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Abstract

In this paper we discuss use of the Livermore x-ray ctreak camera to temporally record
x-ray pinhole images of laser coumpressed targets. Use 1s made of gpecially fabricated
composite x-ray pinholes which are near diffraction limited for 6 x-rays, but easily
aligned with a He-Ne laser of 6328 A wavelength. With a 6 um x-ray pinhole, the overall
system can be allgned to 5 um accuracy and provides implosion characteristics with space-
time resolutions of approximately 6 um and 15 psec. Acceptable criteria for pinhole align-
ment, roquisite x-ray flux, and filter characteristics are discussed. Implosion character-
lstles are presented from our present experiments with 68 um diameter glass microshell
targets and 0.45 terawatt, 70 psec N3 laser pulses. Final implosion velocities in excess
of 3 x 107 em/sec are evident.

Introduction

Experiments designed to study laser driven implosisns of glacs microshells are underway
in several laboratorles around the world. The ultimase goal of these experiments is to
drive the encapsulated deuteriumetritium fuel to a sufficiently high density Snd tempera-
ture that the resultant thermonuclear reaction produces a net energy gain 1» 2. 1In prelim-
inary experiments it has been shown that modesu cgmpressions are achieved 3, and that the
resulting neutrons are of & thermonuclear origin “. It 1s important that these early
experiments be understood in sufficlent detall that future experiments can be accurately
desligned. Because of the high densities and temperatures involved, x-ruy emission from
the compressed target provides a primary source of data regarding dynamics of the implosion
process. A typical implosion experiment involves an approximately 100 micron initial diam-
eter target which implodes to a fraction of its initial size on a time scale of roughly
100 picoseconds. The x-ray data must therefore be resolved spatially to microns and tem—
porally to several plcoseconds in order to provide direct data describing the heating and
implosion processcs. However, dlagnostics availeble to date have not had the capablili~y of
simultaneously providing the required space-time resolutions. Time integrated x-gay imag~
ing studles provide Spaclally resolved photographs showing target compression 3» 2.  Spa-
tially Integrated streak camera studles prgviqe temporally resolved x-ray spectral signals
interpretavle in terms of implosion times °» /, 1In this paper we report the first tempor-
ally resolved x-ray lmages of laser compressed targets with sufficilent resolution to contin-
uously follow the implosion process. The resultant space=time characteristics provide
directly observable implosion velocities, and As such provide direct, detalled data of the
type required for meaningful comparison with numerical simulations.

Image Formation and Detegtion

In a companion paper 6 we discussed use of our 15 pilcosecond x-ray streak camera to re-
cord spectrally and temporally resolved x-ray emission from laser compresseg targets. Here
we discuss the extenslon of that work to time resolved pinhole photography ©. A schematic
diagram of the general concept appears in Figure 1. An x-ray pinnole 1s used to image the
target, with 1ts own x-ray emission, on the slit of the streak camera. The one dimensional
image seen by the slit-shaped cathode is then streaked in time, giving a space~time history
of the target implosion. The 1lmaging system must be chosen such that a spatially well re-
solved, accurately aligned x-ray image illuminates the photocathode. In addition, the im~
age must be of detectable Intensity.

As indicated above, x~ray pinholes are used in thz work reported here, primarily because
they combine ease of construction and large magniiication with reasonable spatial resclu-
tion. It 1s well Known that x=ray pinhole cameras can provide spatial resolutlons in the
micron range when properly designed with respect to geometrical and diffractive effects.
For given wavelength A and object digtance p, the optimum pinhole dlameter d, for a large
magnificztlon camera, 1s glven by 7= 5

a~1.6Vp (1)

For 2 keV x-rays (A & ¢ ﬂ) and an object distance p of 1 cm, the optimum pinhole diam~
eter 1s approximately 4 um. For smaller pinhole diameters cohtalnable spatial resolution

¥ Work performed under the auspices of the the United Statcs Energy Research and
Development Administration under contract No. W=7405-Eng-48.
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Filgure 1. Schematic diagram ghowing the laser irradiated target, a 50x
pinhole camera, and a simplified representatiou of the x-ray
streak camera. Note that a vertical target displacement of
one radius from the ideal position renders the image tangentinl
to the slit shaped cathode, and therefore undetectable.

