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Chapter I 

INTRODUCTION 

Taere is a wel1-justi fled concern about future supplies of 

energy. Thid concern extends beyond the question of potential energy-

sources and their availability. Problems of environmental 

degradation, waste disposal, nuclear fuel control, and peli tical 

economics complicate the issue. 

One potenti al energy source is control led fusion. Furion 

energy i s widely ace1 aimed as a solut ion to several signi Ticant 

problems by vi r tuc of the fuel availabi1i ty and its relative 

cleanliness as an energy source. Although fusion energy production is 

not currently feasible, there is a concentrated research effort now-

underway in this country, the Soviet Union, Great Britain, France, 

Japan and other countries to pro\e that controlled fusion can be made 

feasible and to produce a fusion power plant. 

Efforts are directed along two di f ferent approaches to 

controlled fusion. One approach is to magnetically confine a hot 

plasma for a sufficiently long time to produce fus ion energy. The 

other approach is to compress and heat fusion fuel in a sufficiently 

short lime that the inertia of the material confines the reac.ion at a 

dens i ty high enough for efficient fusion energy product ion. Thi s 

approach is called inertial confinement fusion (ICF). Both the 

magnetic confinement and inertiaI confinement approaches are in early 

deve Iopmenta l stages. 

1 
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Thi s thesis will di scuss the soft x-ray streak camera, an 

instrument developed to provide unique diagnostic coverage of inertia! 

confinement fusion experiments. The design and applications of the 

soft x-ray streak camera will be presented in the context of incrtial 

conf inement fusion development. Speci fically, the current 

requirements of the Laser Fusion Program at Lawrence Livcrmore 

National Laboratory (LLNL) will be considered. 

Inertial Confinement Fusion 

The processes which take place in inertial confinement fusion 

occur in very smalI volumes, 1 as L very shor t t imes, and involve 

enormous energy densities and mass compressions. 

The actual scheme for producing ICF is to use a high-intensity 

energy source or "dr iver" to uni formly i rradiate a smal1 spherical 

pc1le t (target) containing fusion fuel (Fig. 1). \ thin layer of the 

pellet surface is heated, causing material to ablate outward with high 

veloci ties. Thi s ablating mater ial, 1 ike the high-speed exhaus t of a 

rocket, produces a reaction force which drives the pellet wall 

inward.1 A shock wave is produced which converges at the target 

center. IC the shoeJc converges with sufficient uniformity and pow r, 

the fuel can be compressed and heated to thermonuclear igni t ion 

condi lions . s A burn front, fed by alpha-par tide capture , propagates 

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

2J. 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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Figure 1. ICF scheme: tht proposed targe t and the shape of the 
required driver pulse train. 
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outward from thi s igni tion region at the target center, burning 

through the remaining fuel. In a successful reactor more energy must 

be released than was invested in the target compression. 

This particular scheme has two major problems that must be 

overcome. 3 First, in order for the necessary compression to take 

place, thn shock wave must converge uniformly over the surface of the 

ignition region. The compression process, however, has inherent 

Ray 1 e i gh-Taylor instabilities which result in smal1 non-uni formi ties 

rap i dly growi ng to si gni fit-ant propor t ions. The second major problem 

is that the target may undergo heating from high-energy electrons 

prior to I he convergence of the shock wave. Any preheating of the 

fiie 1 makes compress i on more difficult. 

Tin- tie 1 i very of swf f ie i ent energy at the re qui red rate into a 

thin 1aycr of the fue1 pe1 Iet sur face is a difficult task A coronal 

plasma is formed as the pellet surface is heated. The absorption of 

energy in t hi.•> pi asina and the transpor t of energy to the pe 1 le 1 

surface are dependent on a wide variety of plasma processes. The 

dominance of particular plasma processes in turn depends strongly on 

basic dr i ver parameters. 

To dri ve the pe11et to a hi gh enough gain for not energy 

pioduc t ion, ' the energy source must de1i ver on the order of 

"-10° joules at the rale of --101 ' watts, depending on the peiiel 

design. This energy must be deposited uniformly over the very small 

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

4J. H. Nuckolls, in Laser Program Annual Report-1979. edited 
by Lamar tf. Coleman and John R, Strack, (Lawrence Livermore National 
Laboratory, i960, UCRL-50021-79), Vol. 2, p. 3-2. 
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pellet surface. To be economically feasible the driver must be able 

to convert electrical energy to driving energy with 1-6-percent 

(wallplug) efficiency and be able to operate with a repetition rate of 

4-8 \\z. 

Focusable, high-power, puised energy sources such as lasers 

and ion beam devices are the favored candidates for 1CF powerplant 

dr i vers. Noi ther of these potenti al dr i vers, however, are at a I eve i 

of d« velopmcnt necessary to sat i s fy str ingenl powerplant requi rements. 

Ion beam devices show considerable potential at this time. These 

types of machines currently operate with wallplug efficiencies of 25 

percent . Thru**' are ion beam generators in development whirh have 

projer t ed repe t i t ion rates as high as 10 Hz. High-power 

st ate-of-thc-arI 1asers, which currently serve as the ICF development 

workhorses (such as the 1arge Argus and Shiva Iasers at LLNL) operate 

with uower levels of 4 to 30 tcrawatts (TW). At best, this is only 

one percent of the power requi red for effic ienl energy product i on. 

A sifilii ficanl increase in the understanding of inorIi a I 

confinement fus ion phenomena, as we 1 I as much techno log iea1 

development, is clearly necessary before ICF power plants can become a 

reali ty• 

Laser Fusion 

Although a powerplant-quality ICF "driver" has not yet been 

developed, currently available lasers ure being used to explore ICF 

implosion dynamics. Laser fusion experiments, designed to demonstrate 

5 G . Yonas, Sci. Am., Vol. 239, 50(1978); S. G. Varnado, 
J. L. Mitchincr, unpublished, SAND-77-0516, Sandia Laboratories, 1977. 
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high compression, use a high-energy pulse of coherent light to drive 

the fuel pellet. This laser pulse delivers up to 10 kilojoules of 

energy to the nllet and lasts only a few hundred picoseconds (psec). 

The pe11et implosion occurs on this same t ime scale. Typical laser 

fusion targets currently have diameters of about 100 microns. 

The present glass laser sys terns are extremely ine ff ic ient. 

Nd:glass lasers have wallplug rfficiencies of only 0.1 percent, and 

thus arc des igned for proof-of-pr ine iple exper iments only. Some gas 

lasers, such as C 0 g lasers, can operate at high repetition rates and 

have wallplug efficiencies of as much as a few percent. The 

10.6-mic-ron C'02 laser has its own problems, however. 

Recent experiments have demonstrated that laser drivers with 

wavelengths longer than a fraction of a micron deposit significant 

amounts of the incident energy into penetrating, high-energy 

elec trons. 6 Penctrat ion by these high-energy elee trons degrades the 

ab1 at i ve performance of laser fus ion targets. These and other 

experimental results point to the need for sub-micron wavelength 

lasers to drive sucessful targe t compress i on exper iments. 7 High-power 

0.53-jum wavelength lasers are currently being implemented at LLNL. 

Laser Fusion I)t agnost ies 

Kigh-intensi ty 1aser 1ighl can interact with the piasma corona 

surrounding the pellet in a number of ways. Dominance of any of the 

6R. E. Kidder, Bull. Am. Phys. Soc., Vol. 24. 925(1979); 
E. M. Campbell, V. C. Rincrt, W. C. Mead. R. E. Turner, C. E. Max, 
K. G. Estabrook, F. Ze, Bull. Am. Phys. Soc., Vol. 25, B95(1980). 

7 C . Garban-Labaune, E. Fabre, and C. Max, Bui I. Am. Phys. 
Soc., Vol. 35, 694(1960); E. M. Campbell (private communication). 
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available absorption and scattering processes depend on the laser 

wavelength, intensity, pulse duration, and the polarization of the 

incident field. Significant variations in the fraction of incident 

energy absorbed, in the velocity distribution of the heated plasma, 

and in the transport of that energy to the target surface result from 

changes in inci dent 1aser parameters. These quant ities in turn affect 

the targe t imp J osi on. 

