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Abstract 

The requirements and techniques for 
t ime resolved (< 1 nsec) diagnostics of 
l a se r pulses are reviewed. The advan
tages and limitations of applying gated 
image converter s t reak c a m e r a s to the 
problem of l ase r pulse diagnostics are 
discussed. The design and operation of 
a unique 10-psec t ime resolut ion s t reak 
camera is described. The compact size 
of the camera resul ts p r imar i ly from the 
use of a micro-channel tube for image 
intensification. Optically t r iggered 
avalanche t rans is tor c i rcu i t s provide 
re l iable , low j i t ter electronic operation 
of the s t reak tube. The S-l photocathode 
response allows direct measurement of 
neodymium laser pulses. Examples of 
the uses of s treak cameras for l a se r 
diagnostics and the data obtained are p re 
sented. Comments on additional applica
t ions and the development of s t reak 
c a m e r a s with extended capabil i t ies are 
included. 

Introduction 

The development of mode-locked 
sol id-s ta te l a se r s provided a short, in
tense packet of coherent optical energy 
that might lead to new understanding of 
bas ic physical p rocesses and perhaps r e 
veal new and unsuspected phenomena. 
This same development presented experi
men te r s with an intriguing new problem! 
how to detect and measure the detailed 
charac te r i s t i cs of these subnanosecond, 
even picosecond duration pulses of light. 
The f i rs t part of this paper briefly r e 
views some c lasses of techniques that a re 
used for this diagnostics problem and 
points out their strengths and limitations. 
This quick survey leads into the subject 
of ul trafast electrooptlc s t r eak cameras . 
The problem being addressed is that of 

subnanosecond t ime-resolved diagnostics. 
Even more stringently, the application Is 
to t ime-resolved diagnostics of events 
( laser pulses, laser- induced phenomena) 
that a re not necessar i ly repetitive or 
reproducible, so that single-shot, non-
sampling techniques that provide maxi
mum information from a single event a re 
required. 

Diagnostics Techniques 

One of the most commonly used de
t ec to r s for l a se r light is a photodiode. 
Photodiodes are available In a variety of 
s tyles , shapes (solid state, vacuum), and 
spectra l sensit ivit ies. They generally 
have the attributes of smal l size, ease of 
alignment and use, l inear response, and 
sensitivity. The basic problem ar i ses 
with the t ime response . Although diodes 
with 100-psec responses a re available, a 
pract ical detection-recording system 
based on a photodiode will have a response, 
at best , in the 300 to 500-psec range. 
This can have important consequences. 
So, while photodiodes play a useful and 
essent ia l role in the overal l diagnostics 
problem for l a se r s , other ways must be 
sought for better t ime resolution. 

A technique known as two-photon 
fluorescence (TPF) (Ref. 1) has been de 
veloped for t ime- reso lved l a se r pulse 
diagnostics. A l a s e r pulse is split into 
two equally intense pa r t s that are directed 
against each other in a cell filled with a 
suitable dye. The simultaneous absorp
tion of two photons will excite the dye to 
an energy state from which it will 
f luoresce. The excitation energy gap Is 
sufficiently great that a single photon of 
the laser frequency will not excite the 
dye. When the two pulses overlap in the 
center of the cell, the "concentration" of 
photons Is highest and so the probability 
of two-photon excitation of the dye is 
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highest. What one observes then, is a 
flash of fluorescent light with a spatial 
extent determined by the duration of overlap, 
hence the length of the l a s e r pulse. By 
photographing the flash with an open-shutter 
c amera (sometimes an image intensifier is 
used), the width of the flash can be meas 
ured and, hence, the length of the laser 
pulse est imated. The advantages of this 
technique a re that picosecond or subpico-
second t ime scale resolution is possible 
(e.g. at 2 X 1 0 1 0 cm/sec for n = 3/2, 1 mm 
= 5 psec), and it is fairly convenient to set-up 
and use. On the other hand, T P F is a non
l inear effect and is fairly insensi t ive. 
Normally, tens of millijoules a r e required 
in the l a s e r input. This means that small 
satel l i te pulses or low-level background 
energy around a pulse a re not detected by 
this technique. The presence and character 
of this additional energy is important for 
the design and performance of a l a se r sys 
tem as well as for the interpretat ion of the 
interact ion of the pulse with a ta rget . Since 
the response is a convolution of the pulse 
with Itself, a further se r ious limitation is 
that the shape of the pulse cannot be ob
tained from a TPF or other autocorrelation 
record . (Ref. 2) In pnite of these problems, 
the ea se of using the ",'PF technique makes 
it useful for estimating l a s e r pulse durations. 

