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INTRODUCTION 

The detai led diagnosis of laser-target in teract ion experiments requires a var ie ty of 
diagnostics techniques and systems capable of making measurements over a broad range of 
physical paramrters with high spat ia l 3nd temporal resolut ions and which also conform to 
some system design and operational constra ints. These rer/jirt-ments, goa's and constraints 
are summarized in Table I . A wide range of physical parameters must be covered and an • 
ul t imate goal in b^ing able to accurately diagnose laser target interact ion experiments, 
is to be able to. make broad var iety of measurements of physical parameters with a spat ia l 
resolut ion of 1 . m and a temporal resolut ion of 1 ps and yet be <iblo to cover the range of 
variables as indicatn-J in Table I. As much as possible, we want to u'.e multichannel diag­
nostic systems to avoid the necessity of having to do repe t i t i ve shots and taking "sampled" 
data that must then be put tog^thnr to form a complete data sot. Another requirement re­
lates to interfacing dugnnst ics to computer aided data anuK i t ion and analysis systems 
for fast and accurate acqu is i t ion , analysts, anil display of data to enhance e f f i c iency and 
Interact ion in th.- expor imcntal program. There are a largo number of types of measurements 
that ^rr made and an j l y / rd on laser fusion experiments, e d i t i n g a need for p ro f i c ienc / in 
using the capab i l i t i es provided hy in ter fac ing diagnostics d i r ec t l y into d i g i t a l data ac­
qu is i t i on and analysis systems. 

Various physical regions, shown schematically in Tig. 1, must be diagnosed during 
target i r rad ia t ion experiments. The opt ica l f i e l d from thn 1 iser wradiatr-s the hollow 

' glass microsphere target ind creates plasma regions jround the ou'side of the target in 
, rthich the adsorption and transport of energy orourd the tar g^l orr.urs. Tho p.jsher, the 
I glass she l l , is more dense, quite hot anil is a copious emitter of x-ray^. In the exploding 
, pusher mode of target operation, character is t ic of car iy f.jsion Urqet expnr .ments, the 
] glass pusher heats up essent ia l ly uni formly, explodes and tho inward r-nploding part of the 

shell compress's the fuel in the center of th*1 target. In tin 1 a b l . u i v pushrr mod*1 of 
' operation, the contemporary trend in target experiments, the outside of the shel l is ablat-
J ed of f more gently and drives the inner and oVder part of Urn shrM inward agam;t the 
: fuel and compressing i t at the center, f i n a l l y , there is the core, toe cnmpresspd fuel 
, region at the center of th t target where the densit ies may jvy ove r q. i i tn a large range 
I depending on the deta i ls of the experiment, the ta rget , and the nature of the fuel mixture 
] in the center. In what fol lows we w i l l t r y to approach the diagnostic problem from the 
I outside in , beginning with a b r i e f discussion of the ways in wh u_h we characterize the 
1 d r iv ing or input funct ion, the energy from the laser that i r rad iates the target. Next 
I some measurements that can be made to characterize the plasma atmosphere w i l l be discussed, 
i then diagnostics that re ia te to understanding the pusher ''mp'_jion phase and f i n a l l y some 
1 techniques for measuring the state of the compressed lore target w i l l be reviewed. 

OPTICAL DIAGNOSTICS 

An array camera (MccQuigg [ 1 ] ) is used to characterize the laser spat ia l in tens i ty d i s ­
t r i b u t i o n on the target . I t is very important when performing target experiments to know 
the spa t ia l and temporal d is t r ibu t ions of energy in the laser pulse that irradiaLes the 
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target. In orde^ to measure the spat ia l d i s t r i b u t i o n a port ion of the incident laser beam 
is directed to two pair*, of mi r ro rs . One of t»'ese pairs is c losely spaced and of known 
r e f l e c t i v i t i e s in order to provide a series of pulses of decreasing amplitude in a known 
ra t io to one another. These pulses in turn ar r ive at another pair of mirrors wedged in an 
orthogon.il plane and separated by a sui table distance so that the change in path length on 
each subsequent re f lec t ion is su f f i c ien t to s h i f t the e f fec t i ve plane of focus a known 
amount in object space. This system is very care fu l l y set up and ca l ibrated so that the 
two-dimensional array of images that ap.iear on the f i lm represent a series of images at 
d i f fe rent in tens i t ies that correspond to in tens i ty d i s t r i bu t ions in speci f ic planes of the 
main beam *here a target can be pi seed. Each column of images in th is array, for example, 
rnnsists rtf a so'"C, nf time iiit^gr.-ited pic turns at the sane equivalent oh jer t plane but 
attenuate) i . -Mt ivc to each othe*' by the known factor . The known in tens i ty step between 
pulses prn, i,ii>«, VJ t m . i t ' f c i l i b r a t i n n of the earner i durino. the scanning and the evaluation 
of the <s-\\ •, (Krtr.CjMi'-jQ [\]). Each row then represents a series of images at d i f fe ren t 
equivalent t.'-mes. By an.i lyj ing imay-s in the row corresponding tn the target pos i t ion 
t<>r sp - i t n l p r o f i l e o' the op t i ca l energy incident nn the target can he determined. 

In ur.l.T- to m'M'.ijre tho terrpcal h i s l r r y of the laser pulse h i t t i n g the target , we u»e 
a device fcrm*n as an u l t ra fast streak camera (Korobk in [?J) . The camera is an opto-elec-
t rnm-. d ' .v i . i ' in which Hie laser pulr.o [or o th i ^ op t ica l signaP tn be measured is incident 
on a s l i t (no ' . i .n l l y ?b • m h-gn) v,h u h ;s then imaged onto the photocothodr (if an image 
c o r w r r f r tubr. The electrons emitted frnTi the » l i t shaped i l luminated region of the 

1 phntnralhn.Je j re accelerated and forusseri and then swept by means of a pair i^f de f lec t ion 
'. plates to which a sui table voltage pulse ic- applied to produce a streaked image on the 

pnospho*" si'reiMi at the back of the tube. That phosphor image is in tens i f ied by an image 
lnVns i f ier a'l-i then rpcvdr'J «̂n ptn-'n-jf^ph ;c f i lm for anai ' /s" ' . !n Ib is wav the temporal 
in tensi ty -ersus tiir.c ' n s t o r j of the ire ident op t ica l siyna"; is converted into a b r i gh t ­
ness, or r 11m exposure, VC'VJS posi t i ' in imagn at the back j f the care-'a. The time resolu-

; t i on l i a b i l i t y of such cam-ras drc in the 1 - 10 ps range •%•: t n a t o t . ) recording t i i ie in 
' thL1 rangn of abojl 0.5 - ? r-scc. From conbined streak carrot 3, a r ray camera, and calorins-
1 eter {O/aoski [ 3 ] , Cunn [A]} data, which provides to ta l pulse energy accurately, a complete 
, temporal and spaPa'i d i s t r i bu t i on of the laser power incident on the target can be deter-
{ mined. 

I In conducting experiments not only is i t important to know the deta i ls of the incident 

j pulse that h i t s the target but i t is also important to be able to measure the propert ies 
j of whatever l i gh t is scattered nr ref lected from the target in order to understand the 

absorption, the energy balance and the energy pa r t i t i on ing occurring in the experiments. 
J A number of measurements, s imi lar to the types made on the incident beam, are made. A 
. mul t ip le array earner?., a calor imeter, and a streak camera p-nvide spat ia l and temporal 

deta i ls of the ref lected l i gh t . A spectrograph (time integrated or t ide resolved) can be 
used to study the spectral propert ies of the re f lec ted l i gh t . In add i t ion , arrays of 
photodiodes and plasma calorimeters are placed in ternal to the target chamber to meas ire 
the angular d i s t r i bu t i on and amounts of scattered l igh t and of the plasma blow o f f from 
the target . Ihcse types nf measurements a™ essent ial for detai led studies to understand 
the par t i t i on ing of the energy and the e f f ic iency of coupling of the laser beam to targets i 

L.lH.a var iety of target in teract ion exper :ments.--The data from these-measureroeats, togethec-J 
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with the resul ts of the measurements on the l igh t back-ref lected through the lenses that 
focus the laser pulses onto the target then provide a detai led energy halance picture fcr 
a given experiment. A number of x-ray diagnostics instruments, which wl P be d'sC'.-ssed 
later^ ^rc also placed at various posit ions around the tar ;jot both w i th in and outside of 
the target chamber. 