Informal ion about the laser-plasma interact ion phenomena and 

the pe 1 le t imp 1os i on process is contained in the radiat ion emi ss i on 

from the irradiated target. The types of radi at ion, its energy 

spectrum, the emission history, I he source distribution, and the 

angular crni ssion di stri but ion are nil signatures of the physical 

proc<- ;>KPK whi eh occur in the exper iment. If these observableH are 

we 11 d i agnosed, compar i son with the predic t ions of theore t i cal and 

comput at i ana 1 mode 1ing of the t argc t dynamics can improve the 

tinders t and i rig of I he experiment and thus aid in designing pellets and 

drivers for higher compression and net energy production. For liii«; 

reason a significant portion of the laser fusion effort is devoted to 

the development of diagnostic instruments capable of well-resolved 

temporal, spectral, and spatial measurements. 

Expected emi ssions from the imploding target are scat tercd 

laser light and large quantities of x rays with spectra characteristic 

of plasma temperatures ranging from one hundred cV to several kcV, as 

well as neutron and alpha particle reaction products. 

P)' i LP- aJ.. Measurements 

Incident Laser 1ight is scattered by the coronal piasma 

through a variety of nonlinear plasma processes as well as by 
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reflee u on from the critical dens i ty surface. (Light will not 

propagate in electron densities greater than the critical density, 

which is a function of the sig'ial frequency.) The ratio of the tolal 

cnergv in scattered light to the incident laser pulse energy gives the 

absorption efficiency at the target. Time integrated measurements of 

these quant ilies are made with optical calorimeters. The di rec tional 

distribution of the scattered light is collected by photocells arrayed 

around I he large). Optical spectrometers measure spectra] shifts in 

t tie sea t t crrd 1i ght . Thi s shi f t from the i ncident frequency i s 

cliarac t rr i s t i c of non-1i near scat ter ing from the plasma as wel1 as 

Doppltr shifting of the scattered light. The incident laser pulse is 

routinely characterized in terms of beam uniformity and temporal pulse 

shapo. 

X-Ray Di agnoslies 

The rale of x-ray emission from a plasma depends strongly on 

the Iemperalure and dons ily uf t he emi tIing mat er i a I . In Iascr-plasma 

exper iment s there is a narrow reg i on of modcrat e t emperalure and 

dens ily where I he rapidly fal1ing dens i ty profile and the sharply 

rising temperature intersect.9 This thin region between the ablation 

surface and the critical density surface emits radiation at a much 

higher rate than the cooler, denser, interior regi ons or the ho t 

nebulous corona. The thermal x-ray emission spectrum of the target is 

8D. Phi 11 ion, W. L. Kruer, and V. C. Rupert, Phys. Rev. Lett., 
Vol. 39, 1529(1977). 

*M. D. Rosen, D. W. Phillion, V. C. Rupert, W, C. Mead, 
tf. L. Kruer, J. J. Thomson, H. N. Kornblum, V. W. Slivinsky. 
G. J. Caporaso, M. J. Boyle, and K. G. Tirsell, Phys. Fluids, Vol. 22, 
2020(1979), 
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thus a s ignature of the piasma dens i ty and temperature near the 

ablation surface. The evolution of that spectrum with time is 

characters stic of the heating and cooling processes of the system. 

These include healing by the laser pulse, cooling due to hydrodynamic 

expansion and radiation losses, and the rate of energy transport 

through the plasma to the target surface. The spatial distribution of 

the x-ray omission region reveals the uniformity of energy deposition 

and the symmc try of the imp 1os i on process. The rate of convergence of 

the emission region gives the implosion velocity, 

X-ray emission spectra arc obtained with grazing-incidence 

grating spectrometers, crystal spectrometers, and absorption—edge 

filtered x-ray diodes. The thermal x-ray spectrum ranges from 100 eV 

to 10 koV. Higher energy x rays are bremsstrahlung and 

pholoionization products of fasl electrons from the nonli near piasma 

processes . The quant i ty, spec trurn. and angular di str ibut ion of the 

hi gh-cnergy x-ray tail can prov i de insi ght into hoi eior Iron 

product i on. X-ray mi croscopes using graz ing-angle opt ics provide 

spat i al and limited spectral data. 1 0 

Time-resolved x-ray spec tral measurements are made us ing the 

LLNL ultrafast x-ray streak cameras which have a resolution limit cf 

15 psec. 1 1 Here, as with the x-ray diodes, spectral channels above a 

kilovolt are defined by absorption-edge fi 1 ters and by a fal1tng 

emission spectrum and decreasing detector response. A number of 

1 0 F . Seward, J. Dent, M. Boyle, L. Koppel. T. Harper, 
P. Stoering, and A. Toor, Rev. Sci. Instrum., Vol. 47, 464(1976). 

M C . F. McConaghy and L. W. Coleman. Appl. Phys. Lett., 
Vol. 25, 268(1974); D. T. Attwood, L. W. Coleman, J. T. Larsen, and 
E. K. Storm, Phys. Rev. Lett., Vol. 37, 499(1976). 
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spectral channels are obtained by positioning different filters at 

several positions across the photocathodc slit. 

X-ray s treak camera and x-ray mi croscope data can be 

con elated to yield the implosion time, the average implosion 

ve1ocity , and the spectral emission from the target as a funci ion of 

(. imc . When coup led to a sui table imaging devi ce , the x-ray streak 

camera's photocathodc slit combines one-dimensional spatial resolution 

on the order of f> microns with the usual 15-psec temporal resolution. 

Compression-front velocity and acceleration are extracted from this 

spatially and temporally resolved implosion data. 1 2 

Neutrons and Alpha Particles 

DP tee Li on of reaction products is a measure of the success of 

thermonuclear reaction production. Neutron detectors measure the 

number of neutrons radi ated, or the neutron yie i d. A neutron 

Iime-of-f1ight dc tec tor measures the neutron energy spectrum. The 

burn temperature can then be deduced from this energy distribution.1'1 

The burn region of hi gh-energy implosi ons, where many cnergct ic alpha 

par Ii cles escape the compression regi on, can be imaged us ing 

alpha-par t ie le zone-pi ate-coded-imag ing techni ques . '"' Thi s di agnos t ic 

can dc t ermine tli«? si ze and shape of lh^ thermonuclear burn region. 

l 2 D . T. Attwood, L. V. Coleman, M. J. Boyle. J. T. Larsen, D. 
tf. Phillion, and K. R. Manes, Phys. Rev. Lett., Vol. 38, 282(1977), 
D. T. Altwood, B. W. ffctnsLein, and R. F. Tiuerker, Ap,. 1 . Opt., 
Vol. 16, 1253(1977). 

1 3 R . A. Lerche, L. W. Coleman, J. W. Houghton, D. R. Speck, 
and E. K. Storm, Appl. Phys. Lett., Vol. 31. 645(1977). 

1 4 N . M. Ceglio and L. IV. Coleman, Phys. Rev. Lett., Vol. 39, 
20(1977). 
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Figure 3. The x-ray emission spectrum from a glass-ball target shot. 
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Subki lovoH._Xr.Ray_ Diagnostics 

The time-integrated x-ray spectrum produced by a typical glass 

mi erosphcrc imp I OH i on is shown i n figure 2. The x-ray diagnos tics 

systerns mentioned above are routinely able to temporally, spatially, 

and spec trally resolve superkilovolt x-ray emiss ions. However, for 

temperatures in the emission region of the plasma corona of 100 eV to 

.'100 eV, there is a significant fraction of total x-ray flux in the 

.subkilovolt region where detection is more difficult. These data are 

import ant to eomple te the energy balance and lo help fill out the 

unders i audi ng of energy transporI and implosion processes. 

DANTK Subkilovolt Detectors 

Windowlcss x-ray diode (XKD) detector systems called DANTE are 

used to measure subkilovoll x-ray emissions from targe t implosions. 

These x-ray diodes are absolutely calibrated for spectral response. 

