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Summary

The design and operation of a 10-ps resolution
optical streak camera used to characterize luser
pulses and other tramvient optical signals in fusion
v g research is discugsed., Performance characteri.tics

are presented, The deslgn, operation, and application
of an x-ray streak camera used to study laser~
produced plasmas in the x-ray speciral regiom of 1 to
10 keV wich temporal and spatlal resolutions of 20
ps ond 10 um 1s also discussed.

Introduczion

The development and application of detailed,
high~resolution diagngstic instrumentration for laser
and laser~target interaction studies is an important
aspect of laser fusion research. Measuremeats wich
temporal and spatial yesolutions on the order of . N
picoseconds and micrans over a wavelength range - i 4
extending from the imfrared to the xevzy region of : o
the spectrum are required. At present, laser-plasma 3
inceractiaon experimencs are nelcher totally reliable
nor reproducible. The data acquisition techniques .
must be as complete as possible on each ghor. -
Sampling me.aods requiring the acoumulazion of data Fecuing (16,2 kV] )
B from many events are to be avoided.

Flg. 1. (Livermore ultra~fast, imnge-converter srreak
camera. h
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Slie, ;7 mage camerser ubn 5
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In the performance of experiments on laser= L\\ el [ Gitm pack.

plasma interactlons, it is essential to characterize { Phatecatitade M ! icrochannel phate
the pulse of laser energy that is applied to the target. At T lngamutir cathode on .
M A number of diagnoscics techniques are applicable to i fivee opties input -
. this problem. Photodiodes, two-phokon fluorescance, H { 2"_‘:‘:';‘
three-photon fluorescence, and the Duguay shutter are &’ﬂ_‘_ Teinge beam Dellecting afocteoder
» useful buz all suffer from disadvantages that eliminate Wisrgr l_ e Grid t-745%VH
; then ae sericus candidates for solving the complete -0
fast diagnostics problem.l Neyva) genivy Hleers .
M Another approach employs a streak camera, In this
B method the image of a slit apertured besm 15 awept
Cross o recorSSng £l MeEhani:al cameras arep Fig. 2. sSchematic of the Livermore ultrs~fast, image-
B limited to resolution rimes greater than 10 ns.2 The converter streak camera. B
7 creation of the ultra-fast fmage converter stresk .
! camera has successfulily reduced the resolurion time to tube, The photoelectrons produced by che incident
less chan 10 ps. This device has also proven to have photsns are accelerated inta cthe image converter by a
both a linear response and a high sensitivity. These iigh positive potential (with respect te the cathode)
fearures make it possible to obtain the maximum time- applied ro cle fine wites of the grid. The electron
resoived informacion from a single event. beam is furcher accelerated by the field berween the
i grid and the ansde. The electrode strusture ia the
B Opexation tube provides eleccrostatic focusing as the electrons
'R travel through the ancde sperture, A suiltable voltage
. The Livermore ultra~fasc streak camera (UFSC) pulse, opticsally triggered by the earlier split-off .
{Fig. 1) can be divided inco five basic functianal portion of the input beam, is then applied ko the
‘2‘1 packages: the front end »ptizs, the image converter deflecting electrodes. This cezuses the beam of elec-
¢ tube, the image intensifier tube, the requisite trons, which after being refocused represents an image
: elactronic and wechanical.subsyscems, and the recording of che input slit, to be swept across the output N
f1ln pack. FPigure 2 shows a schematic of these pack~ Phosphor screen on the back face of the image converter N
agee in some detail, tube.

Light from cthe tranalent eveut under study comes
from the left, A small fracrion of the main besm is
split off co trigger the camera. The main beam is

B artenuated, delayed, and diffused, and chen illuminaces *This work was performed uwnder the auspices of the
" a narrow slit. The lens assembly relays the image of V.S, Energy Research & Development Adminiscration, L
’ che alit onto the photocathede of the image converter under contract No. W-7405-Eng-48.
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The intensity of che blue light emitted by the
phosphor depends upon the electron curreat striking it.
This current, in turn, depends upon the intenmsity of
the light incident on che photocathode. Intensity
versus time informaticn from che incident pulse is
thus transformed into intensity versus position
information along the phosphor screenm.

To realize the extremely short time resolution
required, it is necessary to operate the lmage
converter tube at the lowest possible level of photo-
cathode illumination. 'therefore, a high-gain image
intengifier must be employed te amplify the weak
phosphor image to levels that can be conveniently
photographed. This intensifier is proximity focused
and directly coupled to the fiber optic output of the
image converter tube. Photographic film fs chen
directly contacted to the fiber optic output of the
intensifier by the f£{lm pack mechanism, The film ig
expased, developed, and the resulting photograph either
visually analyzed or further processed using an
isadensitometer.