t i some experimental s i tua t ions , a so-cal led box caln-imcter is used to make very _ccu-
rate measurement*", of the l i gh t absorption. In th is case, the calorimeter i -«i been devised 
to surround the target as completely as possible and \ i tercept the nearly t o ta l amount of 
1.06 irm l igh t scattered during the i r r ad ia t i on . A transparent shie ld blocks ions, x-rays 
and target debris from the calorimeter absorber. Light re f lec ted back through the entrance 
aperture or transmitted around or through the target and O'lt a hole in the back of the 
calorimeter is recoll imated and measured in separate calor imeters. This technique while 
providing Accurate measurements suffers the drawhack nf completely surrounding the target 
and eliminates the use of many other possible diagnostics on a given experiment. I t is 
therefore not used a l l the time but is used in cases where the highest possible accuracy 
noasurciicnts are required for absorption studies (Manes L ^ ) -

ULTRAVIpU_r__PRQB!_NG 

In order to understand more of the de ta i l s of the energy absorption and transport in 
laser target interact ion experiments, in addit ion to the energy balance and input pulse 

> characterizat ion measurements described e a r l i e r , i t is also necessary to understand some 
' of the deta i ls of the electron density d i s t r i bu t i on in the plasma atmosphere surrounding 
I the targr t where the l i gh t is absorbed and energy transport occurs (Fstabrook [ 6 ] J . One 
! way to no th is is to probe through the low density (• 10 e/cm ) plasma atmosphere and 

measure the electron density d i s t r i bu t i on in that plas-na via in ter f r i-omctry. The charac­
t e r i s t i c s of the electron density d i s t r i bu t i on together with -clie knowledge of the charac-

; t e r i s t i c s of the input pulse can provide important information in describing and under^ 
standing the processes of absorption and transport that are tak i rg place. The c r i t i c a l 

l density for the LOG tJn heating pulse, where absorption occurs, is 10 electrons pe*" 
I cubic centimeter. In order to keep the re f rac t i ve turning angle of the probe pulse to a 
I small enough value that reasonable co l lec t ing and viewing optics can accept the rays prob­

ing up to that c r i t i c a l density, i t is necessary to minimi?e the r a t i o of the probing 
pulse wavelength to the heating pulse wavelength and to keep the ?.i_e of the plasma small 
(Attwood [ ? ] ) . In our experiments we have chosen to use the fourth herrr.onic of the neodym-
ium laser pulse that heats the target as the probing pulse. The spat ia l resolut ion of the 
interferometer used to measure the electron densit ies must be su f f i cen t l y high to resolve 

1 small spat ia l scale lengths in the density d i s t r i b u t i o n . Furthermore the probing pulse 

duration should be as short as possible compared to the heating pulse duration in order to 
1 obtain a " f lash-stop act ion" photograph to freeze the motion of the electron density d i s -
| t r i b u t i o n that is characterized by an expansion ve loc i ty of = 0.1 urn psec at time*; of 

in terest when the interferograms are taken. 
In an arrangement that is used at the livermore Janus laser f a c : l i t y to obtain the 

i short four th harmonic diagnostic pulse used in u l t r a v i o l e t plasma probing experiments, ha l f 
Lof_-the_output o f . the Janus_laser.osci lUtor_.is .selected to be ampli f ied .in an-.auxillary_.-___ 

file:///itercept
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ampl i f ier chain while the remainder of the osc i l l a t o r pulse is ampl i f ied by the main laser 
and used to i r rad iate the target . The diagnostic pulse, af ter amp l i f i ca t ion , is then s u i t ­
ably conditioned and converted in a sequence of two crysta ls into the four th harmonic 

: (2660 A) of the neodymium l i g h t . The pulse is shortened at th is point by the frequency 
conversion process to about 15 ps in duration as compared to the 30 ps duration of the os­
c i l l a t o r pulse and thus of the 1.06 i.m heating pulse that i r rad iates the target . The 15 
ps u l t r a v i o l e t probing pulse passes through an adjustable t i r > delay path so that the time 
of a r r i va l of the diagnostic probe pulse at the target ran be varied re la t i ve to th-_ main 
heating pulse allowing interfprograms to be obtained at d i f fe rent times during thp interac-

: t ion process. The reason for choosing th is probe pulse generation technique is to maintain 
very precise synchro*! ts"i b^Uoen the heating pulsr- and the diagnostic pu'se. Since these 
pulses arr 30 ps ami ^ ps rt",por t i ve ly , prer isc synchronisation hotwren them is '"equireC 
in o rd f ' t - r.ikr- adj i is^ f i ts on TiPinincjful t iw 1 scales fc changing the probing time re la ­
t ive to the hcat'ng pulse. A 'mlrgraph ir interferometer is used to obtain the electron 
density d i s t r i bu t i on data iMtwood [ 7 ] ) . Ihe fourth harmonic probe pulse is s p l i t i ii to 
object and reference N-ams, sent through a path equal izing arm, and propogated through the 
target chamber onto '.he holographic plate behind sr\ appropriate interference f i l t e r . 

! Double exposure holograms arc made in ordrr to obtain an interferogram which shows the 
: l ine integral of electron density p ro f i l es at the time at which the exposure is made. 
. Holographic interferomotry was chosen because.* of i t s re la t i ve s imp l i c i t y , s t a b i l i t y , the 

f.\ t that very l.igh c,odlUy o p t i n l components flro not required, and, of ^<eat importance, 
, precise focussing of the interferometer is not necessary since the correct focus can be 
'obtained in thi* reconstruction process to ol i t r rnate spurious fr inges in the in ter fet ogram. 

Results of nras'jrompnts of th is k i .id on 40 ..m diameter hollow glass microsphere targets 
1 M 2 
• at about 10 W/cm i r rad ia t ions wen1 the f i r s t to d i r o c l l y Miow and ve r i f y the theoret­

i ca l l y predicted effect of electron density p r o f i l e steepening in the corona plasma produc­
ed at S | f f i c i e n t ! y high in tens i t ies by the pon-'crmotive force of the incident laser pulse 
(Attwood 18]). Density scale lengths shorter than 1.6 ;.m near c r i t i c a l density have been 

j observed as shown in Fig. ?. An intcr ferogran taken at the pea* of the 30 psor. target 
! heating p i lse is shown on the l e f t and the Abel inverted axial electron density p r o f i l e is 
i shown on the r i gh t . This resul t provides experimental suuport of theories for absorption 
: and transport processes based on the existence of the mo-'ified p r o f i l e . Without the meas­
urement capab i l i t y providing 1 ,.m spat ia l resolut ion and 15 ps temporal reso lu t i on , d i rec t 
measurement of th is process would not have been possible. Interferomctr ic measurements 
have also been made on th in planar p last ic targets. In these cases the electron density 
d i s t r i bu t i on is much less uniform and there is evidence of a density cavi ty in the center 
of the plasma d i s t r i b u t i o n . There is also evidence of small scale r i pp l i ng near the c r i t i ­
cal density surface and a b lur r ing of the outer f r inges gives an indicat ion that the blow-
of f ve loc i ty or the f r inge 'notion ve loc i ty due to the changing density p r o f i l e d i s t r i b u t i o n 
is occuring faster in th^s case than i t was on the microsphere targets. These observations 
of the contouring of the surface and the existence of structure on the c r i t i c a l density 
surface are important observations in providing experimental ve r i f i ca t i on of models that 
have been used to calculate the character is t ics of resonant absorption during laser i r r a d i ­
ation processes (Es*.abrook [ 9 ] ) . 

Jhe. existence and magnitudes of the magnetic f i e lds generated^ in laser produced pl.asmas_J 
/.Mlr*r/.,..i. to, n/vv: -- {•'<:<•< ,,v 
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I w i l l be important in developing an understanding of the i r e f fec ts on absorption and t rans-
J port processes w i th in the plasma (Kruer [ 1 0 ] ) . By probing through the plasma wi th the 
' l inear ly polarized 2660 A probe pulse, the angle of Faraday ro ta t ion of that plane of 

po lar izat ion due to f i e lds can be measured. This data, together with the in te r fe ror ie t r l c 
J Information on the size and density d i s t r i bu t i on of the plasma allows the magnitude of the 
• magnetic f i e l d to be calculated. Magnetic f i e l d measurements have been made at Livermore 
I and at other laboratories conducting laser fusion and laser plasma in teract ion research, 
[ recently producing 3 range of resul ts with the highest f i e l ds approaching one megagauss 
| under cer ta in experimental condit ions (Stamper [ 1 ! ] ) . The role of these f i e lds in the 
i laser target interact ion and energy transport processes are not yet »ul ly understood. 