The DANTE spectral resolution is provided by absorption edge filtering 

and by a detector response which falls with increasing energies. The 

spectral shape is deduced with subtraction unfolding techniques which 

compare a number of filtered channeIs. In some cases channe1 energy 

resolution is enhanced with x-ray reflectors. When combined with fast 

oscilloscopes, the x-ray diodes provide temporal resolution 

approaching 200 psec, and have a dynamic range of about ten. 1 5 

, 5 H . N. Kornblum, L. N. Koppet, V. W. Slivinsky, S. S. Glaros, 
H. G. AMutrom, and J. T. Laraen, Bull. Am. Phys. Soc. . Vol. 22. 
1195(1977). 
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The Soft X-Ray Streak Camera 

X-ray streak cameras routinely measure x-ray emissions above 

1 keV with 15-psec temporal resolution, with broadband spectral 

di scriminat ion, and wi th 1arge dynamic range. Ful 1 di agnostic 

coverage of laser fusion exper iments requi res similar resolution of 

subkilovolt x-rays. The soft x-ray streak camera has been developed 

to supply that di agnos tic capabi1i ty- The sof t x-ray streak camera 

(SXRSC) uses the same electron tube technology as op tical and x-ray 

streak cameras but has an enlarged sensitivity range from 100 eV to 

HO keV with improved spectral discrimination. A thin carbon wi' ow 

whi eh transmiIs low-energy x rays is used as a photocat node subs trate. 

The vacuum envi ronment required for electron tube operation is 

supp1icd wi th a di f ferent i al pumping system. The spect ral 

di scr iminat ion is enhanced by graz ing angle x-ray mirrors used vrj th 

x-ray absorption filters for suppress ion of high-energy x-ray 

background. The SXRSC currently has three spectral channels with 

resolution E/AE =« 3-6. 

Thi s t ties i s introduces the soft x-ray streak camera and 

discusses its development, calibration, and exper imental app1icat ions. 

In particular. the design criteria and the solut ions to des ign 

problems are given. The problems considered are; detection of 

low-energy x-rays, vacuum compatibility, and spectral discrimination. 

Dynamic range and sweep calibration data are presented. Data from the 

high-power, Argus laser irradiation of a gold-di sk are also given. 

Future work using the soft x-ray streak camera is discussed. 



Chapter 2 

SOFT X-RAY STREAK CAMERA DESIGN 

The soft x~ray streak camera (SXRSC) is a modification1 of the 

exi st ing LLNL x-ray streak camera package. 2 The goal of the soft 

x-ray streak camera design is to provide acceptable sensitivity to 

x rays with energies between 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 

tube11 and the existing LLNL electronics and chassis design have been 

retained with only minor alterations. Major changes were made to the 

camera front end including the cathode assembly and the high—voltage 

standoff design, as well as the addition of a differential 

vacuum-pumping syslem and reflector-filter spectral discriminator. 

The .X-Ray___Streak Camera 

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

camera, the basics of the LLNL x-ray streak camera operation and 

'G. L. Stradling. D. T. Attwood. J. W. Houghton, E. L. Pierce, 
and D. P. Gaines, Bull. Am. Phys. Soc., Vol. 23, 880(1978). 

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

3The cathodeless image converter tube used is manufactured by 
RCA, model number C73435A(Blank); RCA Electronic Components, C73435 
series, data sheet 7-72, Harrison, N. J., 1972; R. G. Stoudenheimer, 
unpublished, RCA Image Tube Application Note, AN-4789, RCA Electronic 
Components, October 1971. 

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-transi stor circuit, the x-ray signal reaches the 

photocalhode, ejecting electron current into the image converter tube. 

The image converter tube translates this temporally-varying electron 

emission into a spatially-modulated, s treaked image on a fluorescent 

screen. The image is amplified to pholographable intensities with a 

40-mm diameter microchannel-plate iwage inlensifier. The temporal 

resolution limit of the x-ray streak camera is 15 psec, and for most 

1aser fusi on applicat i ons it has a dynamic range greater than one 

thousand. Fi gure 3 is a schemat ic of basic x-ray streak camera 

oporat i on. 

The Image Converter. Tube 

The image converter tube {]CT), the central component of the 

st reak camera, converts the inc ident x-ray si gnal into an electron 

current which is electrically focused and streaked before being 

reconverted into an iptical image on a fluorescent screen. X rays are 

inc ident on the front of a thin s1i t-shaped transmission pho tocathode, 

producing an emission current of slow electrons from the "sack surface 

propor t ional to the inci dent flux. These 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 

optical phosphor. This stream of electrons passes between a pair of 

deflection plates positioned after the focusing optics. A rapidly 

changing electric field between the deflection plates sweeps the 



Sweep direction -

Image converter tube 

X-rays from 
target 

Phosphor screen 

- Photographic 
film 

40 mm microchannel-plate 
image intensifier 

Sweep circuit 

Figure 3. Streak camera operation schematic. X rays arc incident on 
the photocathode a few nanoseconds after an electric trigger pulse 
arrives at the avalanche transistor sweep circuit. Electrons from the 
photocathode arc imaged on the phosphor and swept with time to provide 
x-ray intensity-versus-time information. 
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elec.ron current perpendicular to the slit direction, streaking the 

image in time. The resulting data streak retains spatial information 

of the photocathoda emission along the slit dimension and exhibits the 

temporal modulat ion of the incident x-ray signal in the time 

di recti on. 

The image converter lube i s shown in figures 4 and 5. 

Fi gure- <1 is a radiograph of the ICT showing the actual conf igurat ion 

of the clec tron-focusing geometry. Figure 5 ident i f ies the 

photocathode (-17 kV), acceleration grid (-14.5 kV), focusing cone 

(-16.Z kV ) , anode (ground potential), deflecting electrodes, 

f1uoreseen I screen and f i berop Iic coupler. Also shown in f igurc 5 is 

the microchannel-p'ate image inLensi f i er as iI is ori ented on the ICT. 

The Pholocalhode and Photo-
cathode Substrate 

The x-ray streak camera photocathode generally consi sis of a 

-J00-A gold layer deposi ted on a transmi ss i on substrate. The 

photocathode aperture is defined by a slit nominally 125 /xm wide and 

i:i mm long. Because the ICT operates at a vacuum approaching 

J0~ 6 Torr. the photocathode substrate has also served as a barrier 

against atmospher ic pressure. The s tandard, suprakilovolt x-ray 

s treak camera uses an e ight-micron-thick beryllium foil as a 

photocathode substrate and vacuum barrier. This substrate is strong 

enough to withstand atmospheric pressure, but exhibits high absorption 

of subkilovoll x rays (Fig. 6 ) , introducing a one kilovolt low-energy 

cutoff in the camera sensitivity. 

X rays which are transmitted through the substrate layer, and 

which are absorbed in the photocathode, excite Auger- and 
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Figure 4. Radiograph of the RCA image converter tube, model number C73435A (Blank). 



19 

Focusing cone (-16.2 kVb /-Anode (ground potential) 

Image converter tube-7 / / Fiber optic output-

Intensifier cathode on 
fiber optics input 

v, Film pack 

Intensifier phosphor on 
fiber optics output 

MicroChannel plate 

Flourescent screen P11 
Deflecting electrodes 

Kigure 5. [mage converter tube design schematic. X rays eject 
secondary electrons from the photocathode. The secondary electrons 
are accelerated to the grid. imaged by the focusing cone, and then 
swept across the Pll fluorescent screen. The image on the phosphor is 
amplified by the image intensifier and then recorded on photographic 
fi Im. 
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pholo-elee trons. These fast primary electrons give up energy in the 

photocathode through eolIi si onal excitation of secondary-electron 

cascades.'1 Those electrons which reach the photocathede boundary with 

sufficient perpendicular velocity to surmount '-he surface energy 

barrier are ejected as cathode current. This current is composed 

ma i nly of a secondary-electron distribution with energies of a few 

electron vo1ts and a much smaller quanti ty of high-energy pr imary 

c lee tron.s . 

Photocathode conversion efficiency is optimized by a low work 

function and by long secondary-electron mean free paths which result 

in a max iinuni cini ssion depth of electrons in the pho toe a thode . The 

opt imum phot oca Ihode Ihickness for x ray-to-electron convers i on (where 

the x-ray mean free path is much larger than that of the electrons) is 

then I he secondary-electron emission depth. 

The Image Intensi f icr 

The 10-mm microchanneI-plate image intensifier is shown 

schematically in figure 7. This type of intensifier is a very 

compact , relatively distor tion-free photoirult ipli er device. Pho t ons 

from the streaked image on the ICT phosphor eject electrons from the 

intens i f i er photoeathode. These electrons are then accelerated a long 

many very narrow glass-walled channeIs. As they impac t the lead-r ich 

wal \a of the channeIs, they produce cascades of other electrons. The 

much araplified group of electrons then strikes a phosphor, producing a 

visible image of photographable intensi ty. 