Perforcance Paraweters

Spectral Sensitivity

The spectral sensitivity of che UFSC 1s dependent
upon the type of photocathode in the image converter
tube, Cameras with 5-1 photocathodes are used
primarily for diagnostics of 1.06-um tadfat{on from
Nd lasers. Cameras with $-20 photacathodes are used
for diagnostics in the vislble and near ultraviolet
region of the spectrum.

Threshold Sensitivity

Tests have been conducted with the UFSC to
determine the threshold sensitiviry ol the ibage
converter photncathode. Streak photographs were taken
of 30-ps, 1.06~pm laser pulses of decreasing intensity.
The Film exposure threshold of the cawera gystem was
found to vary, depending on the tube be: ', tested,
between 2 x 10~9 and 1 x 1071l J incident on the 25-um
slic. Tiis translates inta an §-1 photocathode
sensitivivy of aboutr 300 W/cw~,

Streak Velocity

The streak velocity is easily measured by
generating a train of ultra-short 1light pulses of known
separation in time and photographing this pulse train
wizh the streak camera. [he required pulse train may
be formed by passing a single ultra-short laser pulse
chrough a pair of accurately spaced, partially trans-
mitting mirrors. The pulse bounces back-and-forth
between the mirrors with a small fraction leaking out
at each bounce. Each pulse is separated by the time
required for light to make one round trip in the mirror
ezrity. The resulting pulse trala is photographed with
the UFSC and the position of each pulse 1s plotted
against the tice separatlon between that pulse and the
first pulse. The reciprocal slope of this curve is a
measure of che streak velocity. The curve shape .s a
measure of its linearity. This streak velocity cam
be varied to suit a part.cular experiment by changing
the capavitance across the deflection plates of the
image converter tube. With the cemera adjusted for
maximun linear sweep velocity, a r ot of the data
yeilds a slope of 32 ps/mm. The sweep velocity 1is,
therefore, 3.1 x 107 cu/s and 1s linear within 3% over
80Z of the 40-um outpur aperture.

Dynacic Range

The dynanic range, an extremely important
characteristic of the UFSC, can be determined using

rhe same experimental approach employed to measure
atreak velocity, This setup produces a train of
pulses that are not only evenly spaced in time, but
also constantly decreasing in intensity. A phota-
graph is again taken of this pulse train with the
UFSC, and the film exposure of each succeeding pulse
is measured with a microdensitometer. These film
exposure levels are then plorted against their
corresponding intens{cy levels that have been calecu-
lared fram the refleccion and transmisslon characcer-
istics of che cavity mirrors.

Figure 3 shows overlaid densitometer Lraces of
a single 150-ps pulse (irset photo) after it had
passed through an etalon that produced factor of 2
output amplitude ratios. Seven pulses are recorded
on the original photo (only six are shown on_the
graph) giviag 4 dynamic range in excess of 27 or 128.
Figure &4 shows the average of data from several
measurements, corrected for film characteristics,
These data verify the large linear intensity response
range of che ultra-fast, image couverter camera.

FWHM 150 ps

Film densil

Time

Overlaid densitometer traces of pulsr:
produced by a 2:1 amplitude ratio etalon from
a single 150-ps pulse (inset). The illustrated
dynamic renge is > 128.

Fig. 3.

Spatial Resolution

The sparial resolutlon of the UFSC depends on
many factors including electron focuring in the image
canverter tube, the gralniness of the output phasphor,
and the spaiial resolution of the image intensifier.
It has been determined by placing a resolution chart
in the plane of the camera slit, illuminating it with
a laser pulse, and taking a streak photograph of the
izage. The limiting spatial resolution, as determined
by chia method, 18 seven line pairs per millimetre.

Temporal flesolution

Three factors combine to influence the total
cera tire resolution, T.: the slit resclution, T;; the
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Fig. 4. Average o) streak camera dynamic range data

showing large lincar Intensity response rangz
of camera.

e¢lectron transit time spread, T35 and the technlcal

time resolutian, 13. [lhese are related to T, by

o
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The slit resolutiga, Ty, Is the time required -
streak the slit in s throvgh o distanee equal to i
width, 1t mav be caleulated trom :

T. = d/v ps) ()

where v is the streak velocity (wn/p=<) and d is the
width of tie slit image (em). Using the aormal sl.t
width of 0,025 zx, a total camera system magnit{ca.ion
of 1.35X% and the previously determined streak
velocity of 3.1 ~ 1010 mn/s, the slit resolution is
tound to be 1 ps.  Although thls value depends upcs
three quantities that vary depending upon the ca.v-ra
setup, it is usvally small and can be neglected.