Extensions of this type of autocorrelation 
technique to three-photon fluorescence and 
examples of other techniques dependent on 
generating a higher frequency harmonic of 
the l a s e r pulse and measur ing the cor re la 
tion function with the fundamental have been 
repor ted . (Refs. 3 and 4) Detection schemes 
based on the nonlinear photoelectric effect 
have been reported. (Ref. 5) We will not go 
into any further detail of these techniques, 
but s imply comment that the complexity 
and delicacy of the optical setup required, 
compared to the detail of information they 
provide, do not make them ser ious candi
dates for the single-shot fast diagnostics 
techniques needed, 

Another interesting technique was first 
demonstra ted by Duguay and Hansen, (Refs. 6 
and 7) Thei r technique makes use of the opti
cal Kerr effect in CS2. The 1.06-jum lase r 
pulse to be measured is sent through a 
second-harmonic-generat ion crys ta l . A 
dichroic beam splitter s epa ra t e s the original 
infrared component from the second-
harmonic green light (0.53 urn) and directs 
the two pulses along separa te paths. The 
pulse of green light is sent into a cell con
taining water wl'*.i a little milk. The milk 
simply serves to scatter the light. Some of 
the sca t te red light is l inearly polarized by 
a po la r ize r and focused through a cell con
taining the t ransparent CS2 liquid, it is 
blocked by an analyzing-polarizer so that no 

light reaches the photographic film placed 
behind it. However, CS2 is a Kerr active 
mate r ia l . Under the influence of the e lec t r ic 
field in a high-intensity light pulse, the 
liquid becomes birefringent. The decay t ime 
of the birefringence upon removal of the 
optical pulse or the e lec t r ic field is 2 psec . 
(Ref. 7) Now, if the infrared (1.06 /Ltm) pulse 
i s t imed so that it en te r s the CS2 cell at 
the same t ime as the green light scattered 
in the milk cell, the birefringence of the C S 2 

under the influence of the intense 1.06-jum 
pulse will rotate the plane of polarization of 
the green light and it will be transmitted by 
the analyzer and expose the film. The CS2 
cell and the 1.06-jjm pulse, in effect, form 
a "fast" shutter that provides a stop-action 
photograph of the green pulse. The length 
of the pulse can then be measured and its 
duration estimated. This technique is also 
a convolution of the pulse with its harmonic. 
It provides a graphic display of the pulse, 
but again detailed interpretat ion is difficult. 

This is sufficient background to have made 
the point that a different, sensitive, direct, 
l inear , fast detection scheme Tor the m e a s u r e 
ment of ultrashort l a s e r pulses is needed. 
One technique that has proven successful is 
the use of ultrafast electrooptical s t reak 
c a m e r a s . They provide picosecond t ime 
resolution, l inear response , and sensitivity. 

Ultrafast Streak Cameras 

The development and use of these devices 
have been pursued in the last few years by 
groups at the Lebedev Institute (Refs. 8-10), 
the Kurchatov Institute (Ref. 10), by D. J. 
Bradley and his co -workers at Queen's 
University in Belfast (Refs. 11 and 12), by 
Schelev, Alcock, and Richardson at the 
National Research Council at Ottawa (Refs. 13 
and 14) and by our work at Livermore. 
(Refs. 15-17). 

