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Chapter 1
INTRODUCT1ON

Tnere is a well-justified concern about fulure supplies of
energy. This concern extends beyond Lhe quesiion of potential energy
sources and their availability. Problems of environmental
degradalion, waste disposal, nuclear fuel control, and pelitical
economics complicate the issue.

One potential energy source is controlled fusion. Furion
encrgy is widely acclaimed as a solution to several significant
problems by virtue of {ihe fuel availability and its relative
cleanliness as un cnergy source. Although fusion cenergy productioa is
not currently fcasiblc, there is a concentrated research effort now
underway in this country, the ¢foviet Union, Great Britain, France,
Japan and other countries to prove that controlled fusion can be made
feasible and to producc a fusion power plant.

Efforts are directed along two different approaches to
controlled fusion. One approach is to magnetically confine a hot
plasma for a sufficiently long time to produce fusion energy. The
other approach is to compress and heat fusion fuel in a sufficiently
short time that the inertia of the material confines the reac.ion at a
density high enough for efficient fusion energy production. This
approach is called inertial confinement fusion (ICF). Both the
magnctic confinement and inertial confinement approaches are in eariy

devetopmental stages.
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This thesis will discuss Lhe soft x——rt;y streak camera, an
instrument developed Lo provide unique diagnostié coverage of incrtiai
confinemenl fusion experiments. The design apd applicalions of the
sofl x-ray strcak camera will be presented in lhe context of inertijal
confinemenl fusion development . Specilically, the current

requiremenls of the Laser Fusion Program al Lawrence Livermorc

National Laboralory (LLNL) will be considered.

Inertial Confinement Fusion

The processes which take place in inert%al confinement fusion
oecur in very small volumes, lasl very shofL times, and involve
enormous cnergy densilies and mass comprcssions.

The actual scheme for producing ICF is to use a high-intensity
encrgy source or “driver” {o wunilormly irradiale a small spherical
pclliet (targetl) containing fusion fuel (Fig. 1). A thin layer of the
pellel surface is healed, causing material Lo ablate outward with high
veloeilies. This ablating malerial, like the high-speed exhausl of a
rocket, produces a reaetion forcc which drives the pellel wall

inward.! A shoek wave is produced which converges al the target

conditions.® A burn front, fed by alpha-partiele capturc, propagatcs

1J. Nuekolls, L. Wood, A. Thiessen and G. Zimmerman, Nature,
Yol. 239, 139(1972); P. M. Campbell, G. Charatis, and G. R. Montry,
Phys. Rev, Lett., Vol. 34, 74(1975).

2y, Nuckolls, J. Emmett and L. Wood, Phys, Today, Vol. 26,
46(1973}: J. Emmett, J. Nuckolls and L. Wood, Sci. Am., Vol. 230,
24(1974).
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oulward from this ignition region at the target center, burning
through the remaining fuel. In a successful reaclor morc energy must
be released Lhan was invested in Lhe targel compression.

This particular scheme has two major problems Lhal must be
overcome.? First, in order for the neccessary compression to take
place., the shock wave must converge uniformly over the surface of the
ignition region. The compression process, however, has inherentl
Rayleigh-Taylor inslabililics which resull in small non-uniformilies
rapidly growing o significanl proportlions. The sccond major problem
is Lthal the target may undergo hcating from high—energy clectrons
prior to (he caonvergence of tlhe shock wave. Any preheating of Lhe
fuel makes compression more difficult.

The delivery of sufficient energy at the required rate into a
thin layer of the fuel pellel surface is a difficult task A coronal
plasma is formed as the pellel surface is healed. The absorption of
energy in  this, plasma and the transporl of cnergy to the pellet
surface are dependent on a wide variety of plasma processes. The
dominance of particular plasma processes in turn depends strongly on
basic driver paramcters.

To drive the pellet to a high enough gain for net encrgy
produvlion.‘ the cnergy source must deliver on Lhe order of
~10% joules al Llhe rate of ~10!'* watls, depending on Lhe peilel
design. This cnergy musl be deposited uniformly over the very small

3D. T. Aliwood, IEEE J. Quanium Election., Vol. QE-14,
909(1978) .

4J. H. Nuekolls, in Laser Program Annual Reporl-1879, ediled
by Lamar W. Coleman and John R. Strack, (Lawrence Livermore Nalional
Laboralory, 1980, UCRL-50021-79), Vol. 2, p. 3-2,
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pellet surface. To be economicaily feasible the driver must be able
to convert electrical energy to driving energy wilh 1-6-percent
(wallplug} cfficiency and be able to operate with a repetition rate of
4-8 Hz.

Focusable, high-power, pulsed energy sources such as lasers
and ion beam devices® are the favored candidates for ICF powerplant
drivers. Neither of these potlential drivers, however, are al au level
of dcvelopment necessary to salisfy stringent powerplant rcquirements.
lIon beam devices show considerable potential at this time. These
types of machines currently operate with wallplug efficiencies of 25
pereeat. There are ion beam generators in development which have
projected repetition rates as high as 10 Hz. High-power
stute—of-the-arl lasers, which currently serve as the ICF development
workhorses (such  as the large Argus and Shiva lasers at LLNL) operate
with vower levels of 4 to 30 terawatts (TW). At best, this is only
one percent of Lhe power required for efficient energy production.

A signilicani increase in the understanding of incrtial
confinement fusion phenomena, as weil as much technological

development, is clearly nceessary before ICF power planls can become a

reality.

Although a powerplanti-quality ICF “driver” has not yet been
developed, currently available lasers ure being used Lo explore ICF

implosion dynamics. Laser fusion experiments, designed to demonstrate

5G. Yonas, Sci. Am., Vel. 239, 50(1978); S. G. Varnado,
J. L. Mitehiner, unpublished, SAND-77-0516, Sandia Laboratories, 1977.
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high compression, use a high-encrgy pulse of coherent light Lo drive
the fuel peliet. This laser pulse delivers up Lo 10 kilaojoules of
energy to Lthe -~llel and lasls only a few hundred picoseconds (psec).
The pellel impiosion occurs on this same time scale. Typieal laser
fusion targels currently have diamelers of aboul 100 microns.

The present glass laser syslems are exlremely inefficient.
Nd:glass lasers have wallplug cfficiencies of only 0.1 percent, and
Lthus arc designed for proof-of-principle experiments only. Some gas
lasers, such as €O, lasers, can operatc at high repetition rales and
have wallplug efficienecies of as mueh as a few perce.l. The
10.6-micron (O, laser has its own problems, however.

Recent cxperimenls have demonstrated that laser drivers wilh
wave lengths longer than a fraction of a micron deposit significanl
amounts of the incident energy into penctrating, high—-energy
electrons.® Penctration by Llhese high-energy clectrons degrades the
ablative performance of [laser fusion targets. These and other
ciperimental results point to the need for sub-micron wavelength
7

lasers Lo drive sucessful targel compression experiments. High-power

0.53-um wavelenglh lasers are currently being implemented at LLNL.

Laser Fusion Diagnostics

High-inlensily laser lighl can interaet wilh the plasma eorona

surrounding the peliet in a number of ways. Dominarnce of any of the

8R. K. Kidder, Bull. am. Phys. Soc., Vol. 24, 925(1979);
. M., Campbell, V. C. Ruseri, W. C. Mead, R. E. Turner, C. E. Max,
G. Estabrook, F. Ze, Bull. Am. Phys. Soc., Vol. 25, B95(1980}).

_m

7c, Garban-Labaune, E. Fabre, and C. Max, Bull. Am. Phys.
Soc., Yol. 25, 894(1080); E. M. Campbell (privale communicalion).
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available absorption and scattering processes depend on the laser
wavelength, intensity, pulse duration, and the polarization of the
incidenl field. Significanl variations in the fraction of incident
energy absorbed, in the velocily distribution of the heated plasma,
and in the transport of that energy to the targel surfacc result from
changes in incidenl laser parameters. These quanlilies in turna affect
the target implosion.