4B. L. Henke, J. P. Knauer, and K. Premaratne, J. Appl. Phys. 
(to be published); B. L. Henke. J. A. Smith, D. T. AUwood, Appl. 
Phys. Lett., Vol. 29, 539(1976). 
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MicroChannel plate 
image intensifier tube 

Phosphor 
- MicroChannel 

- Photocathode plate 
electron multiplier 

- ICT 
phosphor 

Figure 7. Microchanne I -p j *.i P image intensifier design schematic. 
Photons eject electrons from the mierochannel plate photocathode. 
These electrons are accelerated through very narrow lead-glass 
channels and produce cascades of electrons when they impact the high 
electron-density walls of the channels. This amplified electron 
signal strikes a fluorescent screen and produces an image of 
photograpliable intensity. 
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Temporal Resolution 

The temporal detail resolvable by the streak camera is limited 

through the temporal and spatial blurring inherent in the individual 

s i gnal transfer components of the camera. If the inc ident s ignal were 

a Gaussian in time and the individual resolution contributions were 

also Gaussian, we could calculate the total system resolution as the 

quadratic sum of the various resolution elements: 

-tot = (£, A ) l / Z - d ) 

whom T. arc the contribut ions to the temporal resolut i on limit from 

the various camera components. Although the components of thi s 

reso 1ut i on syst em will not 1 ikely be stat i st ically independent 

(rauKsians, this method of analysis can be used to give an estimate of 

the total system resolution.5 

Temporal bIurr ing results from transi t t ime spreading dur ing 

Iranspor( of the elee tron s ignal from the photocat node to the opt ical 

imaging phonphcr. An x-ray si gnal inc i dent on the photoratnode 

produces elee tron emi ssi on (mostly low-energy secondar ics) with a 

di st ribut i on of energi es. As these elee Irons are aecolerated through 

the image conver ter tube to the imaging phosphor. there is a spread in 

transit t imes due to the spread in electron velocities. 

5 E . K. Zavoiskii and S. D. Fanchenko, Dok. Akad. Nauk. SSSR 
[Sov. Phys. Dokl.], Vol. 100, 661(1955); Dok. Akad. Nauk. SSSR[Sov. 
Phys. Dokl.], Vol. 108, 218(1956); Appl . Opt., Vol. 4, 1155(1965); 
D. J. Bradley, U. S. Patent No. 3 761 614(25 September, 1973); and 
with particular refrence to the LLNL optical streak cameras, 
J. W. Houghton, S. W. Thomas, L. W. Coleman, ISA Trans., Vol. 14, 
196(1975). 
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This transit time spread is expressed as: 6 

T, = a.:Mxio~" ( H O C ) (2) 

K 

Where \i is the width of tlic clcclron energy d i s Lr ibul i on ( eY ) a I t he 

photoca thode and K is the extrart i on field s trength (V/emJ. Thv 

energy distribution width of secondary electron emission due It subkeY 

x-ray l I iumirifti ion of a gold photocathode lias been measured by Henke , 

ct. tti . (Ref. -1) to be \\. (J eV. The x-ray streak cameras operate 

with an <-x t rac t i on field of 2500 V across 1. '£ mm. Thus, K is 

fittOO V/em and T, i s 7.7 psee . 

The renin ini ng cont r ibut i ons to t lie ovcra 1 1 ternpora I re so i ut ion 

are iluc to spat i al reso 1ut i on I imi tat i ons of t he f ini to phot oca 1 bode 

sIH width and (he electron imaging system, coupled with the ea.iiera 

fwccp.speed. The temporal resolution limit from the phot ocat bode slit 

is I he time required to sweep through the imaged slit width, 

72 = ;<Md. C M 

Vor our system, the slit width d is 0.125 mm, the system magnification 

M i s 1 . :*fi, and I he inverse swecpspeed r of I he fastest sweep <• j rrni t 

is :i5 psec/mm. The resulting resolution contribution T V is 5.0 ptsoe. 

The electron imaging resolution limit (5 of the x-ray streak 

camera has been crude ly measured to be ~l 0 I irie pai rs/min us ing a 

1 00-/Lim wire mask . The temporal re so 1 ut i on limit due to I he finite 

eJ PCtron focus ing capab i1i ty of the system is then 

6V. V. Korobkin, A. A. Malyutm, and M. Ya. Schelev, J. 
I'hotogr. Sci., Vol. 17, 170(1969). 
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ivM 

a 
Using the Hbove values of u, M, and (S, T 3 is 4.7 psec. The total 

temporal resolution r l o i of the system can then be estimated by 

equation 1 to be ~11 psec, 

A direct measurement of the time resolution limit of the 

system is preferable to indirect calculations. A very short 

puIsc, -I-psec, x-ray source is not currently available, but 

measurements of 30-pscc x-ray pulses are consistent with a value of 

T, of 10—15 psec . The effect of a non-zero resolution limit on the 

measured signal can be roughly estimated with the Gaussian quadrature 

approximat i on used above. For example, a 100-pscc signal detec led 

with a IH-psec resolution system will be broadened by --1 percent. 

X-ray-emi ss i on temporal detail oil a scale relevent to laser fusion 

experiments (-100 psec) are thus well resolved with this conservative 

system resolution of 15 psec. 

Subkiloyolt X-Ray-Transmitting Cathode Substrate 

The x-ray streak camera sensitivity can be extended below the 

1-kcV limit of the standard beryllium window by the substitution of a 

thinner and/or more transparent window. 

X-Ray Absorption 

X-ray abaorpt ion is a welt-s tudied process. In the x-ray 

energy range of interest here, photoionization is the principal 

mechanism for absorption. The amount of attenuation experienced by 

x rays of intensity I o traversing a material of thickness x and 

density p is described by 
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I 
- = expi-iipx). (S) 
<o 

The x-ray absorption coefficient \L is a function of the material and 

the x-ray energy. Sharp jumps in absorption coefficients are measured 

for encrgi es near the excitation energies of etec trons in the 

material. As an example of the sharpness and spacing of the 

absorption edges seen in all materials, figure 8 shows the energy 

dependence of the absorption coefficients 7 of tungsten for x-ray 

energies between 0.1 and 1000 kilovolts. 

Substrate Se I ect ion 

Figure G shows the expected transmission curves of several 

commercially available substrate materials and a comparison with the 

previously used 8—/JJII beryllium. Of these, 50-^j.g/cm2 carbon and 

:i5-/;g/cm2 Formvar offer the highest transmi ss ion of x rays with 

energies below 300 eV. Carbon also provides the sharpest high-energy 

cutoff at the carbon K-odgo. We found 50-^g/cm 2 carbon foils to be 

readily available, unexpectedly durable, and convenient to work with. 

These foi1s have been used as photocathode substrates in SXRSC 

experiments to date. Other substrates can easily be implemented. 

Vacuum System_.Design 

The very thin foiIs needed for subkilovolt x-ray transmi ssion 

uic unable to withstand the pressure differential between atmospheric 

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

7 W . H. McMaster. N. Kerr Del Grande, J. H. Mallett, and 
J. !!. Hubbcll, unpublished, UCRL-50174, Rev. I, Sec. II, Lawrence 
htvertaore National Laboratory. 
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Figure 8. X-ray absorption coefficients for tungsten. The x-ray 
absorption coefficient increases sharply at the electron binding 
energy resonances, resulting in absorption edges in the material's 
transmission properties. 
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Interlock 
relay 

Target 
chamber 
10" 5 Torr 

Image converter tube 
* 

Photo cathode slit 
with thin-foil vacuum 
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Pneumatic 
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Valve -
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Figure 9. Differential vacuum-pumping system design schematic. The 
thin foil photocathode and substrate are protected from an excessive 
pressure differential by a differential pumping arrangement and. a 
pressure interlock system. Glass connectors provide insulation 
between the 1CT high-voltage regions and the pumping system. 
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system was designed (Fig. 9) to differentially pump across the 

photocathode substrate and to actively pump the image converter tube. 

This system eliminates pressures on the thin foil of greater than 

10~ 3 Torr and allows a vacuum of 10~ B Torr to be maintained inside the 

ICT. The image converter tube is pumped through a pumpout tubulation 

located on the ICT focusing cone. 

