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ABSTRACT 
The RCA C73435 image tube is biased at voltages far from its original design in the 

LLNL ultrafast {10 ps] streak camera. Its output resolution at streak camera operating 
potentials has been measured as a function of input slit width, incident-light wavelength, 
and focus-grid voltage. The temporal resolution is insensitive to focus-grid voltage for 
a narrow (100 urn) input slit but is very sensitive to focus-grid voltage for a wide (2 mm} 
input slit. At the optimum wide-slit focus voltage, temporal resolution is insensitive to 
slit width. Spatial resolution is nearly independent of focus-grid voltage for values 
that give good temporal resolution. Both temporal and spatial resolution depend on the 
incident-light wavelength. Data for l.U6-|in light show significantly better focusing 
than for 0.53-um light. Streak camera operation is simulated with a computer program 
that calculates photoelectron trajectories. Electron ray tracing describes all of the 
observed effects of slit width, incident-light wavelength, and focus-grid voltage on 
output resolution. 

1. INTRODUCTION 
At the Lawrence Livermore National Laboratory (LLNL), ultrafast streak cameras are used 

by the Laser Fusion Program to record fast transient optical and x-ray signals.! Their 
temporal resolution is unmatched by any other transient recorder. Their ability to 
spatially sUscriminate an image along the input slit allows them to function as a one-
dimensional image recorder, time-resolved spectrometer, or multichannel transient 
recorder. Depending on the choice of photocathode, they can be made sensitive to photon 
energies from 1.1 eV to 30 keV and beyond. 

Host of the streak cameras used in the Laser Fusion Program are of an LLNL design. The 
optical cameras use the RCA C73435A image tube as the streak tube. The x-ray cameras use 
the same type image tube fitted with a special photocathode and extraction grid. Both 
cameras are typically operated with 100-um wide input slits. This is to minimize the 
temporal broadening related to the image width of the slit. Several years ago an LLNL 
ultrafast streak camera fitted with a 1.5-mm wide slit recorded 1.06-um laser pulses 
with no noticeable loss in temporal or spatial resolution.2 

Recent applications requiring greater streak camera sensitivity caused us to carefully 
examine the effect of slit width, focus-grid voltage, and incident-light wavelength on 
streak camera resolution. We used static measurements, dynamic measurements, and computer 
modeling to develop an understanding of the focusing properties of the RCA C73435 series 
image tube operating as an ultrafast streak tube. Static measurements adequately describe 
all of the focusing properties of the camera. They are used to predict the dynamic 
response of the camera to short (1 ps) laser pulses. An electron ray tracing computer 
program was used to model the streak tube operation. The results of the modeling work 
predict the measured static characteristics and help us visualize the focusing properties 
of the tube. An understanding of these focusing properties allows UB to recognize the 
limitations of the camera and to optimize its resolution for specific applications. 

2. TYPICAL STREAK CAMERA OPERATION 
Standard LLNL optical streak cameras like the one shown schematically in Fig. 1 were 

used for tnese studies. Incident light passes through band-pass and attenuating filters, 
ther. falls on a slit aperture whose width is adjustable from 50 um to 2 ram. The slit is 
imaged onto the photocathode of the streak tube by a 1:1 relay lens. Emitted photoelec-
trons are accelerated and focused at the tube's phosphor screen. Deflection plates sweep 
the image across the screen to provide a positional variation in intensity that corres
ponds to the time variation of the light intensity at the photocathode, A proximity 
focused microchannel plate (MCP) image inteisifier tube (IIT) provides signal amplifica
tion for permanent recording on film or CCD array. 
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Figure 1. Schematic diagram of the LLNL streak camera. 