Informalion about the laser-plasma inleraclion phenomena and
Lhe pellel implosion process is contained in the radiation cmission
from the irradiated target. The types of radiation, its ecnergy
speetrum, the cmission history, 1he source distribution, and the
angular emission distribution are all signatures of the physical
processes which occur in the experiment. [If these observables are
well diagnosed, comparison with the predietions of theoretical and
computational modeling of the target dynamics can improve the
understanding of the experiment and thus aid in designing pellels and
drivers tor higher compression and nel energy produclion. For this
reason a significant portion of the laser fusion effort is devoted to
the development of diagnostic instruments capable of well-resolved
temporal, speclral, and spatial measurements.

Expected emissions from the imploding target are scattered
laser light and large quantities of x rays with speeira characteristic
of plasma temperatures ranging from one hundred eV (o several keV, as

well as neutron and alpha particle reaction products.

asurements
Incident laser light is scatlered by the ecoronal plasma

through a variety of nonlinear plasma processes as well as by
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reflertion from the eritical density surface. (Light will not
propagate in cleclron densities grealer 1than the critical densily,
which is a function of Lhe signal frequency.) The ratio of the tolal
encrgy in scattered light to Lhe incident laser puise energy gives Lhe
absorption efficiency al Lhe target. Time inlegrated measurcments of
these quanlilies are made wilh optical calorimeters. The directional
distribution of the scattered light is colleeted by photocells arrayed
around the larget. Oplical spectromelers measure spectral shifts in
the scaltered light. This shift from the incident frequency is
characteristic of non~linear scattering from Lhe plasma as well as
Doppler shifting of Lhe scallered light.® The incidenl laser pulse is
rowl inely rharacterized in terms of beam uniformity and temporal pulse

shape.

X-Ray Diagnoslics

The rate of x-ray emission from a plasma depends strongly on
the temperature and densitly of the emitling material. In laser-plasma
experiments lhere is a narrow region of moderate temperalure and
densily where tlhe rapidly falling density profilc and the sharply
rising temperaturc intersect.? This thin region between Lhe ablation
surface and the critical densily surface emits radiation at a much
higher rate than the cooler, denser, interior regions or the hot
nebulous corona. The thermal x~ray emission spectrum of the target is

8D, Phillion, W. L. Kruer, and V. C. Rupert, Phys. Rev. Lett,,
Vol. 39, 1529(1977).

oM. D. Rosen, D. W. Phillion, V. C. Rupert, W, C. Mead,
¥. L. Kruer, J. J. Thomson, H. N. Kornblum, V. W. Slivinsky,
G. J. Caporaso, M. J. Boyle, and K. G. Tirsell, Phys. Ftuids, Vol. 22,

2020(1979) .
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thus a signature of the plasma density and temperature near the
ablation surface. The evolution of that spectrum with time is
characteristic of the heating and cooling processes of the system.
These inelude healing by the laser pulse, cooling due to hydrodvnamic
expansion and radjalion losses, and the ratc of cnergy transport
through the plasma to the target surface. The spatial distribution of
the x-ray cmission region reveals ihe uniformity of energy deposition
and Lhe symmetry of the implosion process. The rate of convergenee of
the emission region gives the implosion velocity.

X-ray emission spectra are oblained with grazing-incidence
grating spectromelers, crystal spectrometers, and absorption—cdge
filtered x-ray diodes. The thermal x-ray spectrum ranges {rom (00 eV
to 10 keV, Higher cnergy X rays are bremsstrahlung and
pholoionization produets of fas! clectrons from Lhe nonlinear plasma
processes. The quantity, spectrum, and angular distribution of the
high—cnergy x-ray tail can provide insight into hol eiceclron
production. X-ray mieroscopes using grazing-angle optics provide
wpatial and limited speetral dala.!®

Time~resolved x-ray spectral measurements arc made using the
LLNL ultrafast x-ray streak cameras which have a resolutlion limit cf
15 psec.!! Here, as with the x-ray diodes, specclral ehannels above a
kilovolt are defined by absorption-edge fiiters and by a falling
emission spectrum and deereasing detector response. A number of

10p Seward, J. Dent, M. Boyle, L. Koppel, T. Harper,
P. Stoering, and A. Toor, Rev. Seci. Instrum., Vol. 47, 464(1976) .

tic, F. McConaghy and L. W. Coleman, Appl. Phys. Lett.,
Vol. 25, 266(1974}; D. T. Attwood, L. W. Coleman, J. T. Larsen, and
F. K. Storm, Phys. Rev. Lett., Vol., 37, 499(1978).
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spectral channels arc obtained by positioning different filters at
several positions across the photocathode slit.

X-ray streak camera and x-ray microscope data can be
corielated to yield the implosion time, the average implosion
velocily, and the spectral emission frowm the target as a funclion of
time. When coupied to a suitable imaging device, the x—ray streak
camera's photocathode slit combines onc—dimensional spalial resolulion
on the order of 5 microns with the usual 15-psec Lemporal resolution.
Compression-front velocity and acccleralion are exlracted from this

spatially and lemporally resolved implosion data.'2

Neutrons and Alpha Particles

Detection of reaction producls is a measure of the success of
thermonuclear reaction production. Neutron detectors measure  the
number of wnculrons radiated, or the neutron yieid. A ncutron
time-of-flight detector measures the neutron energy spectrum. The
burn t{emperalure can then be deduced from this energy distribution.!?
The hurn region of high-energy implosions, where many cnergetic alpha
parlicles escape Lhe compression region, ean be imaged using

14

alpha—-particle zonc-plale—-coded-imaging techniques. This diagnostic

can determine thbe size and shape of Lhe thermonuclear burn recgion.

12p, T. Attwood, L. W. Coleman, M. J. Boyle, J. T. Larsen, D.
¥. Phillion, and K. R. Manes, Phys. Rev. Lett., Vol. 38, 282(1977);
D. T. Attwood, B. W. Weinstein, and R. F. huerker, Ap,. 1. Opt ..
Vol. 18, 1253(1977).

138, 4. Lerche, L. W. Coleman, J. W. Houghton, D. R. Speck,
and E. K. Stlorm, Appl. Phys. Lell., Vol. 31, 645(1977).

I4N, M. Ceglio and L. W. Coleman, Phys. Rev. Lett., ¥Vol. 38,
20(1977).
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Subkilovolt X-Ray Diagnostics

The time-integraled x-ray spectrum produced by a typical glass
microsphere implosion is shown in (igure 2. The x-ray diagnostics
syslems mentioned above are roulinely able to temporally, spalially,
and spectrally resolve superkilovolt x-ray emissions. However, for
temperalures in the emission region of the plasma corona of 100 eV to
300 eV, Lhere is a significant (raclion of total x-ray flux in the
subkilovolt region where detection is more difficult. These data are
important Lo complete the cnergy balance and lo help fill out the

undersianding of energy transporl and impleosion processes.

