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The University of Rochester’s Laboratory for Laser Energetics (Rochester, New York) is leading an
effort to develop a modern, fully automated streak camera. Characterization of a prototype camera
shows spatial resolution better than 20 Ip/mm, temporal resolution of 12 ps, line-spread function of
40 um (full width at half maximum) contrast transfer ratio of 60% at 10 Ip/mm, system gain of 101
charge-coupled device electrons per photoelectron, and a dynamic range of 500 for a 2 ns
window. © 2004 American Institute of Physics. [DOI: 10.1063/1.1788890]

l. INTRODUCTION

The Lawrence Livermore National Laboratory (LLNL)
Laser Programs built ~30 high-speed compact optical streak
cameras’ in the 1970s and 1980s. These cameras have pro-
vided the Inertial Confinement Fusion (ICF) Program with
high-speed recording capability for 30 years. The cameras
record streak images for a variety of laser, x-ray, and particle
instruments that require temporal resolutions ~10 ps. The
cameras use an RCA C73435 streak tube directly coupled to
a microchannel-plate (MCP) image-intensifier tube HT. In
1987, charge-coupled device (CCD) readouts replaced origi-
nal film packs on 15 cameras built for the Nova laser project.
A lens relayed the IIT image to the CCD because direct
fiber-optic (FO) coupling was not yet reliable.

Unfortunately, the cameras are difficult to maintain be-
cause components, including streak tube and IT, are no
longer available. Furthermore, the National Ignition Facility
(NIF) projects a need for ~50 optical streak cameras. This
article describes work related to the ICF Program’s search
for optical streak cameras whose performance is equal to or
better than the original Livermore design.

The University of Rochester’s Laboratory for Laser En-
ergetics (Rochester, NY) (LLE) is leading an effort to de-
velop a modem, totally automated streak camera. Their de-
sign incorporates years of experience using Livermore
cameras and cameras of a more recent LLE design.2 Perfor-
mance requirements for the camera are driven by the needs
of LLE’s OMEGA Laser Facility. These are similar to the
needs of the NIF. Performance of a prototype camera has
been measured; preliminary results are reported in this ar-
ticle.

Il. THE ROCHESTER OPTICAL STREAK SYSTEM

The streak camera characterized for this article is called
the ROSS (Rochester Optical Streak System). Its Photonis
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P-510 streak tube shares many similarities with the RCA
C73435: a large format (40-mm diam), a slot-type extraction
grid, 15-kV photocathode voltage, and similar internal elec-
trode structures. Perhaps the most significant difference is
the photocathode-to-extraction grid spacing (3.5 mm for the
P-510, 7 mm for the C73435). For identical voltages, the
higher electric field at the P-510 photocathode allows a
higher linear current density to be extracted and reduces
electron transit-time dispersion through the tube.

Streak tubes can have a slot- or a mesh-type extraction
grid. Electrostatic lenses formed by the slot and the focus
grid can focus electrons from a relatively wide strip (0.5 to
1 mm) on the photocathode to a narrow line at the tube’s
output. Because image width for a mesh-type tube is propor-
tional to the width of the illuminated strip, its input slit is
typically <100 um wide to maintain good time resolution.
Thus, a slot-type tube can have ten times more usable pho-
tocathode area, ten times more sensitivity, and support ten
times more current than a mesh-type tube.

The ROSS does not use a MCP IIT. It has long been
known that the IIT limits camera spatial resolution.® The
ROSS, like the earlier LLE camera, couples the streak tube
image directly to a CCD through a coherent FO coupler. Low
noise, improved efficiency, and high amplifier gain of mod-
ern CCDs and improved FO/CCD coupling now allow single
photoelectrons to produce signals greater than the image
noise without an IIT. The ROSS uses a Spectral Instrument
SI-800 CCD camera with a 2K X2K E2V 42-40 back-
illuminated CCD with 13.5 um pixels and a 1:1 FO coupler.

The ROSS consists of a main streak camera module and
an optics module. The camera module contains the streak
tube, CCD, power supplies, and digital interface electronics;
the optics module contains calibration light sources, slits,
filters, and imaging optics for safely coupling optical signals
into the streak tube. The camera module has been designed
and a prototype built. Optics module design is nearing
completion. All data acquired for this article used the slit and
lens arrangement from a Livermore streak camera. The
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FIG. 1. Spatial resolution. (a) Line spread function and Gaussian with a
40-pum FWHM, (b) contrast transfer function (CTF). Circles are Ronchi
ruling measurements.