2.1. Bias voltage 
The RCA C73435 tube is designed to operate as an image tube.3 It is cylindrically 

symmetric except for the gating grid (Grid 1) and the deflection plates. The gating grid 
is a set of parallel wires spaced 5 mm apart 7 mm from the photocathode. The tube was 
designed to operate with its gating grid, focus grid (Grid 2), and anode nominally set at 
the voltages listed in Table 1. Removal of the gating grid has no effect on the image 
quality of the tube because it follows an equipotential surface of the tube built without 
it.4 The cathode, focus grid, and anode form a spherical lens that images 
photoelectrons from the photocathode to the phosphor screen. 

Table 1. Nominal RCA C73435 image tube operating voltages. 
Image 
Mode 
(volts) 

Streak 
Mode 
(volts) 

Cathode 
Grid 1 
Grid 2 
Anode 

0 0 
150 2,500 

1,700 875 
5,000 17,000 

Phoroelectron transit-time spread through the tube limits the temporal resolution. It 
is inversely proportional to the electric-field strength at the photocathode surface. For 
ultrafast streak camera operation the extraction field is increased by applying a larger 
bias voltage between the gating grid and the photocathode. The gating grid now functions 
as an extraction grid. This destroys the axial symmetry of the electric field in the 
space around the extraction grid and forms a diverging, cylindrical lens for the photo-
electrons.5 All photoelectrons except those originating in narrow strips of the photo
cathode midway between grid wires are deflected away from their normal paths through the 
anode aperture. The focus grid potential is adjusted to form the stronger positive lens 
required to focus the image of the input slit onto the phosphor screen. Typical bias 
voltages used in the LLNL cameras are listed in Table 1. (All voltages in this paper are 

.̂̂ ••given relative to the photocathode.) Figure 2 shows selected equipotential lines near the 
Wjating grid for normal imaging and ultrafast streaking operation. 
is-2,2. Streak camera setup 

"i[ During streak camera setup and calibration the input slit is illuminated with low level 
jiight. Adjustments are made to the camera while the image of the slit is monitored at the 

'viutput. of the IIT. First the slit is centered between the grid wires. Then the focus 
grid voltage is adjusted to provide the "best" static (nonswept) image of a resolution 

*>pattern placed in the plane of a 50-um-wide slit. Best focus occurs when the clearest 
visual image appears at the output of the IIT. An externally adjustable control allows 

' *|£he focus-grid voltage to be adjusted between 600 to 1250 volts. Best focus nominally 
-occurs around 875 volts relative to the photocathode. 



(a) Image mode (b) Streak mode 

Cathode Caltiod* 

Figure 2. Plot of the equipotential lines in the region between the photocathode and the 
anode aperture. (a) Shows image mode operation with Grid 1, Crid 2, and anode set at 
0.15, 1.7, and 15.0 kv, respectively. Equipotential lines ace drawn at 30-volt inter
vals between the photocathode and Grid 1 and 1.5-kV intervals between Grid 1 and the 
anode. (b) Sht-i streak mode operation with Grid 1, Grid 2, and anode set at 2.5, 0.9, 
and 17.0 kV, respectively. Equipotential lines are drawn at 500-volt intervals between 
the photocathode and Grid 1 and at 1.7-k.v intervals between Grid 1 and the anode. Note 
the cylindrical lens formed near Grid 1. 

3. STREAK CAMERA FOCUSING PROPERTIES 
Work to determine the focusing properties of the LLNL optical streak camera was done in 

three distinct stages: static measurements, dynamic measurements/ and computer modeling. 
Static characterization refers to measurements taken while the streak camera is operating 
in its "pulsed" mode with the deflection plates grounded, static characterization is much 
easier to perform than dynamic characterization. Its purpose is to predict the dynamic 
response (temporal resolution, spatial resolution, and onset of saturation) of the streak 
camera under nearly ideal conditions. The caraera operates at its normal voltages with the 
riT gated for 100 us. The output image can be formed with input power that varies by 
7 orders of magnitude and the output image shape is independent of the input temporal 
shape. The experimental setup used for static characterization is shown in Fig. 1. For 
the static resolution measurements reported in this paper, the light source is an incan
descent lamp with the appropriate band-pass filter. A CCD readout was used to enable 
rapid data analysis.6 

