phosphor screen. In 
Section 3-D, we discuss the relationships of temporal 
resolution to the accelerating voltage, Ucg. We found 
significant improvement in the temporal resolution with the 
increasing Ucg. Taking the applied field into account, the 
long-slit streak tube works in the STIL detection system that 
acquires the temporal resolution of 50 ps and works stably. 
Thus, we keep Ucg =150 V. The optimized long-slit streak 
tube is shown in Fig.7. The spatial and temporal resolution 
are calculated by using the SMTF and TMTF. 

 

 
 

Fig.7.  Schematic drawing of the optimized long-slit streak tube. 
 
SMTF at different points on the photocathode (with no 

regard for spatial resolution limits of the phosphor screen) in 
slit direction is shown in Fig.8. (x represents distance from 
the simulated point to the center of the photocathode). We 
define the value of the SMTF curve as spatial resolution when 
it drops to 0.1. From Fig.8., we observe decreasing spatial 
resolution which is a result of increasing off-axis distance. 
For one thing, it is because the transit time of electron pulses 
off-axis from photocathode to phosphor screen is higher than 
it is on-axis, thereby enlarging the spatial dispersion. For 
another, the off-axis aberrations of electro-optical system 
cannot be completely eliminated by using curved spherical 
photocathode and phosphor screen, which give rise to the 
larger spatial dispersion, further deteriorating the spatial 
resolution. Remarkably, the spatial resolution could achieve 
22.18 lp/mm at 15 mm off-axis distance, which means that 
the effective photocathode working length can reach 30 mm 
if 20 lp/mm is demanded in the STIL system. 
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Fig.8.  SMTF in slit direction. 

 

 
Fig.9.  TMTF in different positions on the photocathode. 

 
Fig.9. exhibits the TMTF distributions of the optimized 

long-slit streak tube in different points on the photocathode 
for Ucg=150 V. Once again, we define the value of the TMTF 
curve as temporal resolution when it drops to 0.1. It is evident 
that the temporal resolution varies from 42 ps to 46 ps, which 
indicates that the curved spherical photocathode and 
phosphor screen have a better effect on improving the 
temporal resolution uniformity from the photocathode center 
to the edge.  
 
4.  EXPERIMENT AND DISCUSSION 

The manufacture of this optimized long-slit streak tube 
mainly includes the processing of the photocathode, phosphor 
screen, and sealed vacuum tube. To make this long-slit streak 
tube robust for the strong electric-magnetic interference 
environment and realize detachable sealing structure, it 
adopts an all-metal-ceramic package. The photocathode 
adopted a spherical optical fiber as the input window. On the 
one hand, it can be better coupled with the designed curved 
spherical photocathode. On the other hand, it can provide a 
high transmission efficiency. The S-20 photocathode has 
been utilized for providing a good visible spectral response 

from 400 nm to 600 nm. Cr2O3 was deposited on the inner 
surface of the ceramic, which could contribute to avoiding 
electric breakdown in the vacuum environment. The 
phosphor screen is a P43 type, since its superiority decay time 
is often several milliseconds, that can provide a higher frame 
rate in the STIL system. Fig.10. shows the prototype of this 
long-slit streak tube.  

 

 
 

Fig.10.  A prototype of the streak tube. 
 

4.1.  Photocathode radiant sensitivity 
Photocathode radiant sensitivity (PRS) is measured as the 

ratio of photocathode current (mA) to the incident radiation 
power (W) on the photocathode at specified wavelength. In 
the experiment, a constant DC acceleration voltage of +200 V, 
which corresponds to a saturated photocurrent, is applied 
between the photocathode and the grid. In addition, the 
intensity of the monochromatic light is set to 1 mW/m2 and 
the wavelength is of 400 nm to 750 nm. To reduce the 
influence of non-uniform light and improve the test precision, 
an optical aperture with Φ16 mm is set before the 
photocathode. The PRS of this long-slit streak tube is 
graphically represented in Fig.11. The maximum of PRS 
reaches 61 mA/W at the wavelength of 400 nm. 