ROSS prototype contained a P-510 tube with S-20 photo-
cathode. The goal of this work was to understand the perfor-
mance of the streak camera module, not the optics
module.

Ill. STREAK CAMERA CHARACTERIZATION

Characterization determines how a camera performs for
a variety of operating conditions. In this study, we evaluated
(1) magnification, (2) spatial resolution, (3) temporal resolu-
tion, (4) noise, (5) gain, and (6) dynamic range. The camera
was set up using techniques similar to those used with Liv-
ermore cameras. Unless noted otherwise, measurements used
a 1-mm wide slit illuminated with a collimated 532-nm laser.
Collimated light creates a large depth of field and eliminates
the input optic as a factor in resolution measurements.

Spatial magnification and field of view (FOV) were mea-
sured with a mask of 10-um slits evenly spaced 1.5 mm
apart. The mask was placed in two different positions:
against the streak tube input window to measure the tube’s
magnification and at the slit plane to measure the camera
system magnification. Measured streak tube magnification of
1.35 matches the tube spec of 1.3. The input optics has an
additional magnification of 1.16 giving the system a magni-
fication of 1.57. All measurements in this article are referred
to the streak tube photocathode. A single pixel at the CCD
views 10 um of the streak camera’s photocathode. The cam-
era’s FOV is limited to 20.5 mm by the CCD which views a
27.6 mm square of the 60 mm diam image.

A line-spread function (LSF) and a contrast transfer
function (CTF) are alternate ways to describe spatial resolu-
tion. In this work we measured the system LSF, then calcu-
lated the CTF by convolving the LSF with square waves of
various frequencies. Images recorded with Ronchi ruling
masks confirm the accuracy of the CTF calculation.

Figure 1(a) shows the LSF measured using a 18-ns laser
pulse entering the camera through a 10-um wide spatial
mask. Spatial resolution referred to the photocathode is
40 wm [full width at half maximum (FWHM)]. The LSF is a
sharp spike rising a factor of 400 above the noise. The
slightly asymmetric shape has not been investigated and is
likely an artifact of our measurement technique. The calcu-
lated CTF [Fig. 1(b)] shows a 60% contrast transfer ratio
(CTR) at 10 Ip/mm and a limiting visual resolution (5%
CTR)>20 lp/mm. CTR measurements with 6 and 10 Ip/mm
Ronchi rulings confirm the validity of the CTF calculation.
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FIG. 2. Contour maps showing position dependence of camera spatial reso-
lution. (a) 1-mm wide slit, (b) 100-um slit. Contours labels are in 2X2
superpixels.

The contour plots in Fig. 2 show the position depen-
dence of the spatial resolution for the entire streak camera
image. Data were recorded using a mask with 10-um open-
ings every 1.5 mm. The FWHM is determined at various
spatial positions throughout the image. Contour plots are pre-
sented for input slit widths of 1 mm and 100 um. Improved
spatial resolution is obtained with the narrow slit, but dy-
namic range is reduced by about 5. (For the P-510 tube, we
found that only the central 500 um of the 1 mm region illu-
minated by the laser actually contributes to the tube’s signal).

Three factors influence time resolution: electron transit-
time spread, dwell time and slit image width in the temporal
direction. A simple static measurement in which the deflec-
tion plates are grounded and the tube illuminated with a dc
light source provides an excellent estimate for camera tem-
poral resolution. The FWHM Ax of the static line represents
the best temporal resolution (in pixels) possible with the
camera. To estimate temporal resolution, multiply Ax by the

~dwell time (ps/pixel) of the sweep obtained from a time base

calibration and add in quadrature with the electron transit-
time spread (typically 6 to 10 ps). For this camera temporal
resolutions of 12, 22, and 45 ps FWHM are estimated for the
2.3, 5.3, and 11.2 ns sweep windows (nominally referred to
as 2, 6, and 12 ns sweep windows). Resolution was checked
for consistency by measuring the width of a short (45 ps
FWHM) laser pulse at each sweep speed.

We generated an image in which a series of voltage steps
were applied to the deflection plates. The resulting image is a
set of constant time lines each of which can be analyzed
along its spatial extent. Figure 3 shows a contour map of the
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FIG. 3. Contour map showing position dependence of time resolution for
100-um slit. Contours labels are in 2 X 2 superpixels.
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position dependence of the temporal resolution (in pixels) in
the streak camera image. With a 100-xm slit, 90% of the
image has a resolution <5 2 X2 superpixels (FWHM).