3.1. Usable photocathode area 
Streak camera input/output characteristics are shown in Fig. 3. They show the output 

signal amplitude and position plotted as a function of input slit position. These 
characteristics were measured by illuminating narrow strips of the photocathode with 
1.06-ura light and recording the output image. The data show the output amplitude to be 
nearly constant over the central 1.2 mm of the 5-mm space between grid wires. Only photo-
electrons emitted from the narrow strip of the photocathode midway between grid wires 
reach the tube's phosphor screen. Data in Fig. 3b show that the image magnification along 
the temporal axis of the tube depends on the focus-grid voltage. At 875 volts, all input 
points focus to the same output point. This suggests that slit widths much greater than 
100 gm can be used to increase the usable area of the photocathode without degrading the 
temporal resolution. 
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Figure 3. Streak camera input/output characteristics. The curves show (a) the relative 
output signal intensity end (b) the output image position versus input slit position for 
two focus-grid voltages. Data were recorded with a 200- ym wj.de input slit. 

3.2. Temporal resolution 
Four factors determine the temporal resolution of a streak camera: static image width, 

sweep speed, photoelectron energy spread, and extraction field strength. The ireage width 
Ax and sweep speed S of the image along the temporal axis at the output of the tube 
determine the focus-limited temporal response At x, which may be written as 

At x = Ax/S . (1 
The energy spread of photoelectrons simultaneously emitted from the photocathode results 
in a temporal spread in their arrival times at the phosphor screen. The extent of this 
transit-time spread At^ depends on the electric field strength E at the photocathode 
surface and the energy spread of the photoelectrons Ac. For our cameras most of the 
transit-time spread occurs while the electrons are near the photocathode and may be 
written as 

At t = 3*37 x 1(J-B /Ae?E , <2 
where Att i s * n seconds, Ae in eV, and E in volts/cm. The overall time response of 
the tube is the focus-limited response added in quadrature with the transit-time spread, 
that is 

At = [(Atx)2 + <Att)2] 1/2 

Responses reported in this paper are given as full-width at half-maximum (PWHM) values. 
The focus-limited temporal response of a streak camera can be estimated from the static 

image width ana sweep Epeed using Eq. (1). Static image width data were recorded for four 
LLHL optical ttreak cameras. Figure 4 shows a typical set of data plotted aB a function 
of three variables: input slit width, incident-light wavelength, and streak tube 
focus-grid voltage. The optimum focus voltage differs for the two slit widths. The 
sensitivity of the image width to focjs voltage also differs greatly for the two slit 
widths. The i.-nage width of the 100-u» slit is relatively insensitive to focus voltage 
while the 2-aaa nlit image is very sensitive to focus voltage. At the optimum wide slit 
focus voltage, che image width is insensitive to input slit width. 
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The features of the 0-53- and the 1.06-jm data ace similar. However, the image width 
is greater for each 0.53-ura dat- point than fcr the corresponding 1.06-pn data point. 
This is attributed to a higher transverse photoelectron energy spread for 0.53-un 
light. The energy of a 1.06-um photon barely exceeds the work function of an SI photo-
cathode, so the resultant photoelectron has near-zero initial energy. The energy of a 
0.53-um photon, however, exceeds the work function by about 1.2 eV. This excess energy 
gives the photoelectrons an initial energy. Electron optic modeling Batches the experi
mental results foir 0.53-um data when an initial transverse energy spread of 0.12S eV is 
used. Data taken with 0.40-pm light appears identical to the 0.53-pe data. 