Windowlewxs x-ray diode (XRD) detector systems called DANTE are
used to measure subkilovoll =x-ray emissions from target implosions.
These x-ray diodes are absolutely calibratled for spectral response.
The DANTE spectral resolution :s provided by absorplion edge filtering
and by a detector response which falls with increasing energies. The
gpectral shape is dedueed wilh subtraction unfolding lechniques which
compare a pumber of (filtcred channels. In some cases channcl energy
resolution is enhanced with x-ray reflectors. When combined with fast
oscilloscopes, Lhe X-ray diodes provide temporal resolution

approaching 200 pscc, and have a dynamic range of aboul ten.!®

154, N. Kornblum, L. N. Koppe!, V. W. Slivinsky, S. S. Glaros,
fi. G. Ahlstrom, and J. T. lLarsen, Bull. Am. Phys. Soc., Vol. 22,
1195(1977) .
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The Soft X-Ray Sirzak Camera

X-ray streak cameras routinely measure x-ray emissions above
1 keY with 15-psec temporal resolution, with broadband spectral
discrimination, and with large dynamic range. Full diagnoslie
coverage of laser fusion experiments requires similar resolution of
subkilovoll x-rays. The sofl x-ray slreak camera has been developed
to supply that diagnostic capabilily. The soft x-ray silreak camera
{SXRSC) uses the same eleclron tube technology as optical and x-ray
strrak cameras but has an ecnlarged sensilivily range from 100 eV to
30 keV wilh improved speclral discrimination. A thin carbon wi- ow
which lransmils low-energy x rays is uscd as a pholocathode substlrale.
The vacuum environment required for eleclron tube operation is
supplicd witlh a differential pumping system. The spectral
discrimination is enhanced by grazing angle z-ray mirrors used with
s-ray absorption [filters for suppression of high-energy x-ray
background. The SXRSC currently has {(hree spectral channels wilh
resolution E/AE ~ 3-6.

This lhesis introdueces the sofl x-ray slrecak camera and
discusses ils development, calibralion, and experimental applications.
In particular. the design crileria and Lhe solutions Lo design
problems are given. The problems considered are; deteclion of
low-energy x—rays, vacuum compalibility, and spectral discriminalion.
Dynamic range and sweep calibralion data are presenied. Data from the
high-power, Argus laser irradiation of a gold-disk are also given.

Future work using the soft X-ray sireak camera is discussed.



Chapter 2
SOFT X-RAY STREAK CAMERA DESIGN

The soft x~ray streak camera (SXRSC) is a modification! of the
existing LINL x-ray streak camera package.? The goal of the soft
x-ray strcak camera design is to provide acceptable sensitivity to
x rays with energies belween 100 and 1000 electron volts. To utilize
existing technology the SXRSC must conform to certain x-ray streak
camera specifications. The commercially available image converter
tube? and the existing LLNL electronics and chassis dasign have been
retained with only minor alterations. Major changes were made to the
camera fronl end including the cathode assembly and the high-voltage
slandoff design, as well as the addition of a differential

vacuum—-pumping sysiem and reflector—filter spectral discriminator.

In order to give a clear description of the soft x-ray streak

camera, the basies of the LLNL x-ray streak eamera operatica and

'G, L. Stradling, D. T. Attwood, J. W. Houghton, E. L. Pierce,
and D. P. Gaines, Bull. Am. Phys. Soc., Vol. 23, B80(197B).

2C. F. McConaghy and L. ¥W. Coleman, Appl. Phys. Lett.,
Vol. 25, 268(1974).

3The cathodeless image converter tube used is manufactured by
RCA, mode] number C73435A(Blank); RCA Electronic Components, C73435
series, data sgheet 7-72, Harrison, N. J., 1972; R. G. Stoudenheimer,
unpublished, RCA Image Tube Application Ncte, AN-4788, RCA Electronic
Components, October 1871.

14
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design will be discussed here. X-ray emission from the target arrives
at the camera shortly after an optical trigger signal from the laser.
As the optical trigger pulse initiates the breakdown of an
avalanche-transistor circuit, the X~ray signal reaches the
photocathode, ejecting eleetron current into the image convertcr tube.
The image converter tube translates this temporally-varying electron
emission into a spatially-modulated, streaked image on a fluorescent
screcen. The image is amplified tc photographable intensities with a
40-mm diameter microchannel-plate image intensifier. The temporal
resolution limit of Lhe x-ray streak camera is 15 psec, and for most
laser fusion applications it has a dynamic range greater than one
thousand. Figure 3 is a schemalic of basic x-ray streak camera

operation.

The Image Converter Tube

The image converter tube (ICT), the central componenl of Lhe
streak camera, converts Lhe incidenl x-ray signal into an elcctron
currcnt which is eleetrically focused and strecaked before being
reconverled into an »ptical image on a fluorescent sereen. X rays are
incident on the front of a Lhin slit-shaped transmission photocathode,
producing an emission current of slow electrons from the »ack surface
proportional to the incident flux. Thesc electrons are accelerated to
2.5 keV by an acceleration grid, pass through a focusing field and
continue to be accelerated to 17 keV. The focusing optics image the
slit—shaped electron-emission region of the photocathode onto an
optieal phosphor. This stream of eleetrons passes beiween a pair of
deflection plates positioned after the focusing opties. A rapidly

changing electric field between the deflection plates «weeps the



Phosphor screen

Sweep direction '~ Photographic
Image converter tube / film

X-rays from
target Q\
—> \

40 mm microchannel-plate
image intensifier
X-ray photocathode

125 pm X 1 cm slit | -
Sweep circuit

Electrical
trigger
pulse

Figure 3. Streak camera operation schematie. X rays arc ineident on
the photocathode a few nanoseconds after an electric trigger pulse
arrives at the avalanche transislor sweep circuit. Eleclrons from Lhe
photocathode are imaged on the phosphor and swept with time to provide
" x-ray intensity-versus—-time information.
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elec.ron currenl perpendicular to the slit direction, streaking the
image in time. The resulting dala streak retains spatial information
of the photocathode emission along the slil dimension and exhibils the
temporal modulation of the incident x-ray signal in the time
directlion.

The image converter (lube is shown in figures 4 and 5.
Figure 4 is a radiograph of the ICT showing Lhe acltual configuration
ol the electron—focusing geomelry. Figure 5 identifies the
photocalhode (-17 kV), acceleration grid (-14.5 kV)}, [focusing cone
(-16.2 kV), anode { ground potential}), deflecling electrodes,
fluorescenl screen and fiberoptic coupler. Also shown in figure 5 is
the microchannel-p'atle image inlensifier as it is orienied on the ICT.

cathode Substrate

The x-ray strcak camera photocalhode generally consists of a
~100-A gold layer depésited on a Llransmission substrate. The
photocalhode aperture is defined by a slit nominally {25 um wide and
13 mm long. Because the ICT operules al a vacuum approaching
107% Torr. the pholocathode substrate has also served as a barrier
against almospheric pressure. The standard, suprakilovoll x-ray
slreak camera uses an cight-micron—thick beryllium foil as a
photocatlhode subsirale and vacuum barrier. This subslrate is strong
enough to withstand atmospheric pressure, but exhibits high absorption
aof subkilovoll x rays (Fig. 6), introducing a one kilovolt low-energy
eutoff in Lhe camera sensitivity.

X rays which are transmitted through the substrate layer, and

which are absorbed in the photocathode, excite Auger—- and



Figure 4.

Radiograph of the RCA image converter tube, model number C73435A

(Blank).
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Focusing cone {-16.2 kV}

/-Anode (ground potential)
Image converter tube Fiber optic output

Grid (-14.5 kV)

fiber optics input

\-Film pack

/Photocathode Intensifier phosphor on
{-17 kV) fiber optics output
Microchannel plate
Flourescent screen P11
Deflecting electrodes
Figure 5. Image converter tube design schematic. X rays cject
secondary electrons from the photocathode. The secondary clectrons
are accelerated to the grid, imaged by the focusing cone, and then

swept across the P1] fluorescent sereen. The image on the phosphor is
amplified by the image intensifier and then recorded on photographic
film.
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photo-elecirons. These fasl primary eleclrons give up energy in the
photocathode through collisional excitation of secondary-electron
cascades.? Those electrons which reach the pholocathcde boundary with
sufficienl perpendicular velocity to surmount (he surface energy
barrier are cjected as cathode current. This currenl is composed
mainly of a secondary-electron dislribution with ecnergies of a few
clectron volts and a mueh smaller quantity of high-energy primary
clectrons.