1s seriously degraded by diffraction. For larger pinholes, spatinl resoclution 1s esse:~
tially given by the pinhole diameter. In the work presented here, a 6 um diamcter x-ray
pinhole is emplnyed.

It is evident upon inspection of Figure 1 that a vertical displacement of one target
radius from the optir:m position renders the image tangentiesl to the streak camera slit
and therefore unphotographable. Considering that we are interested in 60 - 100 pm diameter
targets, and that these implode to a fraction of their initinl radius, Severe rcquirements
on alignment accuracy are imposed, typically of Several microns. The difficulty that this
generates resides in the fact that the x-ray pinholes are chosen to be near diffraction
limited at 6§ A, and & Bufficlently intense alignment source does not exist at that wavee-
length. Instead we geek to use a convenlent visible alignment technique employing a CW
He-Ne laser at 6328 i. For the glven geometry and near optimum x-ray plnhole dlameter,
this factor of 1000 difference in wavelength causes Scvere diffraction and esscntially
renders the visible alignment gourcc useless. A solution to this apparent conflict is to
construct composite pinholes 1% which appear amall to x-ray wavelengths, but large to vis-
ible wavelengths. The use of x-ray absorbing, visidbly transparent glass *9 construet such
pinholes 1s discussed in the Tollowing section. An allignment scheme, accurate to approxi-
mately 5 um, 1s also presented.

In addition to image formation end _alignment, there is also the significant question of
x-ray intensity within the image vis-i-vis detection 1limits. A conservatiie estimate of
detectabllity can be made on the basis of previous streak records without %maging and use
of a simple model of spatially uniform but time dependent x-ray emission 17. With such an
emission model one easlily shows, that for a large magnification pinhcle camera, the x-ray
intensity at the streak camera slit is reduced, with respect to the unimaged case, by an
intensity loss factor,

8= ? (2)

where d 13 the pinhole dianeter and D 18 the target diameter. We now uge this model to
estimate x-ray flux levels at two times: an early heating phase before significant target
compression, and a later peak compression period when the target dJameter is at 1its small-
est value., According to reference 6 (Fig. 8 and accompanying text) the low energy channel
for a half terawatt experliment shows pre-compression flux levels a factor of 100 above
detection limits, whlle peak coipression levels are nearly a factor of 1000 above such
limits. Considering a pinhole diameter d=f um, an initial target diameter Dy of 60 um, one
expects pre-compression flux levels to be reduced with imaging (see Fq. 2) by a factor of
100, rendering them Just barely detectable in these experiments. At later times, near
peak compression, the final target diameter Df 18 expected to be approximately 8 um,
giving a loss factor 8 of only two. Jince flux levels are relatively nlgh and losses are
minimal, we conclude that the period of peak compression 18 caslily recorded with our x-ray
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streak camera, a 6 wm pirhcle, and o half ternwate of laser caergy cn o €0 u= dlameter glaan
shell target.

: Pinhole Desipgn and Adlgnment

As mentloned in the previous pectlon, the crucial feature of these exgertiments iz pln-
! - hole=target aligument. With 60 un dianmeter targots compressed to a raction of their {nle
£ tial size, alignment accuraclez of severa) nicrons are requlred to keep the Xeray lmage
3 centered on the alit eathoge of the streai cameiu. With plinhole nises choign % ho near
diffraction limited for 6 R x-ruys, it s cvident that compeafte pinholes s Y are re-
. quired to permit simple aligrment, with a 6328 Heosle laner. Such pinhelen appeoar appro=
priately small at x-ray wavelengths, tut conniderably lurger and not overly diffracting
for the visible alignment zource. A typlen) compeaite pinhalce $a shown in Figure 2.