Tne dynamic response of a camera can be predicted fron static data like that shown in 
Fig. 4. it can be determined by measuring its response to a very short pulse. Mtasure-
raents were made using 1-ps, 0.59-um dye laser pulses passed through a 1" etalon to produce 
a set of pulses spaced 169 ps apart. Figure 5 shows these dynamic pulse widths plotted 
with the predicted temporal response based on the 0.53-p™ static image widfh data shown 
in Fig. 4 and the sweep speed value determined irora the dynamic data. These predic
tions include the effect of a 10-ps transit-time spread eetimated from the electric field 
strength at the photocathode and an axial energy cpread of 1 eV. 
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Figure 4. Static image width along the 
temporal axis versus focus-grid (Grid 2) 
voltage for 0.53- and 1.06-um light. 
Data are presented for 100-um and 2-mm 
wide slits. The streak tude has a SI 
photocathode. 

Figure 5. Measured and predicted temporal 
resolution. The data points represent 
dynamic measurements. The solid lines 
represent predictions based on the data 
presented in fig. 4. 

3.3. Spatial resolution 
The camera's spatial resolution is determined from its point spread function (PSF). In 

static measurements, the PSF is formed by illuminating a 190-yra by 100-um square aperture 
with a low intensity light source. The resulting imege width, taken perpendicular to the 
sw»ep direction, is the spatial resolution of the camera. The spatial image width is 
plotted as a function of focus voltage in Fig. 6 for 0.53- and 1.06-un light. The data 
show the spatial image width to be insensitive to the focus voltage but sensitive to 
photon wavelength. Image width does not show the actual shape of the lineotts. For these 
data, the lineouts appear Gaussian for 2 orders of magnitude except at extreme values of 
focus voltage range where they are slightly asymmetric. 
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Figure 6. Streak camera spatial resolution versus focus-grid voltage for 0.53- and 
1.06-um light. The streak tube has a SI photocathode. 

4. MODELING STREAK CAMERA OPERATION 
A modified version of Herrmannfeldt's electron trajectory computer program? was used 

to model the effects of slit width, focua-grid voltage, and photoelectron energy on the 
streak tube resolution. Input tr* the program consists of electrode boundary conditions 
and initial conditions for selected electron trajectories. Graphic and tabular output 
includes electrode profiles, equipotential lines, electron trajectories, and electron 
transit times to the screen. To reduce the couputational time needed to run the simula
tions, a few carefully selected trajectories are used to represent the spatial and energy 
distributions of the photoelectrons emitted from the photocathode. 

The program allows the use of either cylindrical or rectangular symmetry, but not 
both. The image tube in streaked operation has rectangular symmetry between the cathode 
and extraction grid and makes a transition to cylindrical symmetry between the extraction 
grid and the focus grid. To model tube operation, the extraction grid opening is modeled 
as a 5-mro wide ring with a 5-ram inner diameter. The electric field distribution across 
the ring is nearly identical to that across a rectangular slot of equal width. The 
electric field after the extraction grid is virtually unaffected by the modeling of the 
slot. The analysis of the temporal and spatial focusing properties of the tube are 
treated as separate problems. 
4.1. Focus-limited temporal response 

For calculating the focus-limited image width parallel to the streak direction, the 
slit width is modeled by the starting coordinates of the selected electron trajectories. 
Trajectories starting from a single point on the photocathode simulate illumination 
through a narrow slit. Trajectories starting from a set of equally spaced points along 
the photocathode surface simulate illumination through a wide slit. See Figs. 7 and 8. 

The velocity distribution of the photoelectrons emitted from the photocathode depends 
on the incident photon energy and the photocathode mate-ial. The image width in the 
temporal direction depends on the initial transverse velocity distribution of the photo
electrons while the transit-time spread between the photocathode and screen depends on the 
initial axial velocity distribution of the photcelectrons. Four trajectories from each 
starting point are used to model the velocity distributions. The transverse velocity 
distribution is nodeled by two electrons started with equal energies but in opposite 
directions parallel to the photocathode surface. The axial velocity distribution is 
modeled by one electron with no initial energy and one with an axial energy equal to 70% 
cf the photon energy above the photocathode work function. 