Pholocathode conversion cfficiency is optimized by a low work
function and by long scecondary-clectron mean free paths which result
in a maximum emission deplh of electrons in the photocathode. The
optimum photocathode thickness for x ray-to-electron conversion (where
the x-ray mean frcee palh is much larger than that of the eleclrons) is

then lThe secondary-clectron emission depth.

The Image Intensifier

The 40-mm microchannel-plate image intensifier 1is shown
schematically in figure 7. This type of intensifier is a very
compuact, relatively distortion-free photomultiplier device. Photons
from Lhe streaked image on the ICT phosphor eject electrons from the
intensifier pholocathode. These eleclrons are then accelerated along
many very narrow glass-walled channels. As they impact the lead-rieh
wails of ihe channels, they produce cascades of other electrons. The
much amplified group of electrons then strikes a phosphor, producing a

visible image of photographable intensity.

iB. L. Henke, J. P. Knauer, and K. Premaratne, J. Appl. Phys.
(to be published): B. L. Henke, J. A. Smith, D. T. Altwood, Appl.
Phys. Lett., Vol. 29, 538(1976).
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Microchannel! plate
image intensifier tube

L4 N
Image
converter
tube
/hy
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_—— Photographic
film
i &4
\_ S~ Phosphor
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Photocathode  plate
electron multiplier
I IcT P
phosphor
Figure 7. Microchannel-piat® image intensifier design schematic.

Pholons eject electrons from the microchannel plate photocathode.
These eclectrons are acceierated through very narrow lead-glass
channels and produce cascades of elcctrons when they impact the high
electron-density walls of the channels. This amplified electron
signal strikes a [luorescent screen and produces an image of
photiographable intensity.
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Temporal Resolution

The temporal detail resolvable by the streak camera is limited
Lthrough the temporal and spatial blurring inherent in the individual
signal lransfer componenls of the camera. [l Lhe incident signal were
a Gaussian in time and the individual resolution contributions were
also Gaussian, we could calculate the total system resolulion as the

quadratic sum of thc various resolution elements:

. = 2yt/2

Lot = (B THVE, (1)
where 71, are the contributions to the temporal resolution limit from
the various camera components. Although the components of Lhis

resolution system will not likely be slatislically independent
Gaussians, this method of analysis can be used to give an estimate of
the total system resolution.?®

Temporal blurring results from transil time spreading during
transport of the electron signal from Lhe nhotocalhode Lo Lhe oplical
imaging phospher. An  x-ray signal incidenl on lhe‘ photocalhode
produces electron emission (mostly low-cnergy sccondaries) wilh a
distribution of energiecs. As lhese eleectrons are accelerated through

Lthe image converler lube lo lhe imaging phosphor. there is a spread in

transil limes due to the spread in cleetron velocities.

5g. K. Zavoiskii and S. D. Fanchenko, Dok. iAkad. Nauk. SSSR
[Sov. Phys. Dokl.]., Vol. 100, 881(1955); Dok. Akad. Nauk. SSSR [Sov.
Phys. Dokl.], Vel. 108, 218(1956): Appl. Opl., Vol. 4, 1155(1985);
D. J. Bradley, U. S. Patent No. 3 781 B814(25 Seplember, 1973); and
with particular refrence to the LLNL optical streak cameras,
J. W. Houghton, S. W. Thomas, L. W. Coleman, [SA Trans., Vol. 14,
196(1975).
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This transit time sprend is expressed as:S
(ae)172
T o= 2.34%1078 —— (500} (2)
E

Where As  is the widlh of the eleciron cnergy distribulion (eV) at the
photocathode and E is the exlraction field strength (V/em). The
energy distribulion widlh of sccondary electron emission due 1c subkeV
x~rhy 1llumination of a gold photocathode has been measurced by lenke,
el. ul. {Ref. 4) to he 3.8 eV. The x-ray slrcak cameras operate
with an cextraction field of #3500 V dcross 4.2 mm. Thus, E is
G906 V/em and Ty is P.7 psec.

The remaining contributions to the overall temporal resolutiun
are duce to spatial  resolution limitations of the fiaite phetocalhode
sIit widthh and (he eleclron imaging syvstem. coupled with the camera
sweepspeed,  The temporal  resolulion limit from the photocathode slit
is the time required to sweep through the imaged siit width,

Ty = Md. (1)
For our system, the slit width d is 0,125 mm, the system magnificaltion
M is 1.35, and Lhe inverse sweepspeed ¢ of the fastest sweep circuit
is 35 psec/mm. The resulting resolution contribulion 7, is 5.9 psec.

The clectron imaging resolution limil 6§ of the x-ray s(reak
camera has been crudely measured Lo be ~{0 line pairs/mm using a
100-um wire mask. The temporal resolution iimit due to lhe finile

electron focusing capability of the sysiem is lhen

Sy, v, Korobkin, A. A. Malyutin, and M. Ya. Schelev, J.
Photogr. Sci., Vol. 17, 178(1969).
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T3

. {4)

Using the wuabove values of v, M, and §, 745 is 4.7 psec. The total
tempora'! resolution 7, , of the system can then bc estimated by
equation | to be ~!1 psec.

A direct measurement of the time resclution limit of the
system is preferable to indirect calculations. A very short
pulse, ~i-psec, Xx-ray source is not eurrently available, but
measurements of 30—psec x-ray pulses are consistenl with a value of
T(oy ©f 10-15 psce. The effecl of a non-zero resolutlion limit on the
measured signal can be roughly estimated with the Gaussian quadrature
approximation used above. For example, a 100-psec signal detected
wilh a 15h-psec resolution system will Be broadened by ~1 percent.
X-ray-cmission temporal delail on a scalc relevent to laser fusion
experimenls {~100 psec) are thus well resolved with this conservalive

system resolution of 15 psec.
Subkilovolt X-Ray-Transmitting Cathode Substrate

The x-ray slreak camera sensitivity can be extended below the
1-keV limit of the =standard beryllium window by the substitution of a

thinner and/or more transpareni window.

X-Ray Absorption

X-ray absorption is a well-studied process. In the x-ray
energy range of interest here, photoionization is t(he principal
mechanism for absorplion. The amount of attenuation experienced by
x rays of intensity I traversing a material of thickness x and

density o is described by
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I

— = exp(-unx). (8)
1

°
The x-ray absorption coefficient # is & function of the material and
the x-ray energy. Sharp jumps in absorption coefficients are measured
for energics near the excitation encrgies of eleetrons in the
material. As an example of the sharpness and spaeing of Lhe
sbsorption edges seen in all malerials, figure 8 shows Lhe energy

dependence of the absorption coefficients? of tungsten for «x-ray

energies between 0.1 and 1000 kilovolts.

Substrate Selection

Figurc 6 shows the expected Lransmission curves of several
commercially available substrate materials and a comparison with the
previausly used 8-um beryllium. Of Lhese, 50—pg/cm2 carbon and
Eﬁ—yg/oma Formvar offer the highest transmission of x rays with
energices below 300 eV, Carbon also provides the sharpest high-energy
cutoff al the carbon K-edge. We found 50-ug/cm?® earbon foils to be
readily available, unexpectedly durable, and convenient to work with.
These foils have been used as photocathode subsirales in  SXRSC

experiments to dale. Other substrates can easily be implemented.