Figure 1 schematically shows the concept 
of an ultrafast s t reak camera . The event to 
be photographed is incident from the left. 
Pa r t of the beam is split off to t r igger the 
camera . The main beam (pulse) is suitably 
attenuated and i l luminates a narrow slit that 
is imaged onto the photocathode of a gated 
image converter tube that contains a set of 
deflection plates. The incoming pulse of light 
is converted to a pulse of electrons that a r e 
accelerated, focused, and swept across the 
phosphor screen. Intensity versus t ime infor
mation in the incident pulse is converted to 
intensity versus position information of the 
phosphor screen. To rea l ize the desired 
t ime resolution by minimizing effects that 
will limit the resolution, it is important to 
operate the image conver ter tube at as low a 
level of photocathode illumination as possible. 
Therefore it is neces sa ry to use a high-gain 
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image intensifier to amplify the streak tube 
phosphor image to convenient photographable 
levels . 

As applied to laser diagnostics, there are 
some additional constraints on the operation 
of the camera. First, since very high sweep 
rates are required, it is necessary to have a 
triggering technique that will provide suf
ficiently small jitter. Second, the trigger 
delay must be reasonable, i .e. , a 50-nsec 
trigger delay would be unwieldy as it would 
require 50-ft optical paths to match the trig
ger delay. At present, one of the main appli
cations is the diagnostics of neodymium lasers 
so that photocathodes sensitive at 1.06 /urn are 
required. 

To achieve time resolution in the picosec
ond range, the contributions to the time 
resolution of the system must be identified 
and controlled. The technical resolution T, 
of the camera is determined by the streak 
speed and the dynamic spatial resolution: 

't vfi 

overall time resolution. The electron transit 
t ime dispersion is given by (Ref. 18) 

'e l = 2.3 X 10 -8 sEe 
E 

where Ae is the energy spread of the photo -
electrons in eV and E is the electric field at 
the cathode in V/cm. The time resolution of 
the instrument is given by 

inst = T. + T ei' 

assuming Gaussian shape of the response 
functions. If a pulse of width r p is photo
graphed with the camera, then, the "width" 
of the recorded image, T, will be 

• ( 
i • < * 4 ,1/2 

where v is the streak speed and 6 is the 
limiting dynamic spatial resolution in ip /mm, 
The dispersion in electron transit times 
through the tube is an Important factor in the 

To achieve high time resolution, a high streak 
speed with good spatial resolution is needed 
and a high accelerating field is required at 
the photocathode. The field is provided by 
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Figure 1. Schematic diagram of ultrafast streak camera 

- 3 -



operating the streak tube gating grid at suf
ficiently high voltage relative to the cathode. 

Figure 2 is a photograph oi a 10-psec 
^resolution streak camera built at Livermore 
Inearly 3 years ago. It represents state-of-
Jthe-art techniques employed at that time. The 
jmain features are identified in the photograph. 
iThis is a lens coupled system approximately 
[2 m in length. Several of the large power sup-
iplies required for its operation are not shown. 
•The system occupies about 3 m . The size 
?and weight make it difficult and inconvenient 
jto move and adapt to changing or evolving 
[experimental situations. 

Laser-triggered spark gaps have been used 
'to generate the operating voltages in some 
ultrafast streak cameras. (Refs. 11,19) This 
itechnique has a trigger jit ter of about 1 nsec. 
; However, for the fast sweep velocities and 
limited recording length we are considering, 
this j i t ter is undesirably long. One of the 
circuits used to trigger the camera is visible 

in Fig. 2. In response to the need for fast 
low-jitter triggering, we developed optically 
triggered avalanche transistor circuits. 
(Ref. 15) A schematic of the circuit used for 
generating the fast sweep ramp is shown in 
Fig. 3. One transistor in the string is opti
cally triggered by a portion of the incident 
laser pulse and the entire string switched. 
The resulting varying voltage on the deflec
tion plates of the tube sweeps the electron 
beam along the phosphor screen. This tech
nique provides a trigger jitter of less than 
100 psec with a vrigger delay of about 2 nsec. 
Figure 4 is a schematic of a similar circuit 
used for gating the grid of the image con
verter tube. These circuits can also be 
electrically triggered. The option of non-
gated operation of the accelerating grid has 
been provided. 