Figure 7 shows electron trajectories that simulate the photocathode being illucinated 
through a narrow slit by light of several diffetent wavelengths. The electrons emitted 
with different tangential energies £OCUB to an image plane that coincides with the plane 
of the phosphor screen when the focus grid voltage is 700 volts. The image plane moves 
towards the photocathode foe lower voltages and further away for larger voltages. 
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Figure 7. Electron trajectories for a narrow slit simulation of streak tube operation. 
The plot shows selected electron trajectories, equipotential lines, and electrode 
profiles. The trajectories start fron a Bingle point on the photoca'chode with different 
amounts of transverse energy. The extraction grid, focus grid, and anode are biased at 
2.5- 0.7, and 17.0 kV, respectively. Trajectories are plotted for initial transverse 
electron energies of 0, 0.125, 0.25, 0.5, and 1.0 eV. 
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Fio,ure 8. Electron trajectories for a wide slit simulation of streak tube operation. The 
plot shows selected electron trajectories, equipotsntial lines, and electrode profiles. 
The trajectories start from points uniformly spaced across the photocathode. The extrac
tion grid, focus-grid, and anode are biased at 2.5, 0.9, and 17.0 kV, respectively. 
Trajectories are plotted for 0 eV electrons. Spacing between trajectory starting points 
is 200 Lira. 



Figure 9 shows the image width at the screen plotted as a function of focus-<jrid 
voltage Cor transverse energies of 0.C3 and 0.125 eV. The optimum focus voltage is 
independent of the incident light wavelength. The exact voltage of the minimum shows a 
weak (50 volt) dependence on the position of the slit relative to the center of the 
extraction-grid opening. The image width is indepcndsnt of wavelength at the iptimura 
focus voltage. The slope of each curve away from the optimum focus voltage depends on the 
initial transverse energy distribution of the electrons. Greater transverse energy causes 
a greater slope. A transverse energ> of 0.125 etf produces results similar to incident 
0.53-um light. 

The electron trajectories shown in Fig. 8 simulate the photccathode bci.ig illuminated 
through a wide slit by photons with an energy equal to the work function of the photc-
cathode. This is a reasonable approximation for electrons emitted from an SI photocathode 
by 1.06-um light. Only trajectories starting from a 1.5-Em wide strip of the photo-
cathode centered relative to the extraction-grid gap pass through the anode aperture ?-o 
tho phosphor screen. The electrons emitted from points within the 1.5-mn wide strip 
converge at a plane that coincides with the phosphor screen for a focus-grid voltage near 
900 volts. The focal point moves towards the photocathode for lower voltages and further 
awf*y for larger voltages, Figure 10 shows the image width of the wide slit plotted as a 
function of focus-grid voltage for traverse energies of 0.0 and 0.125 eV. The image width 
shows a strong dependence on focus-grid voltage and has its minimum at 900 volts. The 
1.06-ura light produces a smaller image widtn than 0.53-um li^M because the emitted 
electrons have a lower transverse electron energy. 
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Figure 9. The focus-limited image width 
(temporal axis) versus focus-grid voltage 
for narrow slit operation predicted using 
electron trajectory calculations. Curves 
are presented for average transverse 
electron energy distributions of 0.03 and 
0.125 eV. 

Figure 10. The focus-limited image width 
(temporal axis) versus focus-grid voltage 
for wide-slit operation predicted using 
electron trajectory calculations, Ci'ives 
ai.e presented for average transverse 
electron energy distributions of 0 and 
0.125 eV. 

4.2. Spatial resolution 
The voltage applied to the extraction grid forms a cylindrical lens. Note that there 

is no transverse electric field perpendicular to th<& sweep direction in th-j space between 
the photocathode and extraction grid. Simulation of the spatial focusing is done by 
assuming the extraction grid is a fine mesh biased at a constant potential. Llectron ray 
tracing shows that the spherical lens formed by the focus grid and anode is too weak to 
focus the phocoelectrons in the spatial direction. The output spot size increases with 
increasing transverse enc.gy of the photoclmatrons. With the extraction grid voltage set 
at 2500 volte, t*-. * image width appears to te independent cf the focus-grid voltage for 
values between 600 and 1200 volts. 