X-RAY _MEASJJREME_NT5 

Laser i r radiated targets arc copious x-ray emitters and diagnostics of these x-rays can 
provide detai led information in helping to understand and describe the proc??ses occurring 
during the interact ion and subsequent performance i f the target . A typ ica l time integrated 
x-ray spertrum obtained from a glass microballoon target i r rad ia ted wi th a neodymium glass 
laser covers the range from suh-keV to several tens of k i l o v o l t s . A port ion of a typ ica l 
tin;o integrated spectrum (up to 10 keV} is shown in F ig. 3. X-ray spectral data is obta in­
ed on a single shot with a number of d i f fe rent instruments a l l of which aye ab^olutn ly c a l ­
ibrated as indicated at the bottom of Fig. 3. X-ray fluences of 10 - 1 0 - 7 keVAeV 
in the few keV range of the spectrum are omitted in contemporary experiments on glass 
microshell targets. A var iety of crystals are used for x-ray spectroscopy. These range 
from the lead myristate used at very low energies with moderate to lo^ resolut ion to high 
resolut ion quartz crysta ls which can be used over a range of Bragg angles for energies as 
high as 1C keV. A t reat deal of the x-ray energy from target i r rad ia t i on experiments re­
sides ir a port ion of the spectrum below 1 - 2 keV. [n order to understand f u l l y the ener­
gy balance and enerqy pa r t i t i on ing i t is necessary to measure the x-rays in that region of 
the spectrum. For this reason we have developed and begun to use detector systems, to 
diagnose the sub-keV spectral region fS l iv insky [ 12}) . Basica l ly , they are multichannel 

: instruments, which provide spectral windows through the use of grazing incidence re f lec t ion 
to provide a high energy spectral cu to f f , and transmission f i l t e r s to provide the low ener­
gy cutoff to give f a i r l y wel l-def ined spectral channels or through the use of appropriate 
transmission f i l t e r s alone. Spectral windows with widths of 200 - 300 eV in the ^ 0.2 -
1.0 keV range are obtained by these techniques. The fast windowlcss x-ray diodes used in 
these instruments have a response time of less than 100 ps. When coupled T.o su i tab ly fast 
osci l loscopes, th is combination can provide overal l instrumental time resolut ion in the 
150 psec range. 

The higher energy port ion Df the x-ray spectrum above 2.5 - 3 keV is measured by a s i l ­
icon p in diode array using K-edge transmission f i l t e r spectral de f i n i t i on (UCRL-50021-74 
I13J). This is a technique that ; s being used for x-rays in the energy range of a few to 
about 10 keV in present experiments and provides s u f f i c i e n t l y well defined channels to 
p lo t an accurate representation of the spectrum so long as the spectrum is f a l l i n g with 
energy. This monotonic decrease is an important consideration in using the K-edge f i l t e r 

|_technique for obtaining good energy discr iminat ion and accurate de f i n i t i on of_the energy 
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windows covered by the d i f f e ren t channels. As we progress to higher energy experiments us­
ing the larger laser f a c i l i t i e s now coming on l i ne , for example Shiva, we ant ic ipate that 
the high energy x-ray spectrum may increase and that we w i l l have d i f f i c u l t i e s wi th channel 
d e f i n i t i o n , and with interference and shie ld ing of detectors. A f i l t e r f luoresces measure­
ment technique, has been designed and is now being implemented for use on these systems. i 
This is bas ica l ly a system that w i l l provide wel l -def ined channels by using f luorescer 
f o i l s together with sui table transmission f i l t e r s in order to provide high energy x-ray j 
spectral channels, and at the same time al lowing e f fec t i ve separaticn from the target and 
shielding of the photomul i tpl iers or diodes. ; 

The x-ray diagnostic techniques and systems reviewed to th is point have a l l been basic- i 
a l l y for time integrated measurement*.. Now techniques that are used for making time re­
solved measurements on a picosecond t ine scale w i l l be reviewed. An u l t r a f a s t x-ray streak j 

' camera has noon developed far use in diagnosing laser plasma in teract ion experiments ! 
(McConaghy [ H ] ) . The basic concept of operation of th is camera is vary much the same as F 
for the opt ica l streak camera as discussed ea r l i e r . The main di f ference is that a sui table 

! x-ray transmissive vacuum window ( ?5 ;JH Be) and an x-ray sensi t ive pho^ocathode { • V00 A j 
Aj) have been subst i tuted on the image converter tube. The time resolut ion of th is camera 
is 15 ps, somewhat less than the op t i ca l camera because of the larger energy spread of the 
c-ithode photor-lpctrons in the x-ray case. 

In one mndii of use of this x-ray streak camera an arrav of K-edge f i l t e r ^ is placed 
j across the input pholocathode s l i t sn that the streak record contains time resolved inform-
; ation m a var ie ty of x-ray spectra 1 bins as determined by the par t icu lar sets of K-edge 
] f i l t e r s md p r e f i l t e r i n g that are chosen (Attwood [15 ] ) . Several of the f i l t e r s are used 
1 with mul t ip lp thicknesses to obtain in tens i ty ca l ib ra t ion information on the streak record. 
• From the re la t i ve x-ray in tensi ty as a function of time in the var ous spectral channels, 

time dependent temperature information can be obtained. F ig. A shows an example of such 
; time resolved x-ray streak camera data. D^ta of th is kind is valuable in studying the 
! energy absorption, healing, and transport processes occurring in plasma interact ion exper­

iments. 

Time-resolved x-ray emission h is to r ies measured with the x-ray streak camera can pro­
vide basic data on laser implosions of glass microsphere targets (Attwood [ 15 ] ) . The r e l a ­
t ive x-ray in tens i ty p lot ted as a function of time for a par t icu lar energy channel in the 

! muUi-x-ray energy channel ^treai. record shows a double-humped structure that can be ex-
1 plained in terms of the operation of these exploding pusher targets. Fig. 5 shows examples 
i of time resolved x-ray emission h is tor ies for three d i f fe ren t implosion experiments. The 
i laser pulse incident on the target quickly heats the glass shel l of the microballoon, i t s i 

temperature r ises and i t begins to emit x-rays as indicated by an i n i t i a l r i se of the x-ray I 
s ignal . At some point in th is process, the shel l explodes, i t s temperature and density 
drops, thd x-ray emission drops, and there is a dip in the x-ray temporal h i s to ry . Then 
the inward exploding part of the shel l compresses the enclosed DT gas f u e l , and eventual ly 

, stagnates the center. The k ine t i c energy is converted into thermal pr.ergy at stagnation 
I and a second burst of x-rays is emitted as evidenced by a second pea!* in the x-ray temporal 
! p r o f i l e . The temporal di f ference between the f i r s t peak, which corresponds to the heating 
i of the s h e l l , and the second peak, which corresponds to the stagnation of the imploded I 
I target .sheVLat the center, can be interpreted as an implosion t ime,_. for the two . i d e n t i c a U 
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1 experiments In Fig. 5 the x-ray signatures are the Sam? whereas for the tower power, lower j 

performance shot a s ign i f i can t change in the p r o f i l e and "implosion time" is evident. Data j 

( of th is kind has provided important information for comparing wd developing code ca lcu la -
! t lons of target performance. j 
i The x-ray streak camera ji"»t described is useful in the x-ray spectral range from about , 
. 1 keV to 20 or more keV. The low energy cutof f is determined by the th in bery l l ium vacuum 

window used to sea}- the image converter tube and provide the photneathode substrate. As i 
. was mentioned ea r l i e r , a s ign i f i can t part of the x-ray emission in these types of exper i - ( 

; ments resides in the region below 1 KeV. A modif icat ion of the x-ray streak camera design 

: which w i l l allow us to s i gn i f i can t l y reduce ..he spectral threshold of the x-ray streak cam- ' 
! yra involves removing the bery l l ium vacuum window from the streak camera s l i t and replacing 
• i t with a very th in rarhon substrate which w i l l support the Au photocathode. This window j 
| w i l l not withstand atmospheric pressure di f ference so the design of the camera system be- | 

comes physical ly more complex requir ing pumping on both sides of the s l i t and carefu l con­
t r o l of operating conditions.. In order to el iminate the higher energy x-*ays and to be ab le , 
to accurately measure the low energy port ion of the spectrum, gracing incidence re f lec to rs 
are used to d i rec t the low energy x-rays of interest to the phntocathode. Combinations of f 
mirror materials and angles and transmission f i1te» s make simultaneous recording in several i 
sub-keV channels possible. This capab i l i t y great ly enhances our a b i l i t i e s for high time 
resolut ion measurements over a very broad range of the x-ray spectrum, down to the 100 eV 
range -

i 
i X-RAY IMAGING 

To th is point the discussion of x-ray diagnostics have related to d i tyn .sing the low 
density plasma corona and the hot imploding glass shel l of the target . The emphasis has ' 
been on spectral measurements and on time resolved measurements but there has been no imag- j 
ing used to determine the spa t ia l d i s t r i bu t i on of the x-ray emission from the target . X- ray ' 
imaging plays a very important role because i t allows us to look at symmetries, evidence of | 
compression, and to learn more about target dynamics and d is t r ibu t ions of temperatures. Our ' 
goal is to be able to image x-rays with 1 ,n\ spat ia l resolut ion and 1 ps temporal resolut ion 
for the purposes just described. 