Dynamic range depends on camera noise and gain.
Noise establishes the weakest signal that can be observed.
Gain determines whether or not a single event can be seen.
Background images contain information about read noise,
dark current noise, and signal threshold. They verify the
noise reported by the CCD manufacturer and determine if
additional noise is introduced by the other streak camera
components. For this work, we measured image noise for
two-second exposures with different hardware binning con-
figurations. For no binning we measured system noise of
5.13 e, nearly identical to the CCD specification of 5.05 e”.
This indicates that nearly all camera noise comes from the
CCD. Dark current causes a slight increase in noise when
pixels are binned for readout: 5.97, 6.67, and 7.9 e”, respec-
tively, for 2X 2, 3X 3, and 4 X 4 binning.

Photocathode sensitivity tells how well the photocathode
converts incident light to photoelectrons. The manufacturer
measured this tube’s sensitivity to be 25 mA/W at 532 nm.
Gain describes how well each signal photoelectron is ampli-
fied and converted into CCD electrons. We measured system
gain by illuminating a 3 mm X 0.5 mm region of the photo-
cathode with laser pulses of known energy and recording the
images. The number of ADUs (analog-to-digital units) in a
recorded signal divided by the incident energy gives the gain
in ADUs/nJ. Using the photocathode sensitivity and the CCD
gain (1.09 CCD ¢ /ADU) allows conversion of this value to
CCD electrons/photoelectron (CCD e/pe). For this camera
we measured 101 CCD e /pe which agrees well with an in-
dependent gain measurement of 108 CCD e/ pe.4

Maximum usable signal divided by the minimum ob-
servable signal defines dynamic range. For this work, dy-
namic range is determined per streak camera resolution ele-
ment (32 pixels, i.e., four CCD pixels in space, and eight
CCD pixels in time). We consider the maximum usable sig-
nal to be that at which the temporal pulse broadens by 20%.
When the streak tube is the limiting element, temporal
broadening is correlated with the Child-Langmuir (C-L)
space-charge-limited current at the photocathode. A 20%
broadening occurred at ~1% of the C-L current (Fig. 4).
This corresponds to 500, 1150, and 2450 photoelectrons per
streak camera resolution element at 2, 6, and 12 ns sweeps,
respectively. (This is calculated using 0.01 X.JyX A4 XAt
X Np/qg where Jy=22 A/em?, A4=0.000 05 cm? (500
X 10 um), At is the dwell time, N;,=32 pixels, and g
=1.602X107" C/e.)

We use signal-to-noise ratio (SNR) as a figure-of-merit
to determine the minimum observable signal. Using SNR
=C/[(Nyi/Ny) 0312, where C is the system gain to a single
photoelectron in CCD electrons, N, is the number of detec-
tor pixels in a resolution element (32), N, is the number of
CCD pixels in a binned superpixel, and oy is the noise asso-
ciated with reading a superpixel. SNR values are 3.5, 6, 8,
and 9 for N; of 1, 4, 9, and 16 (unbinned, 2X 2, 33, and
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FIG. 4. Temporal broadening of 45-ps laser pulse versus streak tube current
density for 2, 6, and 12 ns sweep speeds. J;=2.2 A/cm?.

4 X 4), respectively. Superpixels of 2 X 2 allow detection of a
single photoelectron (SNR >5) with minimal degradation in
data resolution. Thus, dynamic range for the 2, 6, and 12 ns
sweep windows are 500, 1150, and 2450, respectively.

IV. DISCUSSION

The streak camera performs very well and appears to
satisfy most NIF optical streak camera requirements. Magni-
fication, FOV, temporal resolution, and sweep linearity are
comparable to the current LLNL camera. The ROSS, how-
ever, excels in spatial resolution with a 40-um (FWHM)
LSF and >20 lp/mm CTR (limiting visual), about three
times better than the LLNL camera’s 120 pm (FWHM) and
9 Ip/mm. By excluding the IIT from the ROSS design, the
main resolution-broadening component has been eliminated.
The P-510 tube with its FO coupled, back-thinned CCD pro-
duces enough gain that individual photoelectrons are ob-
served and that dynamic range approaches the number of
photoelectrons that can be linearly extracted from the photo-
cathode in a streak camera resolution element.
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