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Resolution limitations and optimization of the LLNL streak camera focus*
R. A. Lerche and R. L. Griffith
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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 um) 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
siit width. Spatial resolution is nearly independent of focus-grid voltage for values
that give good temporal resolution. Both temporal and spat tesolution depend on the
incident-light wavelength., Data for 1.U6-um light show significantly better focusing
than for 0,53-pym 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 resoplution.

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.l Their
temporal resolution is unmatched by any other transient recorder. Their ability to
spatially Aiscriminate 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.

Most af the streak cameras used in the Laser Fusion Program are of an LLNL design. The
optical cameras use the RCA C73435A image tube as tha streak tube. The x-ray cameras use
the same type image tube fitted with & special photocathode and extraction grid, Both
cameras are typically operated with 100-um wige 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
ctreak 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 e.ectron 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 visuvalize the focusing Properties
of the tube. An understanding of these focusing properties allows us to recognize the
limitatione of the camera and to optimize its resolution for specific applications.

2. TYPICAL STREAK CAMERA OPERATION w

Standard LLNL optical streak cameras like the one shown schematically in Pig. 1 were
used for these studies. Incident light passes through band-pass and attenuating filters,
ther falls on a alit aperture whose width is adjustable from 50 pm to 2 mm. The slit is m
imaged onto the photocathode of the streak tube by 2 1l:1 relay lens. Emitted photoelec-
trons are accelerated and focused at the tube's phosphor screen. UDeflection plates sweep <
the image across the screen to provide a positional variation in intensity that corres-

pondy to the time variation of the light intensity at the photocathode. A proximity
focused microchannel plate (MCP) image intensifier tube {IIT) provides signal amplifica-
tion for permanent recording on film or CCD array.

* Work performed under the auspices of the U.S. Department of Energy by the Lawrence
Livermore National Laboratory under contract number W-7405-ENG-48. ¥)
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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 gria
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
guality of the tube because it follows an equipotential surface of the tube built without
it. The cathode, focus grid, and anode form a spherical lens that images
photoelectrons from the photocathode to the phosphor screen.

Table 1. Nominal RCA 73435 image tube operating voltages.

Image Streak
Electrode Mode Mode

(volts) {volts)
Cathode Q aQ
Grid 1 150 2,500
Grid 2 1,700 875
Anode 15,000 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. FPor
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.? All photoelectrons except thase 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 LUNL cameras are listed in Table 1. (All voltages in this paper are

jiven relative to the photocathode.) Figure 2 shows selected eguipotential lines near the
mijating grid for normal imaging and ultrafast streaking operation.

w2,2. Streak camera setup

"{ During streak camera setup and calibration the input slit is illuminated with low level

. ight. Adjustments are made to the camera while the image of the slit is monitored at the
‘moutput. of the IIT. Pirst the slit is centered between the grid wires. Then the focus
grid voltage is adjueted to provide the *best” static (nonswept) image of a resolutiom
attern placed in the plane of a 50-pm-wide slit. Best focus occurs when the clearest
visnal image appears at the output of the IIT. An externally adjustable control allows
#gthe focus-grid voltage to be adjusted between 600 to 1250 volts. Best focus nominally

occurs around 875 volts relative to the photocathode.
=£‘
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Pigure 2. Plot of the equipotential lines in the region between the photocathode and the
anode aperture. (a) Shows image mode operation with Grid 1, Grid 2, and anode set at
0.15, 1.7, and 15.0 kv, respectively. Equlpotential lines are 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.: 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 photacathode and Grid 1 and at 1.7-kV 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 camera operates at ita normal voltages with the
IIT gated for 100 us. The output image can be formed with input power that varies Sy
7 orders of magnitude and the output image shape i1s 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.b

3.1, Usable photocathode area

Streak camera input/output characteristics are shown in Fig. 3. They Show the output
cignal 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-um light and recording the output image. The data show the output amplitude to be
nearly constant over the central 1.2 mm of the S-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 Pig, 3b show that the image magnification along
the temporal axis of the tube depends on the focus-grid voitage. At 875 volts, all input
points focus to the same output point. This suggests that slit widths much greater than
100 um can be used to increase the usable acea of the photocathode without degrading the
temporal resolution.




