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Introduction 

Experimental programs exist in a number of laboratories throughout the 
world to test the feasibility of using powerful laser systems to drive the 
implosion of hydrogen isotope fuel to thermonuclear burn conditions. In a 
typical experiment multiple laser beams are focused onto a glass microsbell 
(typically 50 urn - 200 um diameter) filled with an equimolar D-T gas mixture 
(Fig. 1). X-ray and particle emissions from the target provide important in
formation about the hydrodynamic implosion of the glass shell and the associ
ated compression and heating of the D-T fuel. Standard diagnostics for imaging 
such emissions are the grazing incidence reflection (GIR) x-ray microscope1 and 
the pinhole camera. Recently, a particular coded imaging technique, Zone Plate 
Coded Imaging (ZPCI), has been successfully used for x-ray and particle micros
copy of laser fusion plasmas. ZPCI is highly attractive for investigating laser 
produced plasmas because it possesses a tomographic capability not shared by 
either the GIR or pinhole imaging techniques. This presentation provides a 
brief discussion of the tomographic potential of ZPCI. In addition, the first 
tomographic x-ray images (tomographic resolution i« 74 um) of a laser produced 
plasma are presented. 

ZPCI was first proposed by Mertz2 for stellar x-ray imaging. It has also 
enjoyed considerable attention in the field of nuclear medicine. ZPCI is a two-
step imaging technique (Fig. 2). In the first step the radiation distribution 
to be imaged casts a shadowgraph through a Fresnel zone plate (coded aperture) 
onto a photographic emulsion or other detector array. The shadowgraph is a coded 
image of the source emission distribution. Image reconstruction (decoding) is 
achieved via procedures similar to those used in holography. The shadowgraph 
transparency is illuminated with a coherent light source. The Fresnel diffraction 
pattern of the transmitted light produces a three dimensional reconstruction of 
the original source distribution. The image is inverted, reversed front to back, 
and magnified by the ratio of the (coded) image to object disf/ances. 

The tomographic capability of ZPCI may be understood very simply. Consider 
a three dimensional source distribution represented by three, non-coplanar points 
(Fig. 3). Each source point will cast a zone plate shadow onto the shadowgraph 
plane. The size and position of each shadow in the shadowgraph uniquely charac
terizes the position of its associated source point. Points close to the coded 
aperture project large shadows, distant points project small shadows, off-axis 
points project off-axis shadows, and so on. Upon reconstruction each zone plate 

*Work performed under the auspices of the U.S. Energy Research and Development 
Administration under contract No. W-7405-Eng-48. 

uiSi KlbU :.iu£i 0£ IfcUS aoCUMERI 15 UNUM1IEE 



-2-

shadow focuses the Incident radiation to a diffraction limited point - the 
image of its associated source point. The information contained in the three 
dimensional image distribution is retrieved by viewing the image in "sections" 
that is, in separate reconstruction nlanes. Ideally there is a one to one 
correspondence between each reconstruction plane and each source plane.1* In 
this way a three dimensional source distribution may be synthesized plane by 
plane. 

Tomographic Resolution Limit 

A tomographic resolution criterion for the ZFCI technique has been de
rived from reconstruction calculations for an on-axis point source pair of 
equal intensity separated by a longitudinal (i.e., normal to the zone plate) 
distance, A. Such a criterion, based on point pair resolutions, can at best 
serve only as a crudfi figure of merit for determining the tomographic discrim
ination capability of ZFCI for a particular three dimensional source distribu
tion. The precise three dimensional intensity distribution within the source 
will significantly affect the tomographic discrimination capability of the 
technique. 

Figure 4 displays results of the reconstruction calculations for a 
point source pair. The (on axis) intensity distribution in the reconstructed 
image is plotted versus normalized axial distance for four representative 
values of the tomographic parameter, a. 

where 

N equals the total number of zones in the coded aperture, A is the axial 
separation of the point source pair, S, S„ are the source to zone plate and 
zone plate to shadowgraph distances respectively. (A « S.) 

Distance along the horizontal axis is normalized to the nominal point-
pair image separation distance. The nominal reconstruction positions for the 
point images in Fig. 4 are at values 2 and 3 along the horizontal axis. Fig. 
4 shows that at a = 8.25 the two points are well resolved and the peaks of the 
double hump intensity distribution occur at the nominal reconstruction posi
tions. At a = 3.53 the two points are not resolved. Within the range of 
4.71 _< a <_ 7.07 a double hump intensity distribution occurs in the image re
construction, but interference from sidelobe contributions causes the peak-
to-peak separation to exceed the nominal separation for the reconstructed 
points. For the purpose of this discussion o = 4.71 shall be chosen to de
fine a condition of suitable tomographic resolution.5 This provides an 
Intensity ratio greater than two between peak and saddle, allowing the clear 
identification of the existence of two spatially separated contributions to 
the reconstructed image. This yields an expression for the ZPCI tomographic 
resolution limit6 

A =ir^ ( s i + S 2 > < 2> 
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An illustration of the limitations of the tomographic capability of 
the ZPCI technique is provided in Fig. 5. Reconstruction calculations are 
presented for a point source pair of unequal intensities. Results are pre
sented for different values of î , point source intensity ratio, and the 
tomographic parameter, a. The format for the calculational results is sim
ilar to that in Fig. 4. It is apparent that at large values of i); it is 
difficult to distinguish the image of the weak point from among the sidelobes 
of the bright point image, even at a > A.71. 