The gecond limitatfon to the total time resolution
arises because the electroas emltted from the pheto-
cathode have a spread in kinetlic energles. lhis;
distribution of energies (veloclties) causes electrans
cemitted from the photocathode at the same time to
arrive st the output phosphor at slighcly dif feront
times. This contribution to the total time resolutfon,
the electron transit time spread, Ta, can be calvulated
1ron

T, = 2.3 - 107 /RVE (ps) . o)

where % s the spread of electron velucities (V) and
£ {5 the magnitude of the acceleraring electric field
at the photocathode (V/cm). For nmormal operating
conditions of the UFSC with 1,06-pm lipht incident on
an $-1 photocathode, At is 0.3 eV and E is estimated
to be 3600 V/cm. Thus the electron transit time
spread {s found to be 3.6 ps. Equatlon (3) shows that
to minimize this effect it {s neceasary to operate with
the maximum possible fleld E between the photocathode
and the grid. This ia the most Important Eactor in
obtaining picoaccond resolutlon when using an image
converter tube.

i
i
[
k|

Thefthir) contribation to the total capera tice
rusolution isx the technical time resvlution, Tj.
Thic {¢ the time required to streak through a distance
cqual .o one spatial resolution uajt, Jt can be
calculated from

"

(pa) . (€3]

3 v
whe/c v 15 the streak velocity (mm/ps) and & is the
ef fsctlve sparial resolution of the camera system
().ne pairs/mm). The effective spatial resolution is t
ditermined by dividing che true resolution fouad by
screaking the resolution chart by the linear magnifi-
vatfon (1.35%) of the camera svstem. Using the values
2f v and § previously determined, the technical time
resolution {s found to be 6.2 ps. Because the slit
resolution {« amall, large :hanges in the streak K

‘veloclty have lictle effece on fts contribution to che

total time resolution, However, because the technival
tlme resolution i3 a mucii greater quantity, ciianges in
streak velocity cause it o have a significarnt role In
influencing the camera's tota) time resclutien.
Returning to &q. (1) and using the three resoluti,
factors just detercined, the total camera time res-
olution can be calculated to be 7.2 ps.

The tasx of unfolding the actual pulse wideh chat
the UFSC detects requires an additionsl step.
Agsuming a quadratic summation, the width of a single
laser pulse ys recorded bv the camera, T, is reluted
to the total rime resolution, i, and the actual prlse
widch, Tp. by the expression

As an jllustration of the UFSC's ubility 1o
resolve closely spaced pulses, consider che daca
presented in Fig. 5 taken with an $-20 camera. o
double pulsy train wasx created by passing a sinole
wltra-short puise from a mode~locked dve laser through
a 9.Y-pa etalon made VYrom glass mivroscope slides.

Ihe resulting screak photograph was scanned using a
small, computer-controlled micvrodensitometeér. The
depsitometer gutput was further processed by computer

100 —r—1 T T T T T
- 91.5%
0,
g 8?6
2 95 ot peak _|
(=1
x
Y
%
2
K
£ 90
86 il 1 1 1 1 1 1 ] 1 H 1 L )3 4‘
¢
>l J- 33 ps i
Time — ps :
Fig. 3. Realtive film density vs time curve obtained

after microdensitometer and computer processing
of stredk photograph, Illustrates clear
resolution of two pulses 9.9 ps apart,
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to remove unwanted system nolse, The resulting curve
1llustrates that not only were the two pulses clearly
resolved but the amplitude ratias were alsa as
expected.

Applications

The UFSC has been uged to perform a variety of
diagnostics tasks in the LLL laser Fusion Program.
One ob.ious application is che analysis of laser
pulse quality. Figure 6 shows a photodiode oscillo-
gram of what was originally believed to be a clean,
2-ns pulse from an early stage of the Livermore Long
Path Laser. Figure 7 is a streak photograph (10-ps
resolution} of the laser pulse. The 2-ns envelope
containa a regular, deep 28-ps modulacion and a
weaker 300-ps =odulation. The source of thia
structure was traced to reflecting surfaces in the
ascillacar chat produced subcavicy rwdes.