Pinhole cameras are very convenient instruments to jse for x-ray imaging (Campbell [16]) . 
They have been used widely for th is purpose, they are good survey instruments, alignment is 
not a par t icu lar d i f f i c u l t y and the technique can provide resolut ion of a few microns wi th 
a few micron pinholes placed close to the target. X-ray microscopes based on gracing i n c i ­
dence re f lec t ion from appropriately curved surfaces of fer advantages of high resolut ion at 
r e l a t i ve l y large object distances to avoid problems from damage, especia l ly in high energy 
experiments (Boyle [17 ] ) . The Kirkpatrick-Baez microscopes which are based on double r e ­
f l ec t ions from orthogonal cy l i nd r i ca l mir rors , have so-far been the work horse of the x-ray 
imaging work at Livermcre (Seward [ 18 ] ) . Fig. 6 is a schematic of a 4-channel K i rkpa t r i ck -
Baez x- ray microscope. They use a four channel conf igurat ion to obtain x-ray images in 
four d i f f e ren t spectral bands in the 1-4 keV range wi th a spat ia l resolut ion of about 5 ym, 
Axi-symmetric microscopes comprised of hyperbolo id-e l l ipsoid combinations, known as Wolter 

l_microscopes» o f fe r potent ia l for somewhat higher resolut ion with the advantage of having 
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'much higher so l id angle for co l lec t ion of x-rays by about a factor of a thousand as compared 
with the Kirkpatr ick -Bacz ricroscope (Boyle [ 1 7 ] ) . This is iroDortant In appl icat ions where 
vory high sens i t i v i t y and throughput is required. Another x-ray high reso lu t ion imaging 
technique is the use of rone plate cameras consist ing of coded apert j re microst.-uctures in 
the forn of Fresnel zone plates (Ceglio [ 1 9 ] } . The technique of f resnel ^one plate coded 
aperture imaging is indicated 'chematica11y in Fig. 7. They are used in the shadowgraph 
mode and are part iculat ly valuable for wavelengths shorter than those accessible by gracing 
incidence re f lec t ion microscopes. Newer techniques based on advanced zone plate structures 
anf1 perhaps phase plate structures of fer promise for e f f i c i e n t x-ray beam manipulation and 
focussing. Crystals can also b-: used in a mode to provide some energy select ive imaging 
capab i l i t i es , which whpn combined w>th suitable probing sources, can resu l t in e f fec t i ve 
systems for probing tarqets to measure density d is t»" ibut inns, conf igurat ions, and perhaps 
dynamics. 

An example of the type of data oKaincd from x - r u y imaging is a set of : !..;e integrated 
images winch show the ef fects on target implosion of focussing oeomet-> and t iming of the 
incident laser pulses. Analys's of such data provide., a means of opt imizing ihe i r r a d i a t i o n , 

i conditions for most uniform heating and implosion, | 
In the /one plate coded imaging tcrhniuue radiat ion from the sourer passes tln-ouqh a 

Ficsnel zone plate coded aperture, and produces a shadowgraph of the zone plate on a su i t -
' able f i lm plane. In order for th is technique to wrrk, sharp, c r isp shadows must he cast by 

each "source point" in the object . This means that the technique CAT) be used for any kind 
of source amission or radiat ion for which a sui table ended aperture, that i s , one that is , 
comprised nf i ' ' ' - rnately opaoue and transparent zones for the par t icu lar rad ia t ion '.o he 
imaged, can he b u i l t . Furthermore, the requi i ...mont that sharp shadows be cast moans that 
d i f f r a c t i o n cannot ho to lerated i n th is app l icat ion. For the case of x-rays, that require­
ment (.'laci'S l imi t - i t ions nn the x-ray wavelength re la t i ve to the s i / * 1 of the /ones. Once 
the shadowgraph has been formed, {the f i r s t step of th is two-step process} in which each I 
"pn : t " in the sou'r.e has created a unique shadow, so thar the combined source has p'-ou'ueed 

i ••, •. t r ' b j t i o n of overlapping shadow patterns nn the f i lm plane, a sui tablp "aser car be 
b->p<i t'.» r fconstruct that coded image {the second step) to provide a rea l image of the o r i g - • 
inal source d i s t r i bu t : m . In addit ion to having the capabi l i ty of providing high spatia) i 
reso lu t ion, which is determined by the geometry of t^e system and the charac ter is t i cs of i 

: the zone p la te, the image is also tomographic. That i s , the three dinens'onal cha rac te r ^ - I 
t i c s of the source can be recovered by reconstructing images in d i f fe ren t planes and record- I 
ing them separately. This provides a d i s t i nc t advantage over techniques in which the three 
dimensionality of the source d i s t r i bu t i on is not d i r ec t l y recoverable. The zone plate 
technique has been used to image thermal and supra-thermal x-rays from target i r rad ia t i on 
experiments, (Ceglio [19 ] } and also to image alpha par t ic les from the thermonuclear burn in 
the center of the compressed target (Ceglio [ ? 0 ] ) . A spat ia l resolut ion of 3 urn has been 
real ized with th is technique using a 100 zone free standing 5 t,m thick Au zone plate with a 
5 un zone width. Details of the second appl icat ion w i l l be discussed fur ther on. 

TIME RESOLVED X-RAY IMAGING 
I 

i The x-ray imaging discussed up u n t i l now has been time integrated, in other word., the _ ' 
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image recorded is integrated over the to ta l duration of the x-ray output for a given exper­
iment. I t is very important to be able to do time lesolved x-ray imaging to fur ther under­
stand the Interact ion and implosion processes. One technique tha* has been developed for 

] time resolved x-ray imaging uses the u l t ra fas t x-ray streak caiiiera discussed ea r l i e r in con-
. junct ion wi th an x-ray pinhole carera (Attwood C?l3K the technique is shown vhemet t t&Hy 

in Fig. S. Thn pinhole camera has hign magnif icat ion [SOX) in order to compensate for the 
i spat ia l resolut ion l im i ta t ion f*j 100 ..m) of the streak camera and s t i l l provide high rcso lu -
1 t lon imagini or the t<jrget. The image of th#» target Is care fu l l y aligned nnto the streak 
1 camera photc- athode in such a *ay that the target diameter is placed on the photocaltnde 

s l i t . As the targnt is i r rad ia ted i t bpgins to emit x-rays and the resu l t ing U**eaV camera 
record w i l l then show thn x-ray emission posi t ion across the diameter of thp target as a 
funct ion of t in"*. In th is way, s<nce the x-r,i/^ bp'ng detrcfed in thpse experiments <irp 
predominately l^ose that come from the glass of the hot target w a i l , information on thp 

. implo*>»or. dynamics an-1 the implosion time is obta'r.nd by the d ' r e r i ohscvat ton of the x-r$y 
, emission posi t ion with time from the streak rerord. A par t icu lar d i f f i c u l t y with *mpI. moot­

ing th is technique is the v c y prec is* alignment that 's required In ensure that the data 
obtainrrl is correct ly tnterpretahle as Just desrrlhed. As can be seen by inspection of 
Fig. fl, a misa 1 igment of the target image on the s l t l by one target r<idtus w i l l completely 

I remove the imago from the streak came* a s l i t phot cathode and no signal w i l l be rrenrded. 
. That means that s'ncc the compressed w r of the target may be on thp order of 10 . m, or so, 
I that the alignment arrurary at the pinhole must be rionp tn a minon V y e ' . An acrurate opt 1 - • 
• cal technique has hoen developed tn o» dor to accomptisi. th is ali()nfi>ent 'Altwood ' ?\ J, ] 