Because of size problems with the original 
streak camera, we concentrated on the de
velopment of a compact 10-psec streak 
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Figure 2, Original Livermore 10-psec resolution streak camera 
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Figure 3. Avalanche transistor sweep circuit 

camera that can more nearly satisfy our 
experimental requirements. Figure 5 is 
a schematic of the compact camera. The 
overall length is about 29 in. and the unit 
weighs about 50 lb. The input is at the left 
where a filter holder and an adjustable slit 
are adapted to a standard oscilloscope 
camera. A field-correcting lens is used in 
front of the photocathode. The streak tube is 
an RCA C-73435* series with S-l photo-
cathode and P-l l phosphor fiber-optic output. 
A principal design feature of the compact 
camera is the use of a microchannel plate 
image intensifier tube. Also, the system is 
fiber-optic coupled; the streak tube and the 
intensifier are coupled via their fiber-optic 
faceplates and the photographic film is 
directly contacted to the output fiber-optic 
faceplate of the intensifier. Interchangeable 
camera backs allow the use of either Polaroid 
or standard film. The proximity coupling 

Reference to a company or product 
name does not imply approval or recom
mendation of the product by the University 
of California or the U. S. Atomic Energy 
Commission to the exclusion of others that 
may be suitable. 

enhances the light collection by about a factor 
of 1000 over that of a lens-coupled system. 
The gain requirement of the image intensifier 
is correspondingly reduced. This fact makes 
practical the use of the micro-channel intensi
fier. Both fiber-optic faceplates of the tubes 
are operated at ground potential. The tubes 
have an active diameter of 40 mm, are 25 mm 
thick, and weigh about 250 g. The measured 
gain characteristics of the tube are shown in 
Fig. 6. The various curves are for the dif
ferent labeled channel plate voltages (tube 
gain) in the range of interest. The tube can 
provide a linear dynamic range of 10 2. 
The P-l l radiant power gain of the intensi-
fiers has been measured and found to be in 
the range 2-6 X 10 4 , 

These cameras also use the optically trig
gered avalanche transistor circuits to provide 
the electronic gating and sweep functions. 
The sweep generator is shown on the side of 
the camera in Fig. 5 and the gate printed cir
cuit board can be seen across the top of the 
streak tubt. The steering optics provided for 
the trigger beam are also shown. 

Figure 7 shows one of the compact 
cameras with the side access door open to 
display the sweep generator circuit board. 
The streak tube is located directly behind 
it. The optically triggered transistor is in 
the center of the string of transistors. This 
camera is completely self-contained; that is, 
all power supplies and electronic control and 
operating circuits are contained in the main 
body of the camera. 

T«l 
trim" 
input 

^ 

01 of T li , ",'M I^Miotwi 
RCA C7JMSA0 " ^ » n S,0 It f| " l M " , d

/ , 

N0U11 
1. 01-0.14 i n 1N3700 

Figure 4. Avalanche transistor gate circuit 
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Figure 5. Schematic diagram of Liven-more compact 10-psec resolution streak camera 

curve can be plotted. The sweep rate de
termined in this way is 34 psec/mm (3 
X 10 9 cm/sec) and is linear. Total sweap 
length is 1.3 nsec. 

The spatial (or streak limited) resolution 
is measured by streaking the elements of a 
resolution chart placed at the camera slit 
and illuminated with a laser pulse. The 
limiting resolution is 0.2 mm. 

The overall camera resolution can now be 
summarized. From the data given, the 
technical resolution is 6.8 psec. The elec
tron transit time dispersion is 7 psec or less, 
as a result of the 2600 V applied to the gating 
grid. Quadratic summations of these values 
yield ar instrumental time resolution of 
10 psec. 