A pneumatic gate valve coupled wi th a thermocouple 

vacuum-gauge inter lock re I ay provides partial protection to the 

photocathode against slow venting of the target chamber. The ICT is 

actively pumped by an eighl-1iter-per-second ion pump. 8. The ion pump 

i.s shielded to limit external magnetic fields in the electron imaging 

region of the ICT. The vacuum region in front, of the photoealhode is 

maintained at about 1 0 - 5 Torr by the target chamber vacuum system. 

External roughing and venting are routed through a variable leak valve 

to insure slow variations in pressure. In spite of these precautions, 

conveni ent photocathode repIacement is both prudent and desi rable. 

The cathode cup assembly and the image converter lube front plate were 

redesigned to allow easy photocathode replacement and to accommodate 

the vacuum system geometry. The new cathode cup and ICT front face 

plate design maintain the standard x-ray s creak camera cathode-

to-acceleration-giid separation of 4.2 mm. 

BE*ght-Iiter-per-second Vac Ion Pump, Model 911-5005, 
manufactured by Varian Associates, Palo Alto, California. 



Chapter 3 

REFLECTOR-FILTER ENERGY CHANNEL DISCRIMINATORS: THEORY AND 
DESIGN 

Broadband spectroscopy of subkilovolt x-ray emissions from 

laser-fusion experiments has neither of the advantages of a falling 

photocathode spectral response or of a falling target emission 

spec Lrum, both of which 1imi t high-energy background in 

absorpt ion-edge filtered suprakilovolt x-ray measurements. A gold 

pho toeathodc has a relatively-flat response for photon energies 

between 100 and 1000 electron volts. The spectral emission of a glass 

ball target {shown, in figure 2) does not begin to fall significantly 

unti1 we 11 into the suprakilovolt region. Simple absorpt ion-edge 

filtering is insufficient to provide an unambiguous energy channel. 

A well-known x-ray technique for obtaining a relatively-narrow 

broadband energy channel with a sharp high-energy cutoff is to combine 

a grazing-angle x-ray mirror with an absorption-edge filter (Fig. 10). 

The rapidly faU ing fi1ter transmission discriminates against 

lower-energy x rays. The drop in x-ray mirror reflect ive ef fic i er• jy 

above a high-iutoff energy E 0 provides for the necessary supression of 

the high-energy component of the targe t emiss ion spectrum. Th i s 

chapter presents a simplified description of this phenomona in terms 

of atomic resonances. 

30 
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Transmission 
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Figure 10. R e f l e c t o r - f i l t e r charme1 d i s c r i m i n a t o r design. The 
absorpt ion edge of a t ransmiss ion f i l t e r combined with the high-energy 
f a l l - o f f in r e f l e c t i v i t y of an x-ray mirror provide a narrow spec t ra l 
channe1. 
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Graz ing-Incidcncc X-Ray RefIec t ion 

Graz ing »ngle x-ray reNee I ion techniques make use of total 

external reflection phenomena. Total external reflection is observed 

when electromagnetic waves in a medium of refractive index iit are 

incident at appropriately 1arge angles upon a medium of lower 

refractive index n„ (Fig. 11). This phenomenon derives from 

the requi rement that phases match at the boundary, as described by 

Sue 1 1 ' s Law: 

si nflj ii., 
= -" (6) 

Kiti0a n ; 

Considering x rays incident from a vacuum onto most common 

metals mid many other materials, n., is slightly less than unity and 

n.- 1. The condition of total external reflection is that for \\.£ less 

than unity, 0{ is greater than some critical angle 0c where 

ec = H i n _ l n 2 . (7) 

Under this condition Snell's Law is not satisfied by any real angle 

0 2 . i ndi cat itig thai propagalion within region Z does not occur, and 

that total external re fIect i on results. 

To appreciate total reflectivity, it is instructive to 

consider the simplified model of atoms in medium Z with a single 

resonance level E Q . In this approx imalion the index of re frac t i on, n 2 

aat i sf ies' 

'Arnold Sommerfeld, Optics (Academic Press Inc., New York, 
1964), Chap. MI. p. 97; Arthur H. Compton, Samuel K. Allison, X-Rays 
in Theory and Experiment (D. Van Nostrand Company, Inc., New 
Jersey, 1926). Chap. IV, p. 293. 
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V 

Figure 11. Reflection of electromagnetic waves at a plane interface. 
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N e a t > 2 / m £ 0 

n| = 1 + (8) 
E'-E 2-igE„E 

where E i s the x-ray energy, g is a damping factor, N is the number of 

dispersion electrons per unit volume, e is the electron charge, m is 

the electron mass, and i Q is the permitivily of free space. For E 

much greater than E and for small loss terms, n^ can be further 

approx ima ted by 

Ne afi 2 

n| = 1 - . (9) 

E a m £ 0 

which is less than uni ty. In pract i cc n g is a comp1icated quant i ty 

which i nvnIves a sum over all of the resonance levels of the a lorn. 

However, the rigorous, many-resonance treatment of x-ray reflection is 

beyond the scope of this description, and will not be presented here. 

The s ingle resonance approx imat i on i1 I usl;ales the physi cal basis for 

total ex tenia 1 re flee t j on of x rays and its descr i pt i on will be 

foil owed by the more comple te nnmer ical mode 1i ng of o Ihcrs, as 

appropriate to the designs of this thesis. 

To continue with the simplified model, the critical angle for 

reflection 0C is seen to depend on x-ray energy. The definition of 

sin0 c = ns , (10) 

and the approximation for n| in equation 9 gives 

Ne2fi2 

s i n 2 ^ ~ 1 . (11) 

E 2m E <, 

A trignometrie itlcnHty converts this to 

N e 3 n 2 

ccs !S c =o (12) 
E 2mE„ 
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or, 

cos0 c = - , (13) 

E 

with E , the plasma "cutoff" energy, defined by 

E p = 3 . 7 2 x l O _ M N 1 / 8 (keV). (14) 

The p l ec l ron dens i ty in equat ion 14 i s in u n i t s of e/cm^. E i s in 

kcV. If the grazing angle /? i s defined as 

/5 = 90 - 0 l t (15) 

1 lien 

cos0, = sin/?. ( 16) 

For most x-ray applications (i is small enough that, to first order, 

sin/? * fl. (17) 

The critical grazing angle /?(, is then defined as 
K P 

0 C
 B " (13) 

E 

For a given grazing angle ft and for photon energies high 

enough thai /? c is sma 1 ler t han /? , the re f I ect i on ef f i c i ency decreases 

and Ihe propagation and the absorption of x rays in region 2 occurs. 

The ref)ection-efficiency-vcrsus-cncrgy response of an x-r..y reflector 

at some graz ing angl c (3 therefore has a high-energy cutoff E(. , whi ch 

dependH on both the grazing angle and the electron density: 

E p(N) 
E c = • (19) 

There is an atomic number {'/.) dependence in the cutoff energy 

E c from the N'/ a term contained in E p . The cutoff energy thus 

increases roughly as the square root of Z. E c{£) for gold would be 
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expected to be only a factor of 4.4 larger than the E c (|S) for 

beryllium, in reasonable agreement with measurements. 

The selection of reflectors with suitable hi gh-energy x-ray 

suppression characteristics requires a more exact determination of the 

energy-dependent reflective e f f i e iency than thi s model provides . A 

more complcIe ca1cuI at i on inc hiding all eIecIronic resonance* i s 

necessary. The more I horough analys i s shows Iha t t he sharpness of 1 he 

energy cut of f decreases wi th the numher of resonances present in the 

niM I er i al . 

A detailed computer c o d e , 2 REFLECTS, was used to calculate 

x-ray mirror re flec t i ve-e ff i c iency-vcrsus-energy curves for various 

graz i ng ang1es. 1'H i ng a semi c1 ass ica1 d i spers i on theory. this code 

calculates at ami c scut ler ing f ac t or K by an appropr i a I c integral i on 

over photoionization cross sections which include all of the 

electronic resonances. REFLECTS correlates well with empirical 

measurements except in energy regions near x-ray absorption edges of 

1 he mat er i al . 