Attwood [??])• In order to obtain a high resolut ion x r jy imiye, the s u e of the x-ny ! 
pinhole tha*. images the I irgpt onto the streak camera must be kept wr/ «,ma 11; the diameter 
of the pinhole used is about 6 ,.m. Such a small pinhole p. oriuces severe d i f f r a c t i o n at 

| longer opt ica l wavelengths so that op t ica l alignment tn the ir curacy required would become 
for a l l p rac t ica l purposes impossible. In order to solve th is problem ,i d ichr^ ic pinhole [ 
is used (Attwood [?? ] ) . The x-ray pinhole, the small high resolut ion x - r i y imaging p inhole, 
is laser d r i l l e d in a piece of glass doped with a high-? o>m-nt , either tungsten or tanta­
lum. This glass is an e f fec t i ve x-ray absorber but i t is op t i ca l l y transparent. A th in i 
(1? iim thick) piece of gold with a 1?5 .m diameter pinhole in it ", Incatrri r e la t i ve to the > 
tungsten glass so that f hc laser d r i ' V d pmnolc is conc-ntr ic wi t ' i th<- '7S .m pinhole in 
the gold. The resu l t is a ronpo-i tc system that provides a !?$ .m op t i ca l pinhole for the 
alignment and a concentric 6 ,.i.i x-ray pinhole that provides the high resolut ion x-ray imag­
ing. The technique has been used to ef fect system alignmen* .o a few micron accuracy by 
centering the target in d i f f r a c t i o n rings produced by apertures in the HeNe laser alignment 
system (Attwood [21 ] ) . Time resolved x-ray imaging data has been obtained wi th th is tech­
nique on glass microsphere targets i r radiated from two sides at the Janus laser f a c i l i t y . 
Ihe space-time resolut ion in the images is 6 i.m and 15 pser, res. x t i v e l y . F ig . 9 is an 
example of time resolved pinhole data obtained on a target experiment in which a glass 
microsphere target was i r rad ia ted simultaneously by pulses from two sides [the l e f t and the 
r i gh t in the f igures) . The l e f t hand photo is the actual streak record and the r igh t hand 
f igure shows the x-ray isoemission contours. From analysis of the x-ray streak records, | 

| implosion ve loc i ty p ro f i l es can be obtained. Veloci t ies of 2 - 3 x 10 7 cm/sec have been I 
I measured d i r e c t l y for 70 t-m i n i t i a l diameter targets . This type of data is very important ' 
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, 1n order to compare - * ^ h the code calculat ions of target performance and has prtwtdpd ] 

important cxpcV-onta l input parameters for target design c a l c u l a t i o n . I 

The nejtt step i» the development of the time resolved imaging technique of course would 

! be the a b i l i t y to obtain sequences of f u l l , time resolved, two dimensional ^ages instead 
; of being l imi ted to one dimension of spat ia l imaging because of the sHt 'Shaprd nature of •> 
1 streak c i w r a photocathnde. Work is underway on the development of a technique capable of 

• providing u l U a f a s l two dimensional frames (Kal lb j tan t?3 ] ) . This drv i re evafces >w*avy use 

of th«; technology developed for opto-eler t rontc image converter based u l t r . , fas t s t rea i cam-

tras wi th some modif ications tn the basic operation to allow stat ionary frames in te . M a i n -

ed. Testing with a 'ahnratory domrnmtable P'Olotvv? tubf ha^ riWnnUratPri reconstructed 

frames each with a t o ta l time duration of about IPS ps rnrTnnMt.pl nf * ser .— n r 10 • IS 
1 pser time i <",n lut <on c I C T T M S . fr- addit ion to th i s very hiqh » t«r r o w i . h o n »t i \ a'sn 

j important lh.it the spat ia l resolut ion in thr image >s qu i t " h igh, belter th jn v m. Tht*; 

parameter is *p>-y important fo» meet>ng the vpQtjfre"*"it for vnry Mgh -,j '.tt>t! n»*n'ut imi 

! iwagrry. Tho present status of th is development t', that twn framing r^npra tithes a» r prr<,. 

i r n l ly m fa! 1 ' i t a t i o n , one with a v i s ib le photncat'uvN- t *» .i t ran hp m.»»rt 'n conjunction with 

a shnM p-jl'.r visil>l«* laser md othn opt ica l s i g n j U . tn st-,-'y short p j l s r npr - j t i n n ,jnrt 

In :a ' i l>tat ' " ! ( ,e ope-i t inn nf the device. The second lul io, with .. t - ray phntnf athodr, •% , 

for applications tn l i rg- ' t •) iagnost ' f s, We ant ic ipate being t ' ' ! r t,i rpr ine the operation 

j of the devur*. tn achieve framr times in the sub 100 picosecnM ••,in(;r. 

coRf DIAGNOSTIC* 

Wr now wish in t i c ' i l i a d i s tu ' s 'on of some nf thr toehn n i ^ s u«;r1 !o « r . u : r r to f 'Mrat - ' 

t r r i s l i c s n f the -mp 1'vlr ! rorc jnd the rompr* '.',ed fur • m I l*.«" fic,i-in t a ' ' u M S- Thr* V in<;% 

of * <i' g' • t s wr- are eo'is nVr <ng an;J wo* • * nq ^it'> b a s i c * ' 1 / r o i ' . -.t i f t^i*> w.iMr) -J'I-DV. mifro.-

; sphrff targets f i l l e d w t ' i deulor ium-l-- it turn qos. As J target is hoit^, | ,inH c-mprrs'.rrt an 

indir.ito* of target pc f c 'Tan t c is (."--^idej bv t t v *rierrpnnjrl .-• •• l »i i* ' ( , r prptfuris from the 

i fuc 1. Noulrons, alpha p o l i c i e s , ai. ' protons can be nvtected j i i l anaiyjeii *>i d- ' t r rmnr 

i Some Of (ho parameters a r 'rtovet! duri 'M the cpmp-'C'.Sion j n j i f j t i n g nf th.? ' i j .-I 

I A var iety of techn i^.jvs have bren useif for measu* ^ the y ^ I ' j f r r r fusion t i r g c t implc- ; 

Sion cxpei iments (Ti rseM [?•*]- . the n.jnrfier 3f neutrons, aU-hi p j - t i t l ^ s . ;»' tn •.om^ rases 

protons, are tisuaHv mrasi/F'pJ by f fufir-pholnmu't tp 1 ter Cfii6 inat ' ' ' f - , , s t tn^ i ' - , ' ruf f i j r detec­

tor systems. The advantage of th is * ind of detector system i^ tna* i t prpvid^s s j f f t c i p n t 

time resolut ion to provide t ine-of -f 1 ighl separation for unj1*.'* -gii^us s . g ^ i 1 i .Vnf • f i r a ! >on, ( 

aito hi<?»i sens i t i v i t i e s can be obtained. Tor example, the time of f l i g h t s^ 'a 'a t i on of the 

14-MeV neutrons re la t i ve to the j<-rays produced from the target provisos a convenient Iden- ( 

t i f i c a t i o n of the neutron s ignal . Absolute ca l i p ra tmn of th 's kind o ' neutron drtector is ' 

often d i f f i c u l t and in p a r t i c u l a r ac tua te r-*asu*'errents in a high bacVg^nund of t-r&ys or ] 

other in ter fe r ing s i g r ; l s can make accu-ite y ie ld determinations quite d i f f i c u l t , for tht-j ; 

reason we have begun to --ely on nuclear act ivat ion as the main technique for measuring ' 

neutron y ie lds . The pr inc ip le act ivat ion scheme used In our e*perimerv«s is baseo on th? 

I *Cu(n, 2n ) n Cu reaction with 14-MeV neutrons- Cu decays Dy positror. emission wi th j 

!a nearly lQ-minute h a l f - l i f e . The 10-minute half a Hows ample time to '•etr ieve a copper 

[sample from the target chamber and the positron cocay allows coincidence counting of the ' 

http://rnrTnnMt.pl
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•two 511 keV annih i la t ion gamma rays to r e a l ^ o 1CM background counting. A copper disk is 

! placed in proximity to the target and after the experiment i t is re t r ieved and transported 
'• to thecoun .ing sy. ten. I t Is placed between a pair of sodium iodide crys ta ls and c o i n d -
1 dence counts In a standard nuclear counting system are recorded for a known time fo l lowing 
I the experiment, from the to ta l number of coincidence counts recorded and the system ca 11-
i brat ion wh.ch has boon determine'] on separate experiments at an accelerator , an value of 

the target neutron y ie ld accurate to about 10X is obtained. This technique is pa r t J _u la r l y 
< a t t rac t i ve because, for example, the Cufn, ?n) Cu t a c t i o n has a threshold at about 
I 11 <eV and is insensit ive to other radiat ions so that thr a c t i v i t y obtained is due only to 
i the 14-MeV neutrons. Other ac twat inn detection schemes, for example, Pb and 0 uro also 
I used. In ord^r t i extend the thro*; ho Id r o r neutron act ivat ion detection to a IPVPI of about 
I A 