Image Reconstruction In Higher Order 

Calculations indicate that for coded images recorded with sufficiently 
short wavelength radiations the tomographic resolution can be improved many 
fold over the expression given in Eq. (2). This tomographic resolution im
provement can be achieved by reconstructing the image in the third or higher 
order (Fig. 6). In simple terms an m-fold improvement in resolution is 
achieved (Fig. 7) because in the mth order reconstruction the effective f/ 
number of the coded image is reduced by the factor (1/m), while image magni
fication is independent of reconstruction order. 

Limitations to the ultimate resolution which can be achieved in higher 
order are determined by the following considerations: 

1) The higher order reconstructed images are particularly sensitive 
to edge definition in the recorded shadowgraph (coded image). This 
places more severe tolerances on zone plate fabrication and requires 
that shadowgraph recording be accomplished with sufficiently short 
wavelength radiations to cast sharp zone plate shadows. 

2) Image (S/K) will suffer in the higher order reconstructed images 
since image intensity varies inversely as the square of the image 
order number. 

Micro Fresnel Zone Plate Fabrication 

The application of the ZPCI technique for x-ray microscopy and tomog
raphy of laser fusion plasmas requires micro Fresnel zone plates having 
somewhat specialized characteristics. Fig. 8 summarizes the zone plate 
parameters of importance and the imaging advantages which can be derived 
from optimization of those parameters. Appropriate zone plates have been 
fabricated.9 Figure 9 is a SEM micrograph of a seetion of a gold zone plate 
with 240 zones, a minimum zone width of 5.3 um and a thickness of 7 urn. 
Figure 10 is a SEM micrograph of the outer zones of that same pattern. 
Figure 11 shows a free standing gold zone plate of 100 zones, 5.3 um minimum 
zone width and 1.5 um thickness. The zone plate is mounted in an appropriate 
holder for zone plate camera use. Figure 12 summarizes zone plate fabrica
tion achievements and near term goals. 

Experimental Results 

The experiment reported here was conducted using the Cyclops laser-
target irradiation facility at Lawrence Livermore Laboratory. The target was 
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a deuterium-tritium filled glass cicroshell, 90 um in diameter. The target 
was irradiated simultaneously from two anti-parallel directions by an intense 
neodymium laser pulse. X-ray emission from the irradiated target was imaged 
using ZPCI. 

* 
The zone plate camera used in this experiment had a coded aperture of 

100 zones. The width of the narrowest zone was 5.3 vim. The zone plate 
i material was gold, 1.4 um thick. The camera had a 10 um planar resolution 

and a 74 urn tomographic resolution (Eq. (2)). It viewed the laser produced 
plasma in a spectral window 2A - 6A. The imaging geometry was characterized 
by the parameters S.~ .93 cm, S^/S. = 16.1. 

ZPCI results are shown in Figs. 13 and 14. Figure 13 shows the coded 
image for a low power laser shot (5 joules in 43 psec) in which no target 
compression occurred. Figure 14 displays tomographic data reconstructed 
from the coded image in Fig. 13. Shown are isodensity contour maps for 
reconstructed images viewed in three separate reconstruction planes (See 
Fig. 15). Figure 14(a) is representative of the source plane at the geomet
rical center of the plasma shell; Fig. 14(b) is an image of the source plane 
a distance 37 Mm behind (viewed from the zone plate camera) the central 
plane; and Fig. 14(c) is an image of the source plane a distance 74 um be
hind the central plane.** A careful analysis of the images in Fig. 14 sup
ports the contention that true tomographic information is represented. 
Host convincing is the migration of the region of peak density in the con
tour pattern on the left. In Fig. 14(a) the peak density region is approx
imately 23 pm above the equatorial plane of the plasma shell (perhaps the 
laser beam hit high on target). It migrates down toward the equatorial 
plane as we view rear sections of the plasma shell until in Fig. 14(c) it 
is only 4 um above the equatorial plane. This migration is to be expected 
from the spheroidal curvature of the source distribution. 

Investigations into the tomographic capability of ZPCI are continuing 
at Lawrence Livermore Laboratory. A new zone plate camera having a nominal 
tomographic resolution of - 38 um (N • 240 zones) has been built, and will 
soon be used to image the x-ray emission from laser irradiated targets. 
Work is underway on the fabrication of a zone plate camera having a nominal 
tomographic resolution of - 10-15 um (N = 1000 zones). The use of a number 
of such cameras, viewing the laser produced plasma from independent direc
tions may provide a full three dimensional characterization of the x-ray 
emission from the target. 