A few examples of data we obtained with 
the ultrafast streak cameras are given in 
Figs. 8, 10, and 11. Figure 8 is a streak 
photograph of the "single11 switched out 
pulse from a mode-locked Nd: glass oscil
lator. The fast photodiode-oscilloscope 
trace of this pulse cannot resolve this multi
plicity and shows i single spike. Bach of 
the subpulses is about 15 psec long; they are 
separated by about 20 psec. 

Figure 9 is a photodiode oscillogram of the 
Q-switched laser pulse generated in an early 
stage of the Livermore Long Path Laser. 
The pulse width is 2 nsec. Note the smooth 

Figure 6. Gain characteristics of microchan-
nel image intensifJer used in the 
compact streak camera 

To calibrate the streak speed, a short 
laser pulse Is split into a sequence of pulses 
by a pair of partially transmitting mirrors 
whose spacing is accurately known. There
fore, the time interval between pulses is 
known. By measuring the position of the 
pulses on a fltreak photograph, the camera 
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Figure 7. Livermore compact streak camera 

Figure 8. Streak photograph of a mode-
locked Ndjglass laser pulse 

temporal profile here. Figure 10 is a streak 
photograph (10 psec resolution) of the laser 
pulse. The 2-nsec envelope contains regular, 
deep 28-psec modulation and a weaker 
300-psec modulation. The source of this 

structure was traced to reflecting surfaces 
in the oscillator cavity producing subcavity 
modes. This intensity pattern is a result of 
the mode-beating. 

Multiple-exposure streak photographs have 
been taken to accurately determine the width 
and shape of a pulse from a laser oscillator 
(Fig. 11). (Ref. 20) This is the output of a 
mode-locked Nd-YAG oscillator that has been 
pulse-stretched by the addition of some inter-
javity optical elements. The multiple-
exposure streak record, with a known 
intensity ratio between exposures is shown 
in the inset. The film densitometer t races 
are shown also. The half-width of the pulse 
is 140 psec and the profile is smooth. The 
fluctuations apparent on the curves do not 
reproduce from curve to curve and are 
caused by intensifier and film noise. 

The ultrafast streak cameras have also 
been used to study the effects of nonlinear 
optical effects on high-power laser pulse 
propagation. (Ref. 20) The time-dependent 
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self-focusing of pulses has been obser/ed 
directly. More recently a time resolved 
interferometric technique has been employed 
to measure the refractive index changes in 

2ns/dlv. 

Figure 9. Photodiode oscillogram of laser 
pulse generated in the Livermore 
Long Path Laser 

Time 

Figure 11. Detailed laser pulse measurement 
with ultrafast streak camera 

i 

t 
T 100 psec 

Figure 10. Streak photograph of laser pulse 
generated in the Livermore Long 
Path Laser 

optical materials induced by the passage of 
a high power light pulse. 

Three areas that will be important in the 
further development and application of ultra-
fast streak photography can be identified. 
Fi rs t , continued work on linear streak cam
eras with time resolution in the 1-psec range 
will be pursued. The best linear screak 
cameras at present are reported to provide 
1 to 5-psec resolution. (Refs. 10,12) The 
further development of streak tubes with 
improved capability is needed in this area. 
Circular sweep systems currently approach 
or exceed 1-psec resolution. (Ref. 10) A 
second area will be to extend the wavelength 
range of these cameras . Present applications 
are limited to the near infrared, visible, and 
ultraviolet regions of the spectrum by tube 
and photocathode technology. The extension 
to operation at longer (10.6 /um) and shorter 
(vacuum, ultraviolet, and even x-ray) wave
lengths will be important. Third, the design 
and evolution of the instruments must proceed. 
The present concept of ultrafast streak cam
era construction is based on historical 
precedent and the availability of components. 
New, integrated approaches to the tube and 
readout design will surely produce cameras 
with improved performance, extended capa
bilities, and much wider usefulness. 
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