X-Ray lief 1 ec t or-Fi 1 ter Des i gn 

The three design parameters of an x-ray reflector, 

absorpt ion-edge filter spec t ral-channe1 di scr iminat i on syst em are the 

absorpt ion filter, the re f1ec tor mater ial, and the graz ing angle. The 

chaimc1 def ini t ion, part i cularly the low-energy cutof f, is deIermined 

2 A . Toor and H. F. Finn, computer code REFLECT2 (Lawrence 
LIvermoro Nat ional Laboratory, Livermore, C a . ) . The photo ioni zat i on 
cross sections for subkilovolt x rays used by this code are from 
B, L. Henke, University of Hawaii. The cross sections for higher 
energy x rays are from the LLNL cross section library file CSL0W3/77, 
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by the composi ti on and thickness of the absorption fi]ter, The 

position and effectiveness of the critical-energy cutoff are functions 

of the reflection angle and the Z of the x-ray mirror. Low-Z 

materials with few resonances exhibit the sharpest cutoffs. The 

high-energy cutoff can be optimized if tht reflector and the 

absorption filter are both chosen to have an absorption edge near the 

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

figure 10. 

DPSijjn of Three Spec i fie Subkilovolt Energy Chann?Is 

An intendedi a to goal for SXRSC implementat ion has been lo 

field t iir i nst rumpnt on go 1 d-di sk targe t oxper imerits a t the Argus 

laser facility with three well-defined subkilovolt spectral channels:1' 

the firs! below 1100 eV, the second below 500 eV, and the third below 

700 cV, 

Absorption-edge filter materials with interesting edges in 

this region arc carbon, titanium, vanadium, chromium, iron, and 

cobalt. Carbon, vanadium, and iron were selected us filters for the 

three ehanneIs because they have absorplion edges at 283 eV, 013 eV, 

and 70B eV respectively, and because of their availability and their 

handling characteristics as thin foils. 

Three mirrors were then selected for the sharpness of their 

reflectivity cutoffs near the absorption edges of the corresponding 

filters. Figures 12 and 13 show characteristic re flectancc curves for 

both carbon and nickel at 2°, 3°, 4°, and at 5°. The three selected 

3R, L. Kauffman, G, L. Stradling, and D. T. Attwood. Bull. 
Am. Fhy. Soc, Vol. 23, 880(1978). 



Reflective efficiency 



Reflective efficiency 



a> 0.1 

0.01 0.4 0.5 0.6 
Energy (keV) 

Kiflnrc 11. Efficiencies of three selected x-ray ref I net or s : 
fit .")". nickel at 5 ° . and nickel nt :i° . 
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reflector material-angle combinations are carbon at 5°, nickel at 5°, 

and nickel at 3° (Fig. 14). The reflective-efficiency of carbon at 5° 

falls off rap idly above the carbon edge. Nickel at 5° provides a 

cutoff at 600 eV. Nickel at 3° gives the high-energy cutoff at 

800 eV. 

The throe energy channels were optimized to obtain nominally 

equal flux levels through each reflector-fi1ter combinat ion. The 

responses of each of the energy channels were calculated by folding 

t ogc t her t lie cont r ibut i oris from the i ndi vi dual channe 1 component 3 : 

Hie reflective efficiency of the x-ray reflector, the transmission 

ef fie i nicy of the absorpt ion-edge fi1ter and of the carbon 

photocathcide substrain, and the theoretical response of the gold 

phot oca t bode. The flux level to be expected in each chavino'. was then 

obt ai ued by folding the channel spectral response with t' emi ssion 

spec I rum antic i paled fiom the t argct, and then inlegrat i tig over the 

spectrum. The absorber filter thicknesses were chosen to set ihe 

channo1 responses at the des i red 1 eve 1. 

For i rrari i at ion of gold-d 1sk t argeIs t he spect rum can lie 

rcasonab ly approx imat ed by a I f)0-eV blackbody . ' The response of 1 he 

gold photocathode is roughly proportional to the product of the photon 

energy K and the energy-dependent absorpt ion e ff i c iency of the 

4M. D. Rosen. D. W. Phillion. V. C. Rupert. Xi. C. Mead. 
W. L. Krucr, J. J. Thomson, H. N. Kornblum, V. IV. Slivinsky, 
(i. 3. CaporaHO. M. J. Boy I , and K. G. Tirsell, Phys. Fluids, Vol. 22, 



42 

photocathode ~/J.(E). E//(E) corresponds to the amount of energy 

dcposi teii in the photocathode . 5 

The transmission curves of the filters and the pholocathode 

substrate, and the absorption of the photocathode, are easily 

calculated from low-energy mass absorption cross sections compiled by 

Henke. 6 Figure 15 gives the combination of: an anticipated source 

spec t rum from a go] d-disk target; I tie theoretical E/z(E) cathode 

response for a 100-A gold phnlocathodc; the transmission efficiency 

for the SO-/ig/cma carbon substrate; the three x-ray mirror reflective 

e f f i v iency curves ; three so lee ted filter transmi ss ion curv :: , and the 

foldfd f-oinbina t ;on of them all. A schematic showing the operational 

configuration of the three-channel reflector-filter system is shown in 

f igure I (>. 

The five-degree maximum grazing angle for the mirrors requires 

1 hat t he SXRSC be or iented a I 10 degt ees to the radiated x rays . 

Mirror f ine posi t ioning is requi red in the 0 , ^ , and */ d i rcc t i ons. A 

housing was designed to position the three mirrors and to support the 

SXRSC' at ten degrees with respect to the target chamber port. 

Figure 17 shows the SXRSC assembled with the x-ray mirror nousing. 

5 B . L. Henke, J. P. Knauer, and K. Premaratne, J. Appl. Phys. 
{to be published); B. L. Henke, J. A. Smith, D. T. Attwood, Appl. 
Phys. Lett.. Vol. 29, 539(1976). 

6B. L. Hcnkc and E. S. Ebiau, Advances in X-Ray Analysis. 
edited by C. L. Grant, C. S. Barrett, J. B. Newkirk, and C. 0. Ruud 
(Plenum/New York, 1974). Vol. 17, pp. 150-313. 
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Figure 16. Three-channel reflector-filter operation schematic. 
X rays arc emitted from the laser fusion target and are filtered by 
the x-ray mirrors, the absorption-edge filters, and the photocathode 
subs trate. 



45 

Gate 
valve 

X-ray streak camera 
V»,LI-I sub kijovolt x-ray 

transmitting photocathode substrate 

Target 
chamber 

- Reflective 
filter 
housing 

Figure 17. The SXRSC with the x-ray mirror housing. 



Chapter 4 

CALIBRATION AND EXPERIMENTS 

The SXRSC was tested to determine its basic operating 

characteristics and capabilities. Calibration and basic experimental 

work was performed on the Monoj oul e laser. The overa11 system 

sensitivity was then modi fi ed for high-power target i rradiat ion 

experiments conducted at the Argus laser facility at LLNL. This 

chapter descr ibes the apparatus and the proceedures involved in the 

calibrations. Time-resolved measurements of gold-disk x-ray emissions 

are also presented and discussed. 

Monojoule Laser Fac i1i ty 

The Monoj oule laser is a neodymium:YAG laser capable of 

producing single laser pulses with energies between one and three 

joules and 50-psec to 150-psec pulse widths. The calibrations 

reported here used 1-J, 150-psec laser pulses. The laser operates 

with a passively mode-locked oscillator. Mode-locking is done with a 

saturable absorber. A 150-psec, 1-mJ pulse is swi tched out of the 

peak of the oscillator wave train with a spark gap. The oscillator 

pulse passes through 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 the pulse energy to one joule. 

For x-ray streak camera calibration the laser pulse is 

dirccted through an etaIon to produce a series of optical pulses, 

46 
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Figure 16. The Monojoule laser, a 150-psee 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 pulse. X-ray pulse trains are produced by irradiating an 

i ron s1ab targe t wi th the laser pulso train in an cvacuat ed 

( 1 0 - 5 Torr) target chamber. In full-power operation the Monojoule 

laser can operate with a three-minute repetition period for efficient 

calibration and testing procedures. 

Experimental Conf igurat ion 

A schematic of the experimental configuration is shown in 

i i g u m 19. For calibration the SXRSC is pos iti oned on the targe I 

chamber »t forly-f i ve degrees to the inc ident !aser beam. The 

target-to-cathode distance is 36 cm without the x-ray mirror housing 

and 52 cm wi th t he mirror housi ng in place. Tr igger i ng of the SXRKC 

i s accompIi shed by di ver t i ng par t of the osriI 1 a I or pul so direel Iy 1o 

a photodiodo. The pholodiode generates an electrical pulse which 

triggers the streak camera's avalanche-transistor sweep circuit. Path 

lenglh (raveled by the optical/electrical pulse controls the. trigger 

timing relative to the incident x-ray pulse train. 