Yacu System Design

m _oystem Des

The very Lhin foils needed for subkilovolt x-ray transmission
urv unable to withstand the pressure differential between atmospheric

pressure and the vacuum level required for ICT operation. A vacuum

7%, H. McMaster, N. Kerr Del Grande. J. H. Mallett, and
3. 1. Hubbell, unpublished, UCRL-50174, Rev. 1, Seec. Il, Lawrence
Livermore National Laboratory.
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|rnage converter tube
r A I |

Photo cathode slit
with thin-foif vacuum

Interlock Y
relay window
;ah:gremocouple Focusing cone
Bellows Glass Cathode
7
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chamber 10-5 Torr { 10°% Torr
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Pneumatic
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Shielded
g2/sion
pump
Valve —| 1
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Figure 9. Differential vacuum-pumping system design schematic. The
thin foil photocathode and substrate are protected from an excessive
pressure differentia)l by a differential pumping arrangement and, a
pressure interlock system. Glass connectors provide insulation
between the ICT high-voltage regions and the pumping system.
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syslem was designed (Fig. 9) (o differentially pump across the
photocathode substrate and Lo aclively pump Lhe image converter tube.
This system eliminates pressures on the thin foil of greater than
1073 Torr and allows a vacuum of 107% Torr to be maintained inside the
ICT. The image converter (ube is pumped through a pumpout tubulation
located on the ICT focusing cone.

A pneumatic gale valve coupled with a thermocouple
vacuum-gauge interlock relay provides partial protection to the
photocathode against slow venting of the target chamber. The ICT is
aclively pumped by an eighi-liter—per—-second ion pump.?. The ion pump
is shieclded to limil cxternal magnelic fields in the electron imaging
region of the ICT. The vacuum region in front of the photocathede is
maintained at about 107% Torr by the target chamber vacuum system.
External roughing and ventling are routed through a variable leak valve
Lo insure slow varialions in pressure. In spite of these precautions,
convenient photoeathode replacement is bolh prudenlt and desirable.
The eathode cup assembly and Lhe image converter tubc firont plate were
redesigned to allow easy photocathode replacement and to accommodate
the vacuum system geomelry. The new cathode cup and ICT front face
plate design maintain the standard x-ray screak camera cathode~-

to—acceleration—g: id separation of 4.2 mm.

Bg,ght-liter-per—second Vac lon Pump, Mode! 8115005,
manufaclured by Varian Associatles, Palo Alto, California.



Chapter 3

REFLECTOR~FILTER ENERGY CHANNEL DISCRIMINATORS: THEORY AND
DESIGN

Broadband speclroscopy of subkilovell x-ray cmissions from

laser—~fusion experimenls has neilhet of Lhe advantages of a falling

photocathode spectral response or of a ‘falling target emission
speclrum, both of which limil high<energy background in
absorption—edge fillered suprakilovoll x—réy measurements. A gold

pholocathodc has a relatively—flal response for photan energies
between 100 and 1000 eleelron volts. The spécltral emission of a glass
ball targel (shown in figure 2) does nol begin to fall significanlly
until well into Lhe suprakilovolt region, Simpie absorption-edge
filtering is insufficient to provide an unamﬁiguous cnergy channel.

A wecll-known x-ray lechnique for oblaining a relatively-narrow
broadband cnergy channel with a sharp high—encrgy culoff is to combine
a grazing—angle x-ray mirror wilh an absorplion-edge filter (Fig. 10).
The rapidly falling filter transmission discriminales against
lower~cenergy x rays. The drop in x—-ray mirrvor refleclive efficier.y
above a high-vutoff energy E, provides for Lhe nccessary supression of
the high-cnergy component of the target emission speetrum. This
chapter presents a simplified description of this phenomona in terms

of alomic resonances.

30
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Figure 10. Reflector-filter channel discriminator  design. The

absorption edge of a transmission filter combined with the high-energy
fatl-off in reflectivity of an x-ray mirror provide a narrow spcclral

channel .
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Grazing~Incidence X-Ray Refleclion

Grazing angle x-ray refleclion techniques make use of iotal
external reflection phenomena. Total external refleclion is obscerved
when electromagnetlic waves jin a medium of refractive index n, are
incident at appropriately large angles upon a medium of lower
refractlive index ny, (Fig. 11). This phenomenon derives from
the requirement t{hat phases match al the boundary, as described by
Snell's Law:

sind, n,

= - (6)
sino, n,

Considering x rays incident {rom a vacuum onlo mos! common
metals and many other materials, n, is slightly less than unity and

ny= 1. The condition of total external reflection is that for n, less

than unily, 0, is greater than some critical angle 0, where

0, = sin"'n,. (7)

Under this condition Snell’'s Law is not satisfied by any real angle
0,. indicating thal propagation within region 2 does not occur, and
that total external reflection results.

To appreciate total reflectivity, it is instructive to
congider the simplified model of atoms in medium 2 with a single

resonance level Eo. In this approximation the index of refraction, n,

satisfies!

!Arnold Sommerfeld, Optics (Academic Press Inc., New York,
1964), Chap. 'II, p. 97; Arthur H. Comptlon, Samuel K. Allison, X-Rays
in Theory _and_Experiment (D. Van Nostrand Company. Inc., New
Jersey, 1926), Chap. IV, p. 203.
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Neahz/meq
2
ng=t 4 —— " (8)
2_p2_ .

E,-E°-igE E
where E is the x-ray cnergy, g is a damping factor, N is the number of
dispersion clectrons per unit volume, e is the electron charge, m is
the eleciron mass, and ¢, is the permitivily of free space. For E

" 2

much greater than E; and for small loss terms, n; can be furlher

approximaled by

ng ~ | - . {9)

which is less than unity. In practice n, is a complicated quantity
which invalves a sum over all of the resonance levels of the atom.
However, the rigorous, many-resonance ireatment of x-ray refleclion is
beyond the scope of this description, and will nol be presented here.
The siungle resonance approximation illusi:ales the physical basis for
fotal external reflection of x rays and ils description will be
followed by the more complete numerical modeling of others, as
appropriate to the designs of Lhis thesis.

To continue with the simplified model, the crilical angle for
reflection 8, is seen to depend on x-~ray energy. The definition of
[

sinf, = ny, (19)
and the approximalion for ng in equation 9 gives

Ne2h2

(11)
E2m£o

A trignometric iderntity converts this lo

Ne ?h?

coszec = (12}

2
E*me ,
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or,

EP
cosl, = ~, (13)
E

with Ep. the plasms “cutoff" encrgy, defined by

E, = 3.72x10"14N1/2 (keV). (14)
The electiron densily in equation 14 is in units of o/cm“. Ep is in
keV. If the grazing angle g is defined as
g =190 -0, (15)
then
cosf, = sing. (16)

For mosl x-ray applications 8 is small enough that, to first order,
sinf ~ f. (17)

The critical grazing angle f_ is then defined as
B. = — (18)

For a given grazing angle £ and for photon encrgics high
cnough thal g is smaller than #, the reflection efficiency decreases
and lhe propagalion and the absorption of x rays in region 2 ocvcurs,
The reflection—efficiency-versus—cnergy response of an x—r.y refleclor
at some grazing angle f# therefore has a high-energy cutoff E ., which
depends on bolh the grazing angle and the eleclron density:

E_(N
E, = lﬁ—j. (19)
8

There is an atomic number {Z) dependence in the cutoff energy

E, from the N'/2 term contained in Ep. The cutoff emergy thus

increases roughly as the square root of Z. E _{£) for gold would be
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expected to be only a factor of 4.4 larger than the E_(8) for
beryllium, in reasonable agreement with measurements.

The selection of reflectors wilh suitable high-energy x-ray
suppression characterislics requires a more exacl determination of the
cnergy~dependent reflective efficiency than 1tlhis model provides. A
more complete calculation including all electlronic resonances s
necessary. The more thorough analysis shows that the sharpness of the
energy cutoff decrcases with the number of resonances present in the
malerial.

A detailed computer code,? REFLECT2. was used to calculate
x-ray mirrar reflective—efficiency-versus—energy curves for various
grazing sngles. Using a  semiclassical dispersion theory. this code
caleulates atomic  scaltering factors Dby an appropriale integration
over photoionization cross secctions which include all of the
cleclironic resonances. REFLECTY correlates  well with empirical
measuremenls excepl in energy regions mnear x-ray absorption edges of

the material.