 
Fig.11.  The photocathode radiant sensitivity  

of the long-slit streak tube. 
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4.2.  Radiant emittance gain 
Radiant emittance gain (REG) is measured as the ratio of 

the total output power (W) on the phosphor screen to the 
incident monochromatic power (W) on the photocathode at 
specified wavelength. In the REG test experiment, all high-
voltage electrodes, including photocathode, accelerating grid, 
pre-focusing electrode, focusing electrode, and anode are 
applied with the working voltage. It should be noted that the 
deflection plates are located in the anode zero-equipotential 
zone. The monochromatic light with intensity of 1 μW/m2 

passing through the spectral filters irradiated the 
photocathode. An  optical aperture with Φ16 mm was set 
directly in front of the photocathode to avoid the stray light. 
Fig.12. exhibits the experimental REG, which results from 
the variation of the wavelength over the range of 
400 nm≤λ≤750 nm. It has almost the same trend as PRS 
versus wavelength. Besides, the maximum value is 16.9 at the 
wavelength of 400 nm. Obviously, this long-slit streak tube is 
of great significance to the visible STIL system. 

 

 
Fig.12.  The REG of the long-slit streak tube. 

 
4.3.  Spatial resolution 

The spatial performance of this long-slit streak tube in static 
mode  is measured by imaging  the  Three-Linear Target (the  

spatial resolution of the Three-Linear Target is shown in 
Table 2.) without voltage applied on the deflection plates. 
Additionally, it is defined by the Rayleigh Criterion while the 
CTF curve results from the obtained image decreased to 0.1. 
To evaluate the spatial performance over the whole 
photocathode of this long-slit streak tube, the photocathode is 
divided into 6 equal parts along the slit direction, shown in 
Fig.13. In the experiment, the photocathode was directly 
irradiated with polychromatic 2850K colour temperature 
source.  

Fig.14. shows the target image and we chose the red 
rectangle area to analyze the CTF. According to the Rayleigh 
Criterion, the corresponding target can be distinguished 
completely. From Table 2. and inserted curve, it can be 
concluded that the spatial resolutions of the streak tube on the 
photocathode are 16 lp/mm, 18 lp/mm, 20 lp/mm, 20 lp/mm, 
18 lp/mm, and 16 lp/mm on the corresponding area, besides, 
the CTF measurement is 20 %, 16 %, 24 %, 26 %, 16 %, 
16 %, respectively. Furthermore, the areas a) and f) are about 
15 mm away from the photocathode center. Thus, the spatial 
resolution of this long-slit streak tube can reach 16 lp/mm 
over the entire 30 mm-length photocathode area. The 
measurements are lower than the  simulations,  mainly due to  
the limitation of e thphosphor screen, assembly and coupling 
error of the streak tube. 

 
Table 2.  Spatial resolution of the Three-Linear Target. 

 
Target Model 4-1 4-2 4-3 4-4 4-5 4-6 

Spatial 
resolution/(lp/mm) 16 18 20 23 25 28 

 

 
 

Fig.13.  The division position distributions of 6 different areas on 
the photocathode. 

 

(a) (b) (c)

(d) (e) (f)

 
 

Fig.14.  Spatial resolution under the Linear Target. a) At off-axis -15 mm: 16 lp/mm; b) At off-axis -10 mm: 18 lp/mm; c) At off-axis -
5 mm: 20 lp/mm; d) At off-axis 5 mm: 20 lp/mm; e) At off-axis 10 mm: 18 lp/mm; f) At off-axis distance 15 mm: 16 lp/mm.
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5.  CONCLUSIONS  
Computer models are developed to investigate the spatio-

temporal performances of the long-slit streak tube for a better 
operating and geometry conditions based on the M-C method 
and MTF (SMTF and TMTF). Simulations illustrate that 
spatial resolution varies significantly at different Rc. In the 
range of 75 mm to 95 mm, there exists an optimum Rc 
corresponding to the maximum spatial resolution. Similarly, 
the curvature radius of the phosphor screen plays a great role 
in the spatial resolution improvement. Moreover, the 
temporal resolution is a function of Ucg. With the increasing 
Ucg, the temporal resolution improves. A set of long-slit 
streak tube geometry parameters of Rc=85 mm, Rs=60 mm 
are proposed for the streak tube structural optimization. 
Theoretical results show that the optimized spatial resolution 
is higher than 22 lp/mm over the whole 30 mm-length 
photocathode, and the temporal resolution calculated is better 
than 50 ps at Ucg =150 V. Long-slit streak tube manufactured 
according to the optimization can experimentally achieve a 
spatial resolution of higher than 16 lp/mm and a large-format 
photocathode of 30 mm-length. The tested PRS and REG 
show that this streak tube has good imaging performance in 
the visible spectrum. Following the improvement of the 
spatial resolution, there is a significant expansion of the 
application detection accuracy and fields of the streak tube. 
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