Temporal (ali brat i on 

The soft x-ray st reak camera temporal calibration procedure 

consists of recording a string of x-ray pulses with known temporal 

spacing and relative energies. The resultant streak camera data are 

then routinely reduced and analyzed to 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 



49 

Soft X-Ray 
Streak Camera 

50% reflector 
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Figure 19. The Monojoule target chamber calibration and experimental 
configuration. A 500-psec ctalon splits the 1.06-,um laser pulse into 
a pulse train which heats the iron slab target 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. 
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Figure 20. Soft x-ray streak camera calibration data. The streaked 
x-ray pulse train image is exposed on the center of the Kodak Royal-X 
Pan film. A step wedge is exposed on the edge of each film to permit 
a density-vorsus-intcnsily 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 arc taken on Kodak Royal-X Pan film for maximum 

sensi ti v i ty and resolution. After the data arc recorded and before 

the 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 lo ASA 2000 and lowers the contrast of the film to allow a large 

dynamic range to be recorded. Intcnsity-versus-position is extracted 

using a computer-controlled microdensitometer. The stepwedge data are 

interpolated using a polynomial fit to produce a D-logE calibration 

curve charact rri s t i c of both the par t icular development and piece of 

film (Kig. 1M). The density data are then unfolded with the I)-logE 

curve t o produce int ens i ty-versus-pos iI ion informalion (Fig. 22). 

The spat i al separal ion of int ens i t.v peaks di v i deri by the 

cla]on-eontro1 led temporal separation of the pulses (500 psec) shows 

the camera's inverse sweep speed with a X3 sweep card to lie 

1 31 pscc/mm. Sweep 1inear i ty is easily deduced from compar i son of the 

pill se separal i ons along the pul sc train. 

Dynamic range1 is a function of resolution, pulse width, and 

other camera operating parameters. For the temporal resolutions of 

'.S. W. Thomas and G. E. Phillips, in Proceedings of the 13th 
International Congress on Hiffh Speed Photography and Photonics, edi ted 
b> Shin-lehi Hyodo (Japan Society of Precision Engineering, Tokyo, 
Japan. 1979), pp. 471-475, 



52 

5.0-
Degree: 9 Step Size: 2.0 

5.0-
I 1 1 1 1 1 1 -

4.5 - -

4.0 -

3.5 -

3.0 pr*^ "" 

D
en

si
ty

 

J7^ -

2.0 -

1.5 -

1.0 -

0.5 

I I I 1 1 1 n ' I I I 1 1 1 
0.5 1.0 1.5 2.0 

Log exposure 
2.5 3.0 3.5 

F i g u r e 2 1 . D-LogE c h a m c tpr i s t i c 
p o l y n o m i a l f i t t o stcpwotlgc d a t a . 

of t ho f i l m . i t- i tcgrcc 



53 

78090406 Sx-1 
1000 

100 

Time (nsec) 

Figure 22. Streaked intensi t.v-versus-t ime of an x-ray pulse train. 
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interest here, a dynamic range of greater lhan one thousand is not 

unusual and will be evident in the data presented. Full saturation 

was not seen with laser-pulse energies on target as high as 800 mJ. 

X—ray pulses generated by laser energies as low as 4 mJ were easily 

discernible above Ihe noi se I eve 1 . 

The 50—/i-g/em̂  carbon substrate with a 300-A gold photocathnde 

was seen Io be ex t remely uni form across the slit. Figure 23 is the 

cathode response-versus-*:lit pos i t i on informali on taken from the data 

shown in f i gure 20 . 

5—Degree Carbon Mirror Tests 

Preliminary tests were done wiih a 5° carbon x-ray reflector. 

A filter park was positioned in front of the 50-/£g/cm substrate lo 

produce four channo Is, tt 1 with no f i I ler i ng , "'4 , "'3 , and <M with 

fillers of 100-/jg/cm~, 200-/ig/cma, and 300-/jg/cnr of carbon 

respectively. The ralculatod channel response is given in figure 2-\ . 

Data from a one-joule shot are shown in figures 25 and 26. The 

raI nil at ed response shows expec led re 1 at ive channe1 intensities of 

approximately 1, 0.5, 0.2, and 0.! for channels «I through ;<•! . The 

measured re 1 a t i ve intensi t ics were 1, 0.5, 0.3, and 0.1, whi ch is we 11 

within the error of the caleulated es t imate. 

A teal was also performed lo crudely cheek the high-energy 

cutoff property of the x-ray reflector. The x-ray flux from a 

one-joule target shot reflected from the five-degree carbon mirror was 

measured both with and wt thout an 8-^m-thick bery11i um filler. 

Hceause this filter has strong absorption below 1 keY, its combination 

with the reflector should and did absorb all signal, giving a null 
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Figure S!l. An intensity-versus-posLtion scan across .he photocathode 
slit of SXRSC calibration shot data showing the miformity of the 
pholocalhode and the pholocathode substrate. 
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Figure 25. SXRSC streak data of four carbon channels. 
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Figure 26. Intens i ty-vcrHUs-t ime scan of t he streak daI a from t In-
four carbon channel experiment. The ratio of intensities between 
ehanne 1 ifl , whi eh was unf i i tered excep t for t he 50-y.ig/cm2 carbon 
substrate, and channels fi2, #3, and »4 were 0.5, 0.3. . and 0. 1 
retipec I i vcly. 
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shot. Strong signals from similar target illuminations with this 

fi 1 ter , but wi thout an x-ray reflector, verify that suprakilovolt 

X rays are indeed absorbed by the mirror. 

Stepped Photocathode Experiments 

An experiment 2 was performed to empirically measure the 

relative responses of different photocathode thicknesses and to 

de t ermine the opt imiim pho toe at node thickness. A photocathode was 

built with thickness increasing across the slit length in a series of 

steps. This photocaihode consisted of six thicknesses of gold vacuum 

deposited on a 50-//g/cm carbon substrate. The steps were measured 

intcrfcrornclrioa] ly to be 130 A, :M0 A, 550 A, 800 A, 1100 A, and 

:i200 A thick, with a measurement uncertainty of HO A. This stepped 

pilot ocat hode was i rradi ated with a pulse train of subkilovolt x rays 

from an iron target at the Monojoule laser. The shot data are shown 

in figure 27. The most sensitive channel is the lHO-A-thiek section. 

From the discussion of transmission properties in chapter 2, this 

i ndi cat es t hat the secondary elect ron range in go I d is -130 A . The 

narrow bright streaks between the photocathode channels are regions 

which were partially masked during the evaporation deposition of the 

gold steps. 

The average intensity of each channel as a function of time is 

given in figure 28. There is no apparent degradation of the 

photocathode temporal response wi th increas ing thickness. The gold 

photocathode sensitivity can be seen to be a decreasing function of 

2G. L. Stradling,* H. Medecki , F. L. Kauffman, and 
D. T. Altwood, Appl. Phya. Lett., Vol. 37, 782(1980). 



Figure 37 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 channeI \z a factor of six lower than that of the 130-A 

channe]. 

H.LfihrPP-V-?1' Apj>McatJons 

The cali bra t ion shots showed the SXRSC to be very sensi t ive. 

Light pulses on target with energies of BOO mJ produced signals which 

approached saturation. The pr imary use of the SXRSC will be to 

diagnose experiments performed the Argus laser facility, which 

operates with energies on large! of order one kilojoule. Clearly the 

camera's sensitivity must. be decreased by a factor of 10'J to 10'' to 

allow the SXRSC to function as a diagnostic on kilojoule target shots. 

Sens iIi v ily Redue I ion Techniques 

Several methods are available to avoid camera saturation 

during high-energy target shots. The target x-ray signal can be 

decreased by posiIioning the camera farther from the source. Thi s 

prov ides a decrease in s ignal proporIional to r~ 2. The signal can be 

further attenuated using thicker absorption-edge filters. The x-ray 

pholocat hode response to the x-ray si gnaI can also be varied by 

changing the photocathode volume. In addition, the image intensifier 

gain can be decreased or the film speed can be reduced. 