X-Ray Reflector~Filler Design

The three design parameters of an X—Tay reflector,
absorption-edge filter spectral-channel discrimination system are the
absorption filler, the reflector material, and the grazing angle. The

channel definition., particularly the low-energy cutoff, is delermined

2A. Toor and H. F. Finn, computer code REFLECTZ (Lawrence
Livermore Nalional Laboratory, Livermore, Ca.). The photoionization
cross scclions for subkilovelt x rays used by tLhis code are from
B. L. Henke, University of Hawaii. The cross sectlions for higher
energy x rays arce from Lthe LLNL cross section library file CSLOW3/77.
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by the composition and tLhickness of Lhe absorplion filter, The
position and effecliveness of the critical-energy cutoff are funetions
of the refleclion angle and the 7 of the x-ray mirror. Low-%2
materials with few resonances exhibit the sharpest cutoffs. The
high-energy culoff can be optimized if the reflector and the
absorption filler are bhoth chosen to have an absorption edge ncar the

desired cutoff energy. as in  the reflector and absorber curves in

figure 10.
Design of Three Specifie Subkilovolt Energy Channels

An intermediale goal for SXRSC implementation has been to
field the instrument on gold-disk target ecxperiments at the Argus
laser facilily with three well-defined subkilovolt spectral channels:?
the first below 300 eV, the sccond below 500 eV, and the third below
700 oV,

Absorption-edge filler materials with interesting edges in
this region are carbon, titanium, vanadium, chromium. iron, and
cobalt. Carbon, vanadium, and iron were selecied as filters for the
three channels because they have absorplion edges at 283 ¢V, 513 eV,
and 70B eV respectively, and because of their availability and their
handling characteristics as thin foils.

Three mirrors werc then sclected far the sharpness of their
reflectivity cutoffs near the absorplion edges of the corresponding
filters. Figures 12 and 13 show characteristic reflectance curves for
both carbon and nicket at 2°, 3°, 4°, and at 5°. The three selected

3R, L. Keuffman, G. L. Stradling, and D. T. Atlwood. Bull.
Am. Phy. Soc. Vol. 23, 880(1978).
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reflector material-angle combinations are carbon al 5°, nickel at 5°,
and nickel at 3° (Fig. 14). The reflective~efficiency of carbon at 5°
falls off rapidly above 1Lhe carbon edge. Nickel at 5° provides a
culoff at 600 cV. Nickel at 3° gives the high-energy cutoff at
800 cV.

The three energy channels were optimized to oblain nominally
equal flux levels through each reflector-filter combination. The
responses of  cach of the encrgy channels were ca:culated by iolding
together the contributions from the individual channel components:
the reflective cofficiency of the x-ray rcflector. Lthe Lransmission
efficiency of the absorption—cdge filter and of Lthe carbon
photocathode substrate, and the Lheoreli;al response of the gold
photocathode. The flux level Lo be expected in each chaane! was then
oblained by folding tlhe channel spectral response with t° cemission
spectrum anticipated from the 1larget, and then intlegrating over the
spectrum.  The absorber filter (bicknesses were chosen to sel the
channel responses at the desired level.

For irradiation of gold-disk targets the spectrum can be
reasonably approximated by a 150-eV blackbody.! The responsc of the
gold photocathode is roughly proportional to the product of lhe photon

energy E and the energy-dependent absorplion e¢fficiency of the

M. D. Rosen, D. . Phillion, V. €. Rupert, W. C. Mead,
¥. L. Kruer, J. J. Thomson, H. N. Kornblum, V. W. Slivinsky,
G. ). Caporaso, M. J. Boyl, and K. G. Tirsell, Phys. Fluids, Vol. 22,
2020(1979).
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photlocathode ~u(E). Eu(E) corresponds to the amounl of energy
deposited in lhe photocathodc.’

The transmission curves of tLhe fillers and the photocalhode
substrate, and (he absorption of Lthe photocathode, are easily
calculated from low-encrgy mass absorplion cross sections compiled by
Henke.® Figure 15 gives the combinalion of: an anticipated source
spectrum from a gold-disk targel; Lhe theoretical Eu(E) cathode
response for a 100-A gold phatlncalhode: the transmission efficiency
for the 50—;L|;/cm2 carbon substrate:; lhe three x-ray mirror reflective
efficiency curves; lhree selecled filter lransmission curvs~:, and Llhe
foided combinatfion of them all. A schematic showing the oprralional
configuration of the three—-channel reflector-filfer system is shown in
figure 16,

The five-degree maximum grazing angle for the mirrors requires
that the SXRSC be orienled al 10 degrees lo the radialed x rays.
Mirror fine positioning is required in the 0, ¢, and z directions. A
housing was designed to position Lhe Llhree mirrors and to support the
SXRSC at  ten degrees with respect to the target chamber port,

Figure 17 ghows the SXRSC assembled wilh lhe x-ray mirror housing.

5B. L. lHenke, J. P. Knauer, and K. Premaralne. J. Appl. Phys.
(to be published): B. L. Henke, J. A. Smith, D. T. Altwood., Appl.
Phys. Lelt., Vol. 29, 539(1t978).

6B, L. Henke and E. S. Ebisu, Advanees _in _X-Ray Analysis,
edited by C. L. Grant, C. 8. Barrett, J. B. Newkirk, and C. 0. Ruud
(Plenum, New York, 1874), Vol, 17, pp. 150-213.
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Figure t5. TLrec-channel refleclor~filter design. The three

broadband spectral channels are oblained by folding lagether the

source spectrum, the x-ray mirrors’ reflective efficiencies, the
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substrale's transmission efficiency, and Lhe photocathode conversion
efficiency.
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Figure 16. Three-channel refleetor-filter operation schemaltic.

X rays are emilted from the laser fusion target and are fillered by
the x-ray mirrors, Lhe absorplion-edge filters, and the photocathode
subslralte.
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Figure 17. The SXRSC with the x-ray mirror housing.



Chapter 4

CALIBRATION AND EXPERIMENTS

The SXRSC was tested to determine ils basic operating
characleristics and capabilities. Calibration and basic experimental
work was performed on the Monojoule laser. The overall system
sensilivity was them modified for high~power largel irradialion
experiments conducted at Lhe Argus laser facilily at LLNL. This
chapter describes the apparatus and Lhe proceedures involved in the
calibrations. Time-resolved measurements of gold—-disk x-ray cmissions

are also presented and discussed.

Monojoule Laser Faecility

The Monojoule laser is a neodymium:YAG laser capable of
producing single laser pulses with energies between one and three
joules and 50-psec lo 150-psee pulse widths. The calibralions
reported herec used 1-J, 150-psec laser pulses. The laser operates
with a passively mode-locked oscillalor. Mode-locking is done wilh a
saturable absorber. A 150-psee, 1-mJ pulse is switched out of the
peak of the oseillator wave train with a spark gap. The oscillalor
pulse passes Lhrough two 3/8-inch YAG preamplifiers, a 5/8-~inch glass
amplifier and a one—~inch glass amplifier as shown in figure 18. This
amplification process raises Lhe pulse energy to one joule.

For x-ray slreak camera calibralion the laser pulse is

directed through an etalon Lo produce @ series of optical pulses,

46
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Figure 18. The Monojoule laser, a 150-psec one-Joule neodymium:YAG
laser used for diagnostic testing and development.
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typically 500 psec apart, each pulse having one-half the energy of the
preceding puise. X-ray pulse trains arec produced by irradiating an
iron siab target with the laser pulse train in un evacuated
(107% Torr) targel chamber. In full-power operation the Monojoule
laser can operate with a three-minute repetition period for efficient

calibration and testing procedures.