10 neutrons wo have used a lead act ivat ion scheme. By placing the detector wry close 
to the target high sens i t i v i t y can V obtained. Because of the short h a l f - l i f e , 0.8 ser, 
the counting of the activated Pb is done in pUce. A dioxano dc'.ector (dioxane is a l i qu id 
s c i n t i l l a t o r material) which depends on an np cross section in oxygen, has also been b u i l t 
and of fers advantages simi lar to the lead counter. However as the basic technique for y i e l d 

D 

diagnostics, for s u f f i c i e n t l y high / ' e l d , (/. ID ) we continue to re ly on the copper be­
cause of the minimal barWjround prrj,)lcm inherent in co inc iden t counting lechniqi/ns and 
because of the lack r:f other radiat ion Interference prohlrrr. . ; 

In addit ion to measuring the to ta l y ie ld in target experiments anotiier extremely impor­
tant parameter is the ion temperature nf the react ing f u e l . In one technique a target is 
used in which th« deuterium fuel also contains He. Because of the di f ferences in the 
temperature depenilenre of the reaction cross section for the DD react ion [which produces 
3 MeV protons) as compared to the the D He react ion (which produces 14,7 MeV protons}, 
measuring the r a t i o of the protons produced by the DO fusion reaction as compared to the 
D He fusion reaction p ovidos an estimate of the temperature of the react ing f u e l . The | 
ra t i o * f those cross sections is a f a i r l y strong function of temperature. Fxperiments wi th 
th is technique have been done successfully and have succeeded in measuring ion trmperatures ' 
in the range of f> - 0 keV (!>lmnsky [2?i]). 

Because a laser fusion target is an excel lent spat ia l and temporal point source i t is 
possible lo perform time of f l i g h t spectral measurements in order to obtain energy spreads j 
and therefore temperatures of the react ing ions in the f u e l . The pa r t i c les emitt ' from 
the target have an energy spread character is t ic of the temperature in the react ing fuel 
because of the reacting ion ve loc i ty d i s t r i b u t i o n . This w i l l be true as long as the target 
is "Lhin" to the emitted rad ia t ion . After a sui table f l i g h t path th is spread in energy re ­
sults in a measurable spread in a r r i va l times at a detector. Knowing the detector.response 
the energy spread can be obtained from the time spread of the signal and the corresponding 
ion temperature of the react ing fuel can then be determined. 

Alpha par t i c le t ime -o f - f l i gh t measurements have been made at Livermore and elsewhere. 
These were the f i r s t measurements which confined the thermonuclear nature of the reactions 
occurring in the compressed core of a laser i r rad ia ted target (Slivi i.^icy [ 2 6 ] ) . Because of 
the lower energy and ve loc i ty of the DT alpha par t ic les as compared to the neutrons, an 
alpha p a r t i c l e spectrometer can be shorter and more sensit ive than a 14-MeV neutron spec­
trometer wi th the same reso lu t ion. I t can be used at lower y ie lds , greater than about 5 t 
10 , and s u f f i c i e n t l y low density targets (£ l O ^ g / c n r ) . We have implemented a 
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! neutron time of f l i g h t spectrometer on the Argus f a c i l i t y . Using a neutron f l i g h t path of 

46 m (lerche [?>])• Neutron time of f l i g h t data obtained on Argus experiments that produced 
about <£ 10 neutrons have measured reaction temperatures in the range 4 - fi keV. F ig. 10 
shows an example of Argus neutron time of f l i g h t spectral data. The error bars are deter­
mined by the nunhnr of neutrons detected >n each resolut ion interval.The d i s t r i b u t i o n in 
neutron energy around the mean energy of 11 MeV ha* a FKlfM of -: 400 keV for th is data. In 
order to increase the _.iergy resolut ion of a time >f f l i g h t spectrometer i t is necessary to 
improve the timr- response of the detector or increase the f l i g h t path to increase the time 
sprea-1 for a given energy spread, or both. The neutron time of f l i g h t spectrometer recent 1, 
bu i l t at the Shiva f a c i l i t y at livermnre is capable of higher resolut ion because of a longpr 
f l i g h t path. The f l ight, path for the Shiva system is 1?^ m as compared to the 45 m on Argus 
7he same t/pe of dr tec tors are ;sod. The ult imate resolut ion nf the Shiva syst^"*, given a 
S u f f i c i e n t nurt . r* o f n r - j t r o n s f - o n thn t a r g e t , 1 x JO , 1s ?5 «cV. 

Another vrfv " i iport int d iaqnis t ic on target experiments is to be ahle tn measure the 
: spat ia l d is t r itu,* ion of the thermonuclear reaction products tn order to determine informa­

t ion about the * >/r (density) and syme l ' y of the compressed fuel in the target , The alpha 
par t i c Irs have :"-'-n imaged w:th a .l inhol. 1 camera (S l i v iT .ky [ ?&} ) , Ear l ie r , lite technique 
of /one plate f '.< 1 magio'i wis d'scursed wUh re f c o n e to >ts appl icat ions to < - n , . 
l td ' , tnchniqun u i -, also been used tn image the alpha p a r t ' d e emission from the compressed 
burning Dl f- i - 1 ! " i i target f O g l r , [?0}). The emit led I'pha p i r a c i e s cast shadows through 
a l> .itn t h i i « , K..' /one An Fresnel z-.we p - i i e . The recording medium, in th i s -vise as in the 
pinhole c a v \ ". i cel lu lose n i t r i t e polymer track detecter. I t is very importjnl to have 

I s u f f i r i e r t d i r - ' • ' -^ tn .it ion so that the other emissions from the target do not produce an 
! im.i'jp in th^ r r < ni ing me-ji^n which cat) be confused with that produced by the alpha part>-
i i l i " . . A f i l t e r f o i l of 0.3 mil bery l l ium is used in front of the recording medium. Ois-
1 cr).'. irMt 'on e*t • •'iments have V-on performed which shew t*-)t th is arrangement is s u f t r i e n t 

t i t ensure t h a t , ( e dfv- '-\ie.-J --l^r on t lC c e l l u l o s e n i t r . i t r - is •!;<> n n l y t n 1 i p i . ' n ' u p a r t -

cl i - ' . . The alpha r e t i c l e s deposit prior gy and produce damage tracks in the n 1 l l n ' ,nv n i t r a t e , 
i When the G ,.ns th i r l , cel lu lose n i t ra te is properly etched with sodium hy j rm i ' I e , the alpha 
1 pa r t i c le dom.ifj- tracks produce pinholes completely through the f i lm . Othe*' radiat ions do 

not produce pin 'n les of that type and therefore the resu l t ing pattern of pinholes U due to 
I t he a lpha pa r t i i l e s . In n r r te r t o r e c o n s t r u c t the 2 one p l a t e a l p h a p a r t i c l e 'mage I in-* c e l l u - ; 

lose n i t ra te f'.lr> is contact pr inted hrough a suitable f i l t e r onto photograph ir o m . i ls ion J 
I to t ransfers *\o pinhole array to a photographic density d i s t r ibut ion which <; thct used as i 
i the coded imaye f,ir reconstruction with a laser. The resolut ion of the f i r s t order recon- j 
j structed image is about 10 ,,m. The measured to ta l extent of the alpha par t i c le ••nission J 
i region is about 20 ;.m. This data is unambiguous in providing a clear representation that ! 

the siurce of 0T alpha par t i c le emission is from the central region of the compressed ta rge t 1 

An improvement in the zone plate shadow casting technique has been the rea l i za t ion and , 

the demonstration that the images can be reconstructed in higher order {fiur [ 2 9 ] ) . The data j 
discussed above were reconstructed in the f i r s t order wi th a resolut ion of about 10 ::m. By : 

j reconstructing in a higher order, for example the t h i r d order, higher resolut ion in the >m-
| uge is real ized, The pr inc ipa l d i f f i c u l t y to be overcome i r mplementing high order recon-
; strut; t i on is that the signal to noise ra t i o decreases at higher orders and i t has been nec-
, ?ssery to experimentally develop the appropriate opt ica l techniques to obtain s u f f i c i e n t l y 
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' h i g h signal to noise r a t i o images in the higher orders. The same alpha pa r t i c l e data d i s ­
cussed above that was reconstructed in f i r s t order wi th 10 v.m reso lu t ion has also been re ­
constructed in t h i r d o^der wi th a resolut ion of 3 :-m and shows some image st ructure not 