. . . o N

N~—
2ns/div,

Photodiode oscillogran of a 2-ns laser pulse

Fig. b.
Erom the Livermore long pach laser.

e ————y

100 ps

Streak photograph of "smooth” pulse shown in

Fig. /.
Fig. 6 shows 28~ps and 300-ps modulations,

The UFSC*s have also been used to study the
results of noniinear optical efferts on high-power
laser pulse p!‘opa\gmian.4 He have observed the
rime-dependent self-focusing of pulses. More
recencly a time-resolved interferometric technique
has been ecmployed to measure the refractive index
changes in optical materials induced by the passage
of a high-power light pulse,

X-ray Streak Camera

Backgraund

The study of laser produced plasmas for fusion
research has emphasized the need for a detection and
recording system that is sensitive at x-ray wave-
lengths and has temporal and spatial resolutions on
the order of plcoseconda and microns. Detalls of the
x-ray emission characteristice of laser heated catgets
with time resolutions compavat.e to the plasma
heating times and spacial rceolurions comparatle to
fracrions of a target diameter will yjeld data that
address the questions of the aptical-absaorptics,

plasma-heating and implosion processes.

Unfortunately,

nearly all observations to date have been time
integrated vecause of the abrence of suitable time-

resolved x-ray detectors,

Spatially resolved data

have also been unobtainable.

An ultra-fast image converter X-ray streak

camera (XRSC) has been developed permitting study of
the laser produced plasma in the x-ray spectral region
of 1 to 10 keV with temporal and gpatial resolutions
of e;proximately 20 ps and 10 in,

Qperatian

The x-ray streak camera is a close relarive of
the optical screak camera described above. The

major differences are the elimination of the front

4

end optics and the change from an iufrared sensitive
to an X~ray sensitive cathode in the image converter
tube. Figure 8 lg a schematic of the x-ray streak
camera emphasizing these changes.

X rays from the laser irradiated targec are
incident on the gald cathode causlng the emission of
electrons. As in the operaclan of the opcical streak
camera, this "slit" electron beam 1s accelerated to
the deflection plate region of the tube vhere the
application of a sultably timed, optically triggered
ramp voltage sweeps the slit image across the output
phosphor screen. An intensifier s used to amplify
the weak phosphor Image to & photographable level.

3stage - 40 mm
secucsianc ynage mtensiter

wep dirgction , 2.
'
l//-
— Scopd camera 1.4

- Gold x-ray photocathode

Accoleranog grid

Anod
X.eav phatocainods [ nede 7
125um » Temalit N /
14
-, L -
Fig. 8. Schematfc of Livermore x~ray stresk czmera.

Performance and Applications

A fast sweep veloclcty and smatl eleciron tronsit
time dispersion have reduced the temporal resclution
of the XRSC to v 20 ps. This value of time resclutivn
ia based on meagured sweep velocities and electron
disperaion value: and Ls conilstent with observed
signal rise times on a number of x-ray streak records
from lager heated plasmas.

The 0.125-mm by 10~mum gold glit cathode prowides
one degree of spatial resclution and permits time-
resolved x-ray photography or time-tesolved x-ray
spectral measurements. To spectrally resolve the
x-ray emissfon from laser frradiated targers, a set
of K-edge absorbers are placed in [ront of the
cathede, The insert in Fig. 9 shows a streak record

af temporally and spectrally (but not spatially)
resolved x-ray emission from a hollow glass ball
irradtated from two sides by simulraneous laser

The film 1s scanned to obtain density versus
and then che

pulses.
time profiles im each chanrel,
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Fig. 9. Insert shows streak record of temporally and

spectrally resolved x-ray emission from a
laser irradiated targer. Intensity vs time
profiles of several spectral channels are
also plotrted.

characteristics of the recording film are removed
with a simple computer program. The resulting
intensity versus time proilles are also shown for
several channels in Fig. 9. The XRSC has thus been
transformed into a time-resolved x-ray spectrometer.

Up to this rime laser plasma research has been
limited by an absence of simultaneously spatially
and temporally resolved x-ray emission diagnostics,
8y combining the XRSC with an x-ray pinhole camera,
this need can be solved. Figure L0 shows a system
that ploces a magnified {(50X) image of the rarget
onto the slit of the XRSC. A f{ilter is used to limit
the detected x rays to the range of interest. With
this imaging scheme the x-ray emission froa the
irradfated target can he studied with a spatial

Loter Dichroie

tocpet .
>t
by Fitee Opticat
emimion vigger
50X piniiole camera
Fig. 10. Schematf{c of x-ray pinhole camera.

regolution of ~ 10 um and a temporal resolution of

" 20 ps. Hardware needed to implement this extended
application of the XRSC has been built and experirents
will soon begin.
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