Experimental Configuration

A schematic of Llhe experimental eonfiguration is shown in
iigure 19. For calibration the SXRSC 1is positioned on the target
chamber at  forty—five degrees to the incident laser beam. The
target-to-cathade distance is 36 em without the x-ray mirror housing
and 52 em with the mirror housing in place. Triggering of the SXRSC
is accomplished by diverting part of the oscillator pulse directly lo
a photodiode. The pholodiode generales an electrical pulse which
iriggers the slreak camera’s avalanche-transistor sweep circuit. Path
lenglh traveled by the optical/electrical pulse controls the trigger

timing relalive to the incident x-ray pulse train.

Temporal Calibration

The soft x-ray sireak eamcra temporal calibration procedure
consists of recording a siring of x-ray pulses with known temporal
spacing and relative cnergies. The resultant slrecak camera data are
then routinely reduced and analyzed Lo show sweep speed, sweep
linearity, dynamic range, and photocathode uniformity. Figure 20 is

the photographic record of an x-ray pulse train. These data were
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Streak Camera S0% reflector
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. Dielectric
Trigger polarizer
pulse plate
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Figure 19. The Monojoule targel chamber calibration and experimenial
configuration. A 500-psec etalon splits the 1.08-um laser pulse into
a pulse train which heats the iron slab targel and produces a train of
x-ray pulses. The x-ray pulse train is reflected by an x-ray mirror
onto the streak camera slit.



Figure 20. Soft x-ray streak camera calibration data. The streaked
x-ray pulse train image is cxposed on the center of the Kodak Royal-X
Pan film. A step wedge is cxposed on the edge of cach lilm to permit
8 density-versus—intensity reduction of the recorded data.
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taken without reflective or absorptive filtering, other than that of

the carbon photocathode substrate.

Data Reduction

The data are taken on Kodak Royal-X Pan film for maximum
sensitivity and resolution. After the data are recorded and before
Lhe film arc developed, a strip at the edge of the film is exposed to
a stepwedge which is chromatically matched to the image intensifier
phosphor (Fig. 20). The film is then developed for 4.5 minutes in
Kodak DK-50 developer. This development procedure raises the film
speed to ASA 2000 and lowers the contrast of the film to allow a iarge
dynamic range to be recorded. Intensity-versus—position is extracted
using a computer—controlled microdensitometer. The stepwedge dala are
interpolated using a polynomial (it to produce a D-logE calibration
curve characteristic of both the particular developmenl and piece of
film (Fig. 21). The density data arc then unfolded with the D-logi
curve to produce intensity-versus—position information (Fig. 22).

The spatial separation of intensity peaks divided by Lhe
clalon-controlled temporal scparation of the pulses (500 psec) shows
the camera's inverse sweep speed with a X3  sweep card to be
134 psec/mm. Sweep linearjly is easily deduced from comparison of the
pulse separations along the pulse train.

Dynamic range' is a function of resolution, pulse width, and

other camera operaling parameters. For the temporal resolutions of

'S. W. Thomas and G. E. Phillips, in Proceedings of the 13Lh
Internatjonal Congress on High Speed Photography and Photonics, edited
by Shin-lchi Hyodo (Japan Society of Precision Engineering. Tokyo.
Japan, 1978), pp. 471-475,
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Figure 21. D-LogE characteristic curve of the film, a 9-degrece
polynomial fit to stepwedge data.
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interest here, a dynamic range of greater Lhan one thousand is nol
unusual and will be evidenl in the data presenied. Full saturalion
was not scen with laser-pulse energies on target as high as 800 mJ.
X-ray pulses gencrated by laser cnecrgics as low as 4 md were easily
discernible above the noise level.

The 50-pg/cm? carbon substrate with a 300-A gold photocathode
was scen to be extremely uniform across the stit., Figure 23 is the
cathode response-versus—-clit position information taken from the data

shown in figure 20.
5-Degree Carbon Mirror Tests

Preliminary lesls were done wilh a 5° carbon x-ray reflector.
A filter pack was posilioned in fronl of the 50—ug/cm2 substrate to
produce four channels, #1 with no filtering, #2, #3, and 44 with
fillers of 100-pg/em?, 200-ug/cm?, and  300-pg/cm? of carbon
respectively. The calculated channel response is given in figure 24.
Data from a one-joule shol are shown in figures 25 and 26. The
valculated response  shows expecled relative channel intensities of
approximately 1, 0.5, 0.2, and 0.1 for channels «l through #4. The
measured relative intensitices were 1, 0.5, 0.3, and 0.1, which is well
within the error of the calculated estimate.

A tesl was also performed (o crudely check the high-energy
cutoff properly of the x-ray reflector. The x-ray (lux from a
onc—joule targel shot reflected from the five-degree carbon mirror was
measured both with and without an 8-um—-thick beryllium filter.
Because this (ilter has strong absorption below | keV, its combination

with the reflector should and did absorb all signal, giving a null
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Figure 23. An intensity-versus-postition scan across .he photocathade
s1it of SXRSC calibration shot dala showing the iniformity aof the
phatocathode and the pholocathode substrate,
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Figure 25, SXRSC strecak data of four carbon channels.
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shot. Strong signals from similar target illuminations with this
filter, but without an x-ray reflector, verify that suprakilovolt

x rays are indeed absorbed by the mirror.

Slepped Photocathode Experiments

An experiment2 was perflormed to empirically measure the
relative responses of different photocathode thicknesses and to
determine the optimum pholocathode thickness. A pholocathode was
built wilh thickness increusing across the slit length in a series of
steps. This photocalhode consisted of six thicknesses of gold vacuum
deposited on  a 50—ug/om2 carbon substrate. The steps were measurced
interferomelrically to be 130 A, 340 A, 530 A, 800 A, 1100 A, and
3200 A thick, with a measurement uncerlainty of 30 A. This stepped
photocathode was irradiated with a pulsc train of subkilovolt x rays
from an iron targeil al the Monojoule laser. The shot data are shown
in figure 27. The most sensitive channel is the 130-A-thick section.
From (he discussion of Llransmission properties in chapter 2. this
indicates that the secondary electron range in gold i= ~130 A, The
narrow bright streaks between (he photocathode channels are regions
which were parlially masked during the evaporation depesition of Lhe
gold steps.

The average intensity of ecach channel as a function of time is
given in figure 28. There is no apparent degradation of the
photocalhode temporal response with increasing thickness. The gold

photocathode sensitivity can be scen to be a decreasing funclion of

2G. L. Stradling . H. Medecki, R. L. Kauffman, and
D. T. Altwood, Appl. Phys. Lett., Vol. 37, 782(1880).



Figure 27, Streak data from a stepped~photocathode calibration shot.
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thickness for thicknesses greater than 130 A. The sensitivity of the
3200-A channel is a faclor of six lower than Lhal of the 130-A

channel .
High~Power Applications

The calibration shols showed the SXRSC to be very scnsilive.
Light pulses on target with energies of B00 md produced signals which
approached saturation. The primary use of the SXRSC will be to
diagnose experiments performed Lhe Argus laser faecility, which
operales wilh energies on targel of order one kilojoule. Ciearly the
camera’'s sensitivity must be decreased by a factor of 10% to 107 to

allow the SXRSC to funclion as a diagnostic on kilojoule targel shots.

Sensilivily Reduction Techniques

Several melhods are available to avoid camera saturation
during high-energy targel shols. The target x-ray signal can be
drereased by positioning the camera farther from the source. This
provides a decrease in signal proporticnal to r~2. The signal can be
further attenuated using thicker absorption-edge fillers. The x-ray
photocathode response to the x-ray signal can also be varicd by
changing thie photocathode volume. In addilion, the image intensifier
gain can be decrcased or lhe film speed can be reduced.