(n} {b) {e)

Flpure 2. A typleal composite pinhole 13 nounted on the end of o 16 gauge R
hypodernic ncedle, as chown in (o). A 125 micron diameter hele o
15 mechanically drlilled {n o 12 mieron thiek pold foll, and then it
soyered with o thin (5«10 micren thick) layer of x=ray absorbing,
viaibly transparent glass. A cmaller (3-10 micron} xeray pinhole
i then lascer drilled concentrically with the larger hole ac
ahown in (d). A seanning clectron microncope picture of the lazer
drilled hole io shown in (c). Composite pinholen have been formed
#1th both tuncaten phosphat. and tantalum 2ilicente glasizes.

it 1s fabricated by first mounting a 12 um thick geld foil on the end of a 16 gnugs hype~
dermic needie, a3 seen in Figure 2 (a). A 125 un diancter hole 13 mechanieally deiiled (n
the gold foll and then the entire gold fv:i 13 covered in this cnoe with a 9 ur thick diy:
of 66% by weight tungsten phesghate glass 8.7 Thes glass has an xeray absorptanee of 14°7
in the spectral reglon of interest, and u viaible tranamittance of 13%. A 7 un diameter
hole 13 then laser drilled coneentrically with the larger 125 um diameter hole, A2 ahown
Ain Flgrre 2 {b). A closeup view of the x=ray pinhole, taken with a acanning cleciron
microscope, i3 shown in Figure 2 (c). PFlnnoleg in the 3-10 um diamcter range have deen
cgnatructed in the tungsten phosphate glasc ond also in 20 wm thieck tantalum ailicate glasa
13, The latter exhidits higher a-ruy sbsorptance ond higher visidle transnittance than the
tungster gluss, but has a higher melting point and ia therefore morc difficult to work with. .
High concentration lead glassea have not been used because lead has an H-edge at 2.489 keV .
and t! allows x~ray lcakage, or insufficicent absorptuance in that spectral region. Tunge
sten snd tantalum have thelr regpective M-cdges at 1.81 and 3.74 keV.

£ The visibiz alignment scheme used in conjunction with composite pinkoles i3 shoxn in
Figure 3. A He-Ne laaer, spatial filter, focusing lens and pellicle combine to provide the
vizible alignment beam. They are oriented in a way that the light appears to origlinate

) symmetrically from the center of the strenk camera cathode. The pellicle {3 50% reflective,
c0$ transmigsive ut 6328 R, and 99% transmitting for x=-rays of interest. The local length
of the lens is chosen te preduce a focal reglon wnist midway between pinhole ags targot.

v By approprlate clipping of the bearm at the focusing lens, a sct of Airy ringe rodulate

} the walst pattern. The second dark ring 1s set npproximately at 125 pm to allow accurate

alignment of the large (125 um) hole of the composiic pimhole. The x=-ray pinhole is now

- centered in the opticnl alignment pattern, within a concentricity error of 2 or 3 microns

: for the composite pinholes. The trausmitted interference pattern, now somewhat affected by

pinhole diffraction, propogetes on to the target planc one centimeter away. The target 1s

then moved to a central position as shown in the successive photographs of Pigure 4. With i

the cathede s1it, pinhole, and target in alignment, the system 13 rezdy for target irradia- :

tion nnd compression experiments.
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nqiygif ersatned Jucing vecent inploafon axpeyiments with Liversorc®s JARUS lages Faetle
1ty ¢17€3 gre presented In Flruras 5 - 7 Forr thron aesrly identienl rargnts. These ok
poricenia involved the ipradiation and cezpression of typtenlly (8 slersn dinmeter, 0.5
micron thick DT CPilled glass microahelis. Uslng clldpaoidal focusing atrrors (HAs0.39],tne
laser delivered approxisately 0.55 TH In a typiral 70 paoc, two=5ided Arrndistion experie
mert,  d~ray imaging and flltering were obtalnod witdh 3 § micron Jlameter tantalus pinhole
and a 125 micron thick beryllium friter, reapectively. The apnee=time I=pleajon diagpamn
presenced in Figures S-7 ohox isodensity rilo cantours obtalpel dircetly frasm the senpective
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Figure 7. Usacdenslty contours obtained directlv from x-ray pinhole/streak
reeord.  The target had a wall thicknesas of 0.57 mierons, a DT
f11) of 1.82 mg/ce, and upon irradioticn produced 2 x 107 ncutrons.
Single zided target irradintion comsisted of o 16.9 pulse of
approximately 70 paec PWHM.
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P'gure 8. Isometric presentation of the space-time iscdensity contours t
for the implosion of target B-410, Figure ¢. Low Intensity ;
x~ray cmission at the carly time peciphery, and t{ntense emission |
at the later time compressed core, are eazily identifled.
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Figure 9. Spatial profiles Showing the im. Figure 19. Temporal profiles of x-ray
plosion of B-410 at variocus times. This data emission from the target center and from a
1s obtained by cxamining various iso-temporal position 20 microns to one side, The lat-
alanes in Fig. 8. Emlagion from opposite ter shows a double humped behavior as in-
gides of th2 impleding shell are observed to tenge x-ray emlssion passes this radial
coalesce and finally form an intenge stagha- position once durinz implosion and once dar~
tion region near the target caenter. ing post-compresslon dlsasgembly. Tris
data 1s obtained by examlning iso-spatial
planea in Figure 8,
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pinhole/streak camera records., Shaded blocks in the lower right hand corner of each diagram
display the approximate space=time resolutions of 6 microns and 15 picsseconds.