; evident in the f i r s t order image. Tig. 11 summaries an alpha pa r t i c l e imaging r e s j l t and 
I shows the isoemission contours for the f i r s t order (10 ,>m resolut ion) image at the lower 
J l e f t and the th i rd order (3 ;.m resolut ion) alpha p a r t i c l e image of the compressed target at 

the lower r i g h t . The diameter of the alpha pa r t i c l e emission region measured from the t h i ' d 
j reconstructed image is about ?0 .-m. Since the o r i g i na l target diameter was 86 >'m, th is r e -
j su i t corresponds to a volume compression of about 80. This technique for compression meas-
' urement does not rely on the in terpre ta t ion of the o r i g i n of K-rays as is necessary in eva l ­

uating x-ray pinhole or mir-••jscupc- images in terms of fuel compression. The higher order 
j reconstruct ion is most useful i f the wavelength of the rad iat ion being imaged is short 
J enough that d i f f r a c t i o n ef fects have not already l imi ted the resolut ion avai lable in the 
i shadowgraph. This does not pose a l im i ta t ion for the alpha pa r t i c l e images. However for 
( x-ray appl icat ions the d i f f r a c t i o n e f fec ts can l im i t the improvement accessible by higher 

order reconstruct ion. I 
i 

Most of tiie experiments that have been discussed up u n t i l now have been done wi th so-
cal led exploding pusher tarqots. As discussed e a r l i e r , with th i s type of target a short j 

J laser pulse un.fonnly heats a th in glass shel l target <vh1cn then explodes. The inward , 
exploding par t , drives against the f u r l compressing i t . This type of performance, although J 
valuable for the early stages of laser fusion target implosion research, must be a l tered 
toward experiments with ab la t ive ly driven targets capable of compressing the fuel to higher 
dens i t ies . These types of targets are scalable to the levels of performance that are nec­
essary to hog in to study the achievement of conditions of thermonuclear performance that 
can lead to possible breakeven conditions for laser fusion (Nuckolls [ 30 ] ) . In beginning 
to experimentally study the performance of targets f th is type we entor a regime where 
y ie lds *nd temprratures w i l l he lowpr than wi th cu 'nt exploding pusher targets . In fact 
y ie lds w i l l be low enough i n i t i a l l y that some of t ' techniques already discussed for d iag­
nosing the state of the compressed fuel i t the core of the target cannot be appl ied. As 
higher densit ies are achieved the alpha pa r t i c l e and charged p a r t i c l e diagnostics cannot be ' 
used hecauso the alpha par t i c les w i l l no longer escape the target and other charged p a r t i - • 
clcs s tar t to suffer s ign i f i can t scatter ing and energy loss in passing through the dense I 
target wal ls , Among other techniques that have been studied and implemented for diagnosing i 
th is kind of experiment is the p o s s i b i l i t y of seeding the DT fuel with a su i tab le materia" 
which can emit character is t ic x-rays whose propert ies can be measuied to determine informa 
Uon about the state of the compressed core (Yaakobi [ 3 1 ] ] , With a su i tab le spectrograph j 
the x-ray spectral l ines from neon, for example, can be studied and f.*om the broadening and ! 
shape of these lines information on the temperature and density in the core can be deduced, i 

I t is also possible to obtain images with the rad ia t ion emitted by a material dopfd i n - : 
to the f u e l . (S l iv insky [32 ] ) , Argon, for example, can be doped into the fue l and using J 
the 3.1 keV l ino emission, a su i tab ly p'accd quartz c rys ta l can transfer the width of the ] 
emi t t ing argon region onto a sui table f i lm plane. The technique can provide a resolut ion 
of the order o f 10 un nresent ly. This level of resolut ion is su f f i c i en t to be able to ob-

, ta in a value for compressed density to wi th in a factor of two fo.* about a 10 un core s ize. 
] Although th is technique has not yet been demonstra^d in an actual implosion experiment, \ 
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' 'preliminary experiments are underway to test the system and the su rv i vab i l t y of the compon­
ents in the environment of target experiments. 

Another technique that is being developed for use as a densi ty diagnost ic is radiochem-
is t ry (Mayer [33 ] } . In th is technique the 14-MeV neutrons generated by the react ion of the 
DT fuel pass through the glass wall of the target . The glass contains about 25X composition 

The 
28 

The 14-MeV neutrons produce Al by the S i (n , p) Al react ion. 
Al decays with a h a l f - l i f e of ?.?1 minutrs emit t ing a gamma ray and a beta p a r t i c l e . 

8y conducting an implosion experiment and then su i tab ly co l l ec t i ng and counting a known 
?fi amount, the targpt debris, the number of Al atoms that were produced can be determined. 

With an independent measurement of neutron y i e l d , then information can be obtained about 
{:>r) , the density th ic ness product of the compressed glass shel l at the instant of neutron 
production, from th is in fomat ion calculat ion can provide information on the density times 
the radius product, the ! . r ) of the compressed f u e l . A number of experiments h-*.ve been 

?a 
conducted to evaluate th is technique. Cal ibrat ion experiments using a Na tracer tech­
nique have v t ' iMed that as much as 80 - 90S of the target material can be col lected in 
'arge aspect i . i t tn cy l i nd r i ca l co l lec to rs . A large volume co inc idencf: counting system has 
been demonsli •' -d with a counting e f f i c iency of 10% and a background of about 0.5 counts 
per minute. This means that for a ( , r j of 10 grams per square centimeter and a neutron 

7 P 
y ie ld of 10 , twenty beta-gamna coincidence counts can be obtained in a f ive minute in ter ­
val with a harkground in the 15 - ?0% range. These values represent the current level of 
capab i l i t y for th is r adiochcmistry technique. More complicated raCinrhemical schemes can be 
used for the diagnosis of very much more complex future targets . By su i tab ly seeding each ' 
of the materials used to make up a mu l t i -she l l target , a var iety of neutron induced reac­
tions w i l l allow measurement of the . T ' S of the various shel ls by co l lec t ing the target • 
debris and counting the decays of the various ac t iva t ions. I 

SUMMARY 

In summary, Table ? shews the current status of the capab i l i t y of laser fusion diagnos­
t i c s . Optical and infrared streak cameras provide time resolut ion measurement capab i l i t y 
of less than 10 ps, while x-ray streak cameras provide 15 ps time resolut ion in the range 
of about 0.1 - 20 keV present ly. Time integrated spat ia l resolut ions of 1 .:m are provided 
with a var iety of opt ica l techniques. U l t rav io le t holographic interferorretry has measured 

21 -3 electron densit ies above 10 cm wi th about 1 I'm spat ia l resolut ion and 15 ps temporal 
resolut ion. X-ray microscopes provide 3 ;.m time integrated resolut ion and the 15 psec time 
resolut ion x-ray streak pinhole camera has 6 ,:m spat ia l resolut ion Development of an u l -
t ra fast framing camera has thus far provided 50 urn spat ia l resolut ion with 125 ps frame dur­
at ion. The th i rd order reconstruction of .zone plate images has provided 3 urn resolut ion for 
alpha pa r t i c l es . F ina l l y , the new Shiva neutron spectrometer increases the energy resolu­
t ion capab i l i t y of that technique to 25 keV for 14-HeV neutrons. These contained capab i l i ­
t ies provide a unique set of diagnostics for the deta i led measurement of the in teract ion of 
laser l i gh t with targets and the subsequent performance of those targets . 
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A Figure Captions 

Figure 1. Schematic diagram of a laser heated hollow glass microsphere target showing 
characteristic regions to be diagnosed and the corresponding ranges of electron 
densities. 

Figure 2. Holographic interferogram of laser irradiated hollow glass microsphere target 
(left) showing electron density produced fringes. Abel inverted axial electron 

21 density profile (right) shows steepened profile in the range 0.25 x 10 to 
?\ over 10 e/cc. 

Figure 3. Time integrated x-ray spectrum n̂ the sub-10 t,eV range from glass microsphere 
target . A summary of instruments used to measure various regions of the spec­
trum is given at the bottom. 

Figure 4. Time resolved (15 psec) x-ray emission from laser i r rad ia ted Au d isk . The l e f t 
hand set of curves show x-r*y streak camera recorded in tens i ty p r o f i l e s in var­
ious spectral regions determined by K-edge f i l t e r s as indicated in the inset 
table. Laser pulse length was 242 psec FWHM. The r igh t hand set of curves are 
derived from the data at the l e f t and show spectral shapes at d i f f e ren t times. 
The various times and the thermal and supratltormal temperatures deduced from 
the slopes of the curves arc given in the inset. 

Figure 5. X-ray in tens i ty p r o f i l e r from three imploding glass microsphere target exper i ­
ments. The f i r s t in tens i ty peak corresponds to the i n i t i a l heating of the t a r ­
get pusher and the second peak is produced by stagnation of the imploded target 
mater ia l . The time between peaks is interpreted as an implosion time. 