The firslt (hree options are besl because they avoid excessive

electron-flux levels® jn the image converler tube. High electron

3R. Kalibjain, in Proceedings of the 13th International
Congrens on _High Speed Photography and Photonics, ediled by Shin-Ichi
Hyodo (Japan Society of Precision Engineering, Tokyo, Japan, t979),
pp. 452~455.
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fluxes in the image converter {ube result in space—charge repulsion
eflfects and an accompanying decreasc in signal-gain linearity.

A reduction of x-ray flux levels for high—power lascr shots is
accomp) ished by physically positioning the SXRSC three meters from the
Argus target. This deercases the x-ray flux by a factor of about
thirly below that deleectled al the 62-cm catibration distance.
Figurce 29 shows the SXRSC mounted on Lhe Argus largel chamber at the
end of a three-meler [light tube. Filter thicknesses for Lhe
reflector-filler combinations were seleeted to bring the integrated
responses of lhe three subkilovoll channels wuniformly down by an
additional factor of ten from the unfiltered response, for a total
reduction of 300 due Lo Llhese two ilems. The filters selecled were
100-pg/cm® carbon, 500-ug/cm® vanadium, and 700-ug/cem? iron.

The photocalhode response  is a  function of photocathode
volune. The total x-ray deposition in the photocathode is
proportional to the photocathode areca and depends strongly on the
pholocathode thickness. Thus a factor of four reduction  in
photocathode response can  be obtained by decreasing the photocathode
slit width from 100 pm to 25 um, raising lhe overall reduction facler
te 1200. A slit of this widlh has been prodoced by an
electron-discharge machining (EDM) technique, and is currently being
used on  kilojoule experiments at the Argus laser. The instrument
sensilivity can be eonlrolled within an additional faclor of six by
varying the gold pholocathode thickness between 100 A and 3000 A.
This allows a total signal reduclion on the Argus facilily of up lo

~7000 in this geometry.



Figure 29. The SXRSC mounted three meters from the target on the
Argus target chamber.
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The Argus Laser

The Argus laser is an advanced ncodymium YAG laser which is
capable of delivering more then 2 TW on target. The laser pulse is
switched out of the oscillator, split, and sent through two chains of
amplifiers (Fig. 30}. The outpult beam from (he last amplificer is
28 ep in diameler and has a peak flux of § J/cmz. The energy—-limiting
faclor of beam seif-focusing is moderaled considerably by high-vacuum
spatial liltering and beam relaying techniques to climinate hol spots

across (he beam.

Argus Gold-Disk Shol Dala

Figures 31 and 32 show dala obtained with a single-arm Argus
shati anto a gold-disk target. The 100-psec laser pulse had an cnergy
of 500 joules. The full three-reflector three—filter channels were in
operation. The x rays in  the 620-¢V channel showed a 520-pscc full
width at  half-maximum (FWIM), only slightly Qlonger than the laser
pulse. As mighl be expeeted [rom semi-cquilibrium cooling of a
radiating plasma, the lower~energy x rays were cmitled for longer
times. The 460~eY channel had a FWIM of 600 pscc. The 220-cV channel
had a T10-psec FWEM . In addition to providing lemporally
well-resolved data, intensities on these first shots were well within
desired flux levels for this instrument, having been reduced by use of
a 3-meter flight lube, absorption edge fillers, a four-times-narrower

photacathode slit, and a 300-A photocathode.



Figure 31. SXRSC temporally sireaked x-ray image of an Argus
geld-disk targel shobt with three reflectqr-filter chanrels,
I
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Figure 32, Intensity-versus—time data of Lhree channels from an Argus
gold-disk target shot. The three channel  amplitudes are nat
normualized o cach olther in this illustiration.



Chapter 5

FUTURE WORK AND SUMMARY

The soft x-ray sticak camera will require additional research
and calibration efforts 1o maximize its usefulness. There are also
inleresting problems dealing with streak caacra technology that this

instrument is well suited lo investigate.

Future Work

An important  part ol SXRSC calibration still remains. The
camera needs to be calibrated te determine absolute sensilivity. or
signal-in to intensily—out gain., The reflector-filter response curves
need lo e determined empirically, particularly around the absorplion
edges where  theoretical caleulalions are unreliable. More work needs
to be done on oplimizalion of present speciral channels, and
development of  more channels for better spectral definition. This
calibration will increase the usefulness of Lhe instrument in
characteriziug !z2ucr iriadiated targets.

There are a number of applications of the SXRSC which are
currently interesting. The spatial dimension across the photecathode
slit can be usecd for one-dimensional imaging, as with an x-ray pinhole
camera, or with an Xx-ray microscope. Time-resolved x-ray pl.<aa
apectroscopy can be done wusing various broadband or high-resolution

s#oft x-ray dispersive devices.

49
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In addition, 1the SXRSC is ideally suited for further
investigation of the photocathode and image converter tube aspects of
x-rayv streak camera technology. ¥hen in the calibration mode on the
Monojoule target chamber, photocathodes may be used, removed.
cxamined, and replaced in a normal work day. The effects of
substrates on photocathode performance can be investigated in detail.
New photocalhode materials now under study can be convenienlly tested
and compared with convenlional photocathodes in pulsed operation in
the streak camera environment. The vacuum pumping and internal
pressurc-measuring capabililies of the SXRSC will allow study of

internal amage converter tube problems and limitations.

Summary
The saft  x-ray sireak camera is a valuabie, absolutely
necessary addition to the laser fusion diagnosiic capability. s a

time-resolved spectrometer, it provides new information 1o aid the
understanding of energy transporl in laser fusion largets. This
instrument 1= sensitive to photon energies down to 100 el It has
been catibrated for sweep  speed, dynamic range, and linearity. The
SXRSC has 1H-psec lemporal resolution and a dyvnamic range greater than
1000.

The extremely nniform one-dimensional photocathode has been
used with multipte reflector-filter paitrs to produce three narrow
channels spanning the 100-¢V to 700-cY spectral reginn. An casily
removable cathode assembly has allowed preliminary study of
photocathode characteristics. Mcasurements have been made which

indicate a peak gold photocathode response for a thickness of ~130 A.
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The SXRSC has been sucessfully used on high-power Argus experiments te
show temporal pulse widths for Llhree subkiloveolt energy channels at
220 eV, 460 eV, and at 620 eV, and is now used as a routine diagnostic

instrument.
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A SOFT X-RAY STREAK CAMERA FOR LASER FUSION APPLICATIONS

Gary L. Stradling
Department of Physics and Astronomy
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ABSTRACT

This thesis reviews the development and significance of the
sofl x—ray streak camera (SXRSC) in the contexl of inertial
confinement fusion energy developmenl. A brief introduction of laser
fusion and laser fusion diagnostics is presented. The need for a soft
x~ray slrcak camera as a laser {usion diagnastic is shown. Basic
x—-ray streak camera characteristics, design, and operation are
reviewed. The BSXRSC design crileria, Lhe requirement for a
subkilovolt x-ray transmilling window, and the resulting camera design
are cxplained. Theory and design of reflector~filter pair
combinations for three subkilovelt channels centered at 220 eV,
460 eV, and 620 eV are also presenled. Calibralion experiments are
explained and data showing a dynamic range of 1000 and a sweep speed
of 134 psec/mm are presenled. Sensitivity modifications to the soft
x-ray slreak camera for a high-power target shol are described. A
preliminary invesligation, using a slepped cathode, of Llhe thickness
dependence of the gold pholocathede response is discussed. Dala from
a Lypical Argus laser gold-disk targel experimenl are shown.

o [ ALl

Larry V."Knight, Committee Cha’irman

)
Sl \"\\\ \‘T:\ Z VN o

James M. Thorne, Committee Member

COMMITTEE APPROVAL:

Sl Sl LT

Sdad 2

Clark. G. Chrislensen, Graduate Coordinalor