NOTICE 
"This report was prepared as an account of work 
sponsored by the United Sljtes Government. 
Neither the United States nor the United States 
Energy Research St Development Administration, 
nor any of their employees, nor any of their 
contractors, subcontractors, or their employees, 
makes any warranty, express or implied, or 
assumes any legal liability or responsibility for the 
accuracy, completeness or usefulness of any 
Information, appafntus, product or process 
disclosed, or represents that its use would not 
Infringe privately-owned rights." 
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INERTIAL FUSION CONCEPT 

Laser or particle beams Fuel is heated and When the central 
rapidly heat the surface compressed by rocket-like core of the fuel 

of a fusion target blow-off of surface reaches a temperature 
material of 100,000,000°C arid 

high density, the 
fusion reaction ignites. 
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ZONE PLATE CODED IMAGING (Technique:) 

Encode 

Source Code aperture 

Decode 
Y " 
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shadowgraph 
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ZONE PLATE CODED IMAGING (PRINCIPLES): 
Source Code aperture Shadowgraph 

Each zone plate shadow uniquely characterizes the position of its 
associated source point 

First order 
image 

Shadowgrap 
Original three dimensional source distribution is reconstructed from 
the shadowgraph 
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TOMOGRAPHIC RESOLUTION CALCULATIONS m 
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TOMOGRAPHIC LIMITATIONS (ILLUSTRATION); M 
Question: Can the ZPCI technique distinguish a "weak" source located behind 

a "bright" source? 

Illustrative calculation: Axial point source pair of unequal intensities; 
\p = intensity ratio of source points 
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IMAGE RECONSTRUCTION IN HIGHER ORDER FOR 
IMPROVED RESOLUTION .is. 

Tho coded image, when illuminated, will project real images at all 
odd orders: m = 1,3, 5 , . . . 

m = 5 
J 3 . 
m«3 

_ - - - - - ^ 
m • 1 

Processed 
shadowgraph 

Reconstructed 
images 

Stipulation: The coded image (shadowgraph) must have been recorded with 
sufficiently short wavelength radiations to cast crisp zone plate shadows. 
The higher order reconstructed images are particularly sensitive to edge 
definition in the shadowgraph. 



IMAGE RECONSTRUCTION IN HIGHER ORDER FOR IMPROVED 
RESOLUTION (CONCLUSIONS): 

The planar resolution (8) and tomographic resolution (A) of the ZPCI technique 
improve linearly with the reconstruction order i.e. 

5 A 
5 = — A = — m m m m 

Planar resolution Tomographic resolution 

Limitation: Image (S/N) suffers in the higher order reconstructions since image 
intensity varies inversely as the square of the order number. 
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ZONE PLATE FABRICATION (GOALS): m 

Goal Advantage Relevant equation 

Increase 
total number 

of zones 

Better tomographic 
resolution 

Increase (S/N) 

0.75 S 1 
A = (S1 + S2) 

N S, 

/ v s

2 y A zV ' 2 

R ^ 0 . 3 2 — ] — ] A/ 
Decrease 
width of 
narrowest 

zone 

Better planar 
resolution 

5^1.64 Ar 

Increase 
material 
thickness 

Extend spectral 
range to higher 

energies 

( 8 / W «JlZl * 
( 1 + T ) V 2 

T = x-ray transmission 
coefficient 
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FRESNEL ZONE PLATE RELIEF PATTERN IN 
ELECTROPLATED GOLD m 
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FRESNEL ZONE PLATE PATTERN IN GOLD 
- OUTERMOST ZONES m 
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FREE STANDING FRESNEL ZONE PLATE - MOUNTED 
FOR CAMERA USE [g 

3/77 



pfiu-i 6 /*£ - /a 3~3% 

ZONE PLATE FABRICATION (ACHIEVEMENTS): m 

Z. P. parameter 
Currently in 
production 

Imaging 
capability 

Effort 
progress 

Imaging 
goal 

(N) 
number of zones 

N = 100 
N = 240 

A = 74 jum 

A = 35 jum 
N = 1000 A « 10 /am 

(Ar) 
width of 

narrowest zone 

Ar = 5.3 jum 
Ar = 2.6jurn 

8 ^ 10 Aim 

8 — 5jUf" 
Ar - 1 Mm 8 — 2/Ltm 

(t) 
material 
thickness 

t — 8 urn 
max ^ \ n i n ^ ° - 5 A t — 25 jum X . ^ 0 . 3 A 
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CODED IMAGE ja 
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TOMOGRAPHIC IMAGE DATA 113 
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TOMOGRAPHIC DATA; INDIVIDUAL TARGET "SLICES" VIEWED 
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