Figure 6. Schematic diagram of a four-channel Kirkpatr ick-3aez x-ray microscope. Says 
that are re f lected from both cy l i nd r i ca l surfaces form an image at the f i lm 
plane a spat ia l resolut ion of about 5 urn is rea l ized. 

Figure 7. Concept of Fresnel zone plate coded aperture imaging. In the encoding step, 
emission from the source casts shadows of the zone plate to form the shadowgraph 
which is recorded on suitable f i l m , in the second step the image is decoded or 
reconstructed by i l luminat ing the shadowgraph with a sui table source to exp lo i t 
the d i f f r ac t i ng propert ies of the shadowgraph. 

Figure 8. Schematic representation of the time resolved x-ray pinhole imaging technique. 
Space-time resolut ions of 6 un and 15 psec have been achieved wi th th is tech­
nique. 

Figure 9. Result of a time resolved x-ray pinhole imaging measurement on a 69 urn diameter 
hollow glass microsphere target implosion experiment. The target was i r rad ia ted 
by simultaneous laser pulses from the l e f t and the r i g h t . The l e f t hand photo 
is the actual streak camera record. The r i gh t hand f igure is the isodensity 
map. The dashed lines representing the target implosion ve loc i t y p r o f i l e and 
subsequent oisassembly fol low the peaks of x-ray emission i n tens i t y . 

Figure 10. Example of neutron time of f l i g h t spectral data obtained on an experiment at 
the Argus laser f a c i l i t y . 

Figure 11. Alpha pa r t i c l e image resul ts obtained wi th the zone plate coded imaging tech­
nique. The lower l e f t and lower r igh t isodensity maps show the alpha pa r t i c l e 
images wi th 10 \m and 3 um s p a t i * 1 reso lu t i on , respect ive ly . 
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TABU 1 

DUGUOSTIC S__REgi) l.Rf W NTS 

1 0 1 6 cm' 3 < n < 10 ? 6 cm" 3 

1 eV < liu < 500 keV 

1 eV $ f < W MeV 

1 un ^ Ax ^ 1 cm 

1 pscc < At < ?0 nsec 

Data obtained on a single shot basis 

Compatible with computer aided data acquis i t ion 

/«.».„•/,...:«/.,» n r „ ! : /•/,.,..• ..-- i 
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Table 2 

CURRENT STATUS OF LASER FUSION DIAGNOSTICS 

At = 6 psec ( in f ra - red) 

• IS pscc (x-ray) 

«t ' 1 v#" ( v i s i b l e , u l t ra v i o l e t ; time integrated over pulse durat ion) 

= 3 urn (x- ray; time integrated) 

* 6 un (x-ray; 15 psec time resolut ion) 

= 50 vro (125 psec, f u l l frame) 

3 im (a pa r t i c l es , ions) 

100 eV< hv=S!00 keV (time integrated) 

100 eV< hv*S20 keV (15 psec time reso lu t ion) 

10 cm < n t f 1 10 cm (as 15 psec exposures) 

a(hv) = 1 eV at 1 keV 

t£ = ?5 keV for 14 MeV neutrons, 3.5 MeV alphas 

:,...:, ;.., a,.,,:,. , ,.,', 



13 
y—Plasma atmosphere 

/ optical resorption, 
lO^'-IO" e/cc 

s—Ablation region 
' energy transport, 

10 2 ' 1 0 " e/cc 
Fully ionized pusher 

glass she!!. - 1u-< e/cc 

4055037(1864 

^—Compressed fuel 
D-T plus seed. 
10" -10" e/cc 

Fig. 1 



(2660A. 15 pwc. 1 Jim) 
_ 2.0 

1.06 iim. ~ 3 X 10'* War?. 41 iim' 
"* 0 , b 6 12 
AxisI distance from initial wall, jim 

Fig. 2 

u 



COMPOSITE X-RAY SPECTRUM, FROM FOUR INSTRUMENTS, FOR A GLASS 
MICROSPHERE TARGET (140 ^m DIAMETER)IRRADIATED BY THE ARGUS 
LASER WITH A 535J, 187 ps GAUSSIAN PULSE I 

E17 • i > i — > — i — > — i — i — i — i — i — i i i i 

. y— Sub-keV spectrograph 

- 2-5 keV spectrograph 

1 

E12r 

E11 I I I. I _J_ I I [ I - i L-i I i-
2.0 4.0 6.0 

Photon energy. keV 

Instrument Description 

Dante Filter/reflector discrimination, 
festXRD 

Sub-keV Lead myrutate xtal diffraction. 
spectrograph VJV filr., 
2-5 keV RAP xtal diffraction, no-screen 
spectrograph film 

20-90-0777-1508 Seven shooter Filter discrimination. PIN diode 

8.0 10.0 

Coverage 

0.2 1.1keVin3ch:» 

0.32-1-0 keV. 10 eV 
resolution 
1.4-4.2 keV. 2-3 eV 
resolution 
2.5-3 0 keV in 0 chb 

Flo.. 3 



TIME-RESOLVED X-RAY EMISSION AND X-RAY SPECTRA OF Au-DISK 13 
Shot #37070712: 357 J/242 ps, 2.82 X 1 0 1 5 W/cm2 

Channel Elem. K-edge (keV) 

1 I CI 2.8 

4 I Ti ' 4.96 
6 Co 7.7 
7 Zn 1 9.7 
8 A9 25.5 

200 400 600 800 
t (picoseconds) 

106 

t (ps) 0c (keV) flh (keV) 

1 120 1 3 - 5 * 
II 160 0.91 7 

III 260 j 1.3 8.1 
IV 470 | 1 9.2 

• - Expected trend 

20-60-0877-1540 

Fig. 4 



X-RAY TEMPORAL SIGNATURE AS A FUNCTION OF LASER POWER l» 

515 
0.36 TW, 93 ps 
9 X 10 5 neutrons 
No prepulse 

520 
0.35 TW, 92 ps 
7 X 10 5 neutrons 
No prepulse 

517 
0.24 TW, 110 ps 
1 X 10 5 neutrons 
No prepulse 

Time 
490psec 

Fig. 0 



SIMPLE 4-CHANNEL X-RAY MICROSCOPE JS 
Single -

reflection 

4 channel 
x-ray micrograph 

-Double 
rev lection 
image 

Single 
reflection 

4 channel cylindrical 
x-ray mirror assembly 

Kedge 
filter pack 

[Laser fusion target 

20-50-0877-1847 



ZONE PLATE CODED IMAGING (Technique:) 

Encode 

Source Code aperture 

Decode 

40-90-1176-2342 
Processed 

shadowgraph 

Fig. 7 

.L3 

Shadowgraph 

Reconstructed 
image 1/78 



L5 TIME RESOLVED X-RAY PINHOLE PHOTOGRAPHY 

Laser 
irradiated 

target 

X-ray streak tube 

-D'chroic 
pinhole 

X-rays from 
target 

Filter 

emission 
Optical 
trigger 

Camera 

50X pinhole camera 

F i 0 . 3 



ASYMMETRIC TWO-SIDED TARGET IMPLOSION |gg 

Target 410 
i l 7/8/76 Target 410 

7/8/76 

-69j im-

V » 3.1 X 107 

cm/see 

• 15 
6 pm 

Spaca 

(a) 

Space 

(b) 

Fig. 9 

11/76 



DT-NEUTRON ENERGY SPECTRUM .U 
100 

80 

> 

o m 
in 
C 

s 
+•• 
3 
0 

60 

40 

20 

i—i—r 1—r T - r - r "i—r i i I i-
Shot 36100312 
Detected neutrons 400 ±50 " 
Target yield 6.7 ± 0.8 X 10 8 

Mean energy 13.99 ±0.17 MeV 
FWHM 388 ± 42 keV 
Reaction temp 4.8 keV 

0 

13.0 
-$&& fe^i 

a 
xk •I I L 

13.5 14.0 
Energy, MeV 

14.5 15.0 
4/77 

Fig. 10 



Image Reconstruction In Higher Order 
Zone plate alpha imaging results: 

Laser irradiated 
target o 

Shot parameters 

Power on target 
Pulse width 
D-T fill 
Neutron yield 
Ball diameter 

Coded image o 

2.4 X 1 0 1 2 watt 
50 X 10""sec 
1.6 mg/cm 3 

3 X 10 8 

86 pm 

7.4 |im 
Reconstructed image 

first order 
6 * 10pm 

11 jim 

Reconstructed image 
third order 
S * 3pm 

40-90-1177-2904 

Fig. 11 