1.2
(@) 1 875 volts
10 F
= O 700 valis
=
[}
0.8 [
c
s
BE o5t
> =
x 3
£ 04 [ Gria Grid
] wire wire
° oz} &
’ \
0.0 L £ . ¥ .
. 05
hd
ok ®
Q£
£~ {
5 § 09F gria Grid
&-_‘,;) wire wira
3 B H
Ca -0.5 1 I L 1 )

-

3 -1 -1 Qo i 2
Slit position (mm}

Pigure 3. Streak camera input/cutput characteristics. The curves show (a) the relative
output signal intensity and (b) the output image position veisus input slit position for
two focus-grid voltages. Data were recorded with a 200-ym wide 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 image 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 Aty, which may be written as

Aty = 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 Aty depends on the electris field strength E at the photocathode
surface and the energy spread of the photoelectrons Ae. For our cameris most of the
transit-time spread occurs while the electrons are near the photocathode and may be
written as

Aty = 3.37 x 10°8 VAg/E (2)

where Aty is in seconds, Ac in eVY, and E in volts/cm. The overall time response of
the tube i5 the focus-limited respanse added in quadrature with the transit-time spread,
that is

at = [(aty) 2 + (atg)2)l/2 (3)

Responses reported in this paper are given as full-width at half-maximum (FWHM) values.

The focus-limited temporal response of a streak camera can be estimated from the static
image width and sweep epeed using Eq. (1). Static image width data were recorded for four
LLNL optical tireak cameras. Pigure 4 shows a typical set Of data plotted as a function
of three varlables: input slit width, incident-light wavelength, and streak tube
focus-grid vnltage. The optimum focus voltage differs for the two slit widths. The
sensitivity of the image widthk to focus voltage also differs greatly for the two slit
widthse. The image width of the 100-pym slit is relatively insensitive to focus voltage
while the 2-mm nlit image is very sensitive to focus voltage., At the optimum wide slit
focus veltage, the image width is insensitive to input slit width.
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The features of the 0.53~ and the 1.06-.m data ace similar. However, the image width
is greater for each 0.33-um dat. point than fcr the corresponding 1.06-um data point.
This is attributed to a higher transverse photoelectron energy spread for 0.531-um
light. The energy of a 1.06-uym 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 tie photoelectrons an initial energy. Electron optic modeling matches the experi-
mental results for 0.53-um data when an initial transverse energy spread of 0.125 eV is
used. Data taken with 0.40-um light appears identical to the 0.53-ym data.

The dynamic response of a camera can be predicted from static data like that shown in
Fig, 4. It can be determined by ing its reap to a very short pulse, Mcasure-
ments 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-um static image width data shown
in Fig. 4 and the sweep speed value determined ir»m the dynamic data. These predic-
tions include the effect of a 10-ps transit-time spread ectimated from the electric field
strength at the photocathode and an axial energy fpread of ) eV,
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Fiqure 4. Static image width along the Figure 5. Measured and predicted temporal
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3.3. Spatial resolution

The camera's spatial resolution is determined from its point spread function (PSP). In
static measuremznts, the PSF is formed by illuminating a 190-ym by 100-um square aperture
with a low intensity light source. The resulting imzcge width, taken perpendicular to the
sweep direction, is the spatial resolution of the camera. The spatial image width is
plotted as a function of focus voltage in Pig, 6 for 0.53- and 1.06-ym light. The data
show the gpatial image width to be insensitive to the focus voltage but sensitive to
photon wavelength, Image width does not show the actual shape of the lineouts. For these
data, the lineouts appear Gaussian for 2 orders of magnitude excezpt at extreme values of
focus voltage range where they are slightly asymmetric,
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Figure 6. Streak camera sSpatial resolution versus focus-grid voltage for 0,53- and
1.06-um light, The streak tube has a Sl 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, focus-grid voltage, and photoelectron energy on the
streak tube resolution. Input te the program consists of electrode boundary conditions
and initial conditions for selected electron trajectories, GCGraphic and tabular output
includes electrode profiles, equipotential lines, electron trajectories, and electron
transit times to the screen. To reduce the comwputational 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 tramsition to cylindrical symmetry between the extraction
grid and the focus grid. To model tube operation, the extraction grid opening is modeled
as a 5~mm wide ring with a 5-nm 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 virtwally unaffected by the modeling of the
siot. The analysis of the temporal and spatial focucing 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
glit 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 incldent 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
Btarting point are used to model the velocity distributions. The transverse velocity
distribution is modeled 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 illuminated
through a narrow slit by light of suveral different wavelengthe. The electrons emitted
with different tangential energiec focus to an image plane that coincides with the plane
of the phosphor screen when the focus grid voltuge is 700 volts. The image plane moves
towarde the photocathode for lower voltages and further away for larger voltages.
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Figure 7. Electron trajectories for a narrow =2lit simulation of streak tube operation.
The plot shows seiected electron trajectories, equipotential lines, and electrode
profiles. The trajectories start from a single point on the photocathode with different
amounts of transSverse energy. The extraction grid, focus grid, and anode are biased at
2.5. 0.7, and 17.0 kV, respectively. Trajectories are plotted for initlal tronsverse
electron energies of 0, 0.125, 0.25, 0.5, and 1.0 eV.
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Figure 8.

plot shows selected electron trajectories, equipotantial 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.
Trajectorles ace plotted for 0 eV electrons. Spacing between trajectory starting points

is 200 pm.