The first three options are best because they avoid excessive 

electron-flux levels 3 in the image converter lube. High electron 

3R. Kalibjain, in Proceedings of the 13th International 
CongrettB on,, .Hi g h Sp e e d Pho t og r ap hy and. Photonics, edited by Shin-lchi 
ilyodo (Japan Society of Preciaion Engineering, Tokyo, Japan, 1979), 
pp. 452-455. 

i 
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fluxes in the image converter lube result in space-charge repuls ion 

ef fee ts and an accompany ing decrease in s i gnal-gain 1ineari ty. 

A reduct i on of x-ray flux leveIs for high-power 1asor shots is 

accomplished by physically positioning the SXRSC three meters from the 

Argus target. This decreases the x-ray flux by a factor of about 

thirty below that detected at the 52-cm calibration distance. 

Figure 29 shows the SXKSC mounted on the Argus target chamber at the 

end of a three-me lor flight tube. Filter thicknesses for the 

rcflector-fi1lor combinat i ons were selected to br i tig the integrated 

responses of the Ihree subkilovolt channels uniformly down by an 

arfdi I i ona) fur-tor of ten from the unfiltcrod response, for a total 

reduction of 1100 due lo these two i loins. The filters selected were 

100-v/g/cur carbon, r>00-^g/rm2 vanadium, and 700-^g/c-m2 iron. 

The pho I oca thode response is a f uric t i on of phot oca t hode 

vo 1 nine . The total x-ray depos i I ion in the pho toe at ho de is 

proporIionaI to the photocathodc area and depends s t rongly on the 

phoIocathode thickness. Tims a factor of four reduction in 

photocathode response can be obtained by decreasing the pho(ocat liode 

slit width from 100 /JIII to 25 /tm, rai s i ng the overall re due t i on faelor 

to 1200. A slit of this width has been produced by an 

e]ectron-di schargo machining {EDM) technique, and is currently be ing 

used on ki1ojoule exper iment s at the Argus laser. The inst rument 

sensiIiv i ty can be control led within an addi t i onal fac tor of six by 

varying the gold pholocathode thickness between 100 A and !i000 A. 

This allows a total signal reduction on the Argus facility of up lo 

-7000 in this geometry, 
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uo 

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

The Argus laser is an advanced neodymium YAG laser which is 

capable of delivering more than 2 TW on target. The laser pulse is 

swi t ched out of the osci11alor, sp tit, and sen' through two chains of 

amplificrs (Fig. 30}. The output beam from the Iast ampli f i er is 

2fl cut in diameter and has a peak flux of 5 .J/cm2. The energy-limiting 

far tor of beam self-focusing is moderated consi derably by high-vacuum 

spatial filtering and beam relaying techniques to eliminate hot spots 

across Hie beam. 

Argus (Jo Id-Disk Shot Data 

Figures 31 and 32 show data obtained with a single-arm Argus 

shei i cuit <i a go 1 d-d i sk targe I. The 100-psec laser pul se had an energy 

of ")l)0 joules . The ful 1 three-re. fl ec tor threc-f i1ter channe I s were in 

operation. The x rays in the 620-cV channel showed a 520—psec full 

width at half-maximum (FWIIM), only siightly longer than the laser 

pulse. As might be expected from semi-equi1i br ium coo 1ing of a 

radiating plasma, the lower-energy x rays were emitted for longer 

times. The 160-eV channel had a FMIM of 600 psec. The 220-eV channel 

had a 710-psec KWEEM. In addition to providing lemporally 

wel1-resolved data , intens i t ies on these first shots iverc we 11 within 

desi rfd f1ux 1 eve I a for this instrument, having been reduced by use of 

a 3-mctcr flight tube, absorption edge filters, a four-times-narrower 

photocathode slit, and a 300-A pholocathode. 



Figure 3). SXRSC temporally streaked x-ray image of 
|Old-disk target shot with three ref lectcir-fi Iter channels. 

an Argus 
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Figure "A\l, Intent*i l y -ve r sus - l ime data of three channels from an Argus 
gold-dink target shot . The three channel ampl i tildes are not 
normalized l» each oilier in th i s i 1 lust rat ion. 



Chapter 5 

FUTURE WORK AND SUMMARY 

The soft x-ray streak camera will require additional research 

and calibration efforts lo maximize its usefulness. There are also 

niterest i ng problems dealing with streak camera technology that this 

instrument is welt suited Id investigate. 

Future Work 

\n import ant part of SXRSC calibration still remains. The 

camera needs to be calibrated to determine absolute sensitivity, or 

s i giia 1 - i 11 to i ntetis i ly-out ga i n . The ref 1 eelor-f i I ler response curves 

m-vfi lo l*r d'-1 rnnincd empirically, particularly around the absorption 

edges where theoretical calculations are unreliable. More work needs 

to be done on opt imi zaIion of present spec t raI ehanne1s, and 

development of more channels for better spectral definition. This 

calibration will increase the usefulness of I he instrument in 

char act I T i v. i;i£ ! :i:;c r iiiad i ated lai^^ls. 

There are a number of app1icat i ons of the SXRSC which are 

currently int eres t ing. The spat i al dimens ion across the phot ocat hode 

H I i t can be used for one-dimens ional imag ing, as with an x-ray pinhole 

camera, or with an x-ray microscope. Time-resolved x-ray pi. ^ a 

wpeot roscopy can be done using var i ous broadband or high-resolut ion 

Hoft x-ray diaperHive devices. 

'J 9 
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In addition, the SXRSC is ideally suited for further 

invest igat i on of the photocathode and image converter tube aspects of 

x-ray streak camera technology. When in the calibration mode on the 

Monojoulc t nrge t chamber, photocathodes may be used, removed. 

examined. and replaced in a normal work day. The effects of 

substrates on phot ocathodc performance can he investigated in detail. 

New phot in-a Ihode materials now under study can be conveniently tested 

and compared with conventional photocathodes in pulsed operation in 

the slrcak i• itinera environment. The vacuum pumping and internal 

pressure- incasiir i ng capab i 1 i I i es of the SXRSC will al 1 ow st udy of 

i nterna 1 image comer t cr lube problems and I imi la t ions . 

Summa ry 

The soft x-ray s t renk camera is a vai uab ! e . absoIut cI\ 

nei-essars addition to the laser fusion diagnostic tapahilitv. \s a 

time-resolved spectrometer, it provides new information In aid tin* 

unders t and i ng of energy t ransporI in 1ascr fusion Iargc t s. Tin s 

instrument is sensitive to photon energies down to 100 e\ I* has 

been calibrated for sweep speed, dynamic range, and linearity. The 

SXRSC lias Ifi-psec temporal resolut ion and a dynamic range greater than 

1000. 

The ext reme ty uni form one-dimens ional photocathode has been 

used with mult ip te reflee tor-fi1 tor pairs to produce three narrow 

channels spanning the 100-eV to 700-eV spec t ru 1 region. An easily 

removable cathode assembly has alLowed pre 1iminary st udy of 

photocathode characteristics. Measurements have been made which 

indicate a peak gold photocathode response for a thickness of -130 -V. 
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The SXRSC has been sucessfully used on high-power Argus experiments to 

show temporal pulse widths for three subkilovolt energy channels at 

220 PV, IfiO rV, and at G20 eV, and is now used as a routine diagnostic 

instrument. 
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ABSTRACT 

Thi s thes i s rev i ews the development and s igni f i came of the 
HofI x-ray s treak camera (SXRSC) in the contexI of incrt i al 
conf ineiueut fusion energy development. A brief introduction of laser 
fusion and laser fusion di agnos tics is presented. The need for a soft 
x-ray streak camera as a laser fusion diagnostic is shown. Basic 
x-rav streak camera characteristics, design, and operation are 
reviewed. The SXRSC design criteria, the requirement for a 
subkilovoll x-ray transmitting window, and the resulting camera design 
are explained. Theory and design of reflector-filter pair 
combinations for three subkilovolt channels centered at 220 eY, 
460 eV, and 620 eV are also presented. Calibration experiments are 
explained and data showing a dynami c range of 1000 and a sweep speed 
of 1 :M psec/nun arc presented. Sens i t i v i ty modi f i caI ions to the soft 
x-ray Htreak camera for a high-power t arge t shot are descr i bed . A 
pre 1 i mi nary inves I igat i on , us ing a s lepped cathode , of the thi <. kne ss 
dependence of the gold pho loeaUiode response is discussed. Data from 
a typical Argus laser gold-disk target experiment are shown. 
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