The results presented in Figures S and 6 show two rather similar implosions, except that
one is somewhat more gymmetric (Figure 5), while the other ghows more pronounced detalls of
target acceleration. Roth produced final implosion velocitles 2% of approximately 3.4x10
em/sec, a3 seecn in the Yllustrations, Further detalls from these two=-sided Irradiaticn
experiments are prcsented in the following paragraph. In the third experiment, descrit
by Figure 7, target irradiation wacs purposely blocked on one alde so a3 %o observe desal.ls
of a aingle sided implosion experiment. This one flded irradiat fon experissnt fs very
interesting in that it shows a hydrodynamically focused implosion at the target center, and
an asrmmetric but two sided di{sasgembly as the compressed carc coasts for seome distince
beyond the target center.

Taking, target B-410, Figure 6, as srepresentative of these implosion experliments we
describe it further in Figures 8 - 10. Figure & shows an isomeiric presentation of the
1lm density, which ia proporticnal to x-ray intensity, as & functlen of space and time
coordlnntes. Thls type of presentatlion 1s employed as 1t 3 somewha! vasjer to visualize
the simultaneocus space-time compression In this form. Taking planar cuts of the data In
Figure B at dlscerete times and spatial positions we cbtain the profiles prescnted in Fifures
9 and 1€, “{gure 9 shows spatjal contours of x=ray emicsion at several discrete times. At
an early time the spatial profile uhows two diatinct emissicn reglons corresponding tc the
oppositely directed sides of the imploding shell, At a later time, but before peak conm-
pression, the two reglons grow significantly in intensity and begln to coalesee, At # 31811
later . lme the Lwo regions have merged into a single, scagnated core of peak Xe=ray Intene
aity. Fina)l target disasaembly in the post-compreasion period 1s omitted for clarity,

Figgure 10 shows x~ray temporal profiles for ‘he target center, und for a positieon 10
mierons off center. Note that the latter position displays a two humped behavier as peair
railation passes that radinl position once during {mplorlon and once during disassembly.
.- that a prorerly welphted sum of the two temporal proriles In Figure € could be used
effectively to recor-truct the unimaged profiles presented in Refercnce 6, Further anal-
yils of these results is underway, partlicularly with respyect to removal of recording f'ilnm
(L vs. lop E) characteristics. Experimentz 1n cther reglons of parameter space are aloe in
progress.

SummEyy

Requircments for time resolved x-cvay pinhole photopraphy have been reviewed with jpurticu-
lar emphasis on spatlal rcsolution, rinhole alignment accuracy, and reguired emfaslon icove
els, Fertinent data recarding the Livermore 15 plecs»cond atreak camera are reviceed.
Special techniques employing compoaite, or dichrolce, pinholes have been described which
permit simple and aceurate positioning of imleron size x-ray pinholes. Results with sjaces
time resolutions of npproximately 6 microns ana 15 picoseccnds are presented which cleurly
chow the Imploasion of laser ¢rradinted 63 m.cron diamcter plass microshell iaPFDL' fhell
aceeleration, culminatine in a final !mplosion welocity ¢ prexter than 3 x 1C1 cn ir
evident foir both single and double slded irradintion expe

inents.
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