Figure 9 shows the image width at the screen plotted us a function of focus-yrid
voltage for transverse energies of (.€3 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 ovpening. The image width is independent of wavelength at the ptimun
focus voltage. The slope of each curve awav from the optimum fncus voltage depends on the
initial transverse energy distribution of the electrons. Greater transverse energy causes
a greater slope. A transverse energy of 0.125 ev produces sesults cimilar to incident
0.53-um light.

The electron trajectories shown in Pig. 8 simulate the photccathode beiag illuminated
through a wide slit by pnotons with an energy equal to the work function of tke photc-
cathode. This is a reasonaible approximation for electrons emitted from an S1 photocathode
by 1.06-um light. Only frajectories starting from a 1.5-zm wide strip of the photo-
cathode centered relative to the extraction-grid gap pass through the anode aperture o
the phosphor screen. The electrons emitted from points within the 1.5-mm wide strip
corverge ac & plane that coincides with the phosphor screen for a fosus-grid vcltage near
900 volts. The focal point moves towards the photocathode for lower voltages and further
awzy for larger voltages. Figure 10 shows the image widih 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 derendence on focus-grid voltage ané has its minimum at 9G” volts. The
1.06-pym light produces a smaller image widtn than 0,53-um li;ht because the emitted
electrons have a lower transverse electron energy.
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Figuie 9. The focus-limited image width Figure 10. 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.

4.2, spatial resolution

{temporal axis) versus focus-grid voltage
for wide-slit operaticn predicted using
electron trajectory calculations. Cuives
ace presented for average transverse
eleclzon energy dJdistribucions of 3 and
0,125 ev.

The vol:age applied to the extraction grid forms a cylindricai lens., Note that there
18 no transverse electric field perpendicular to the sweep direction in th~ space between
the photocathode and extraction grid., Simulation of the spatial focusing is done by
assuming the extraction grid ia a fine mesh biased at a constant potentjal. Llectron ray
tracing shows that the spherical lens formed by the focus grid and anode is too weak to
focus the photoelectrons in the spatial di.ection. The output spot size increases with
lncreasing transverse ene:gy of the photoclectrons. With the extraction grid voltage set
at 2500 volts, tto image width appears vo te independent cf the focus-3rid voltage for

values between 600 and 1200 volts.



5. SUMMARY

The focusing properties cf the RCA C73435 image tube operating as an ultrafast streak
tube aie presented. They were measured using static techniques and include the dependence
of tempor=l and spatial image width on input slit width, incident-photoun energy, and
focus-grid voltage. The static data are used to accurztely predict the measured dynaamic
reeponse Of the camera to a l-ps laser pulse. An electron ray tracing program is used to
model the static operation of the tube. The simulatione predict and explain the major
features cf the static characteristics.

Por the bias voltages typlcally used with the LLNL streak camera, the temporal resr.u-
tion is found to pe insensitive to slit widch, while the output-signal ampliitude is
proportional ro slit width. ‘rhus, wide fi000C um} slits can be used to improve streak
camera sensitivity without sacrificirg temporal resolution. Also, a wider slit allows 2
lower photocathode current density to produce the same output signal ampiitude. Some
‘nprovement in temporal response caa generally be made by using a narrows (100 pm) slit
ard lowsring the focus grid-voltage by 150 to 200 volts. Tempc-al resolution is
relativeiv insensitive to fecus voltage for a narrow slit, but not for a wide slit. The
spatial rejolution at focus-grid voltages that produce reasonable teaporal focusing is
nearly independent of the focus-grid vcltage.

Both temporal and spatial resclution depend on the incident-light wavelength.

St.reuk camera operation i5s modeled with a computer prograa that calculates photo-
electron trajectories. Simulations using selected electron trajectories cdescribe all of
the otserved effects of slit width, incident-light wavelength, and focus-grid voltage on
output image width. The focus-grid veltage controls the axial position of best temporal
fucus. It couincides with the phosphor screen at focus-grid vaiues of 99U volts for a wide
slit and 700 volts for a narrow slit., Iower voitages form a stronger elactrostatic lens
and move the image piane towards the photocathode. The temporal image width depends on
the initial tranzverse enerqgy of the photoelectrons parallel to the sweep axis of th: tube
while the spatial imaye width depends on the transverse energy perpendicular to the sweep
axis of the tube.
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