5. SUMMARY 
The focusing properties ct the RCA C73435 iraage tube operating as an ultrafast streak 

tube ate presented. They were measured using static techniques and include the dependence 
of temporal and spatial image width on input slit width, incident-photon energy, and 
focus-grid voltage. The static data are used to accurately predict the measured dynamic 
response of the camera to a 1-ps laser pulse. An electron ray tracing progran is used to 
model the static operation of the tube. The simulations predict and explain the major 
features of the static characteristics. 
For the bias voltages typically used with the LLNL streak camera, the temporal resolu

tion is found to De insensitive to slit width, while the output-signal amplitude is 
proportional to slit width. Thus, wide '1000 urn) slits can be used to improve streak 
camera sensitivity without sacrificing temporal resolution. Also, a wider slit allows a 
lower photocathode current density to produce the same output signal aaplitude. Some 
:jiproveroent in temporal response can generally be made by using a narro* (100 urn) slit 
and lowering the focus gr\d-voltage by 150 to 200 volts. Temporal resolution is 
relatively insensitive to focus voltage for a narrow slit, but not for a wide slit. The 
spatial resolution at focus-grid voltages that produce reasonable temporal focusing is 
nearly independent of the focus-grid voltage. 

Both temporal and spatial resolution depend on the incident-light wavelength. 
S'.ree.k camera operation is modeled with a computer program that calculates photo-

electron trajectories. Simulations using selected electron trajectories describe all of 
the observed effects of slit width, incident-light wavelength, and focus-grid voltage on 
output image width. The focus-grid voltage controls the axial position of best temporal 
focus. It coincides with the phosphor screen at focus-grid values of 930 volts for a wide 
slit and 700 volts for a narrow slit. Lower voltages form a stronger electrostatic lens 
and move the image plane towards the photocathode. The temporal image width depends on 
the initial transverse energy of the photoelectrons parallel to the sweep axis of thr tube 
while ':he spatial image width depends on the transverse energy perpendicular to the sweep 
axis of the tube. 

6. ACKNOWLEDGMENTS 
The authors would like to thank B. Jones for providing the CCD readout system am? 

software that made gathering the experimental data possible and J. wiedwald and 
D. Montgomery for many useful discussions concerning streak camera operation. 

7. REFERENCES 
1. L. W. Coleman, "Subnanosecond cinemato7taphy in laser fusion research: Current 

techniques and applications at the Lawrence Livermore National Laboratory," Proc. 16th 
Int'l Cong, on Hi';h Speed Photography and Photonics, (1984) SPIE vol. 491, pp. 51-57. 

c. Laser Program Annual Report - 1980, Lawrence Livermote National Laboratory* 
Liverroore, California, UCRL-50021-80 (1981), pp. 5-19 tc 5-21 [unpublished). 

3. RCA specification sheet for the C73435 series image tube. 
4. C. C. Lai, L. B. Oik, and R. D. Lear, "Photoelectron Trajectory Anaiomy of 

RCA C7343b Image Converter and Its Performance," IEE Conference on Photoelectronic 
Tuaging, Savoy Place, Lo/.don, England, September 10-lly 1985. Also, Lawrence Livermore 
National Laborator/ report, UCRL-91699, (1985). 

r.. R. G. Stoudenheimer, "Ultra-High Speed Streak Photography Using "iwge Tubes,* RCA 
Application Mote AN-4^89 (1971). 

6. B. A. Jones, "A lens coupled streak camera readout system utilizing a thermoelectric 
cooled CCD," Conf. on High Speed Photography, Videogr-iphy and Photo.iirs III, (1935) SPIE 
Vol. 569, pp. 189 -193. 

7. W. B. Herrmannsfeldt, "Electron Trajectory Program," Stanford Linear Accelerator 
Center, Stanford, California, SLAC-Report-226 (1979). 


