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Three-dimensional imaging of laser imploded targets
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. An x-ray emission computed tomographic technique has been demonstrated to diagnose the
laser implosion uniformity of spherical targets. Three-dimensional images of compressed
core were reconstructed from five pinhole camera images obtained at different viewing
directions by using an iterative algorithm. Good agreement between the experimental results
and two-dimensional hydrodynamic simulations showed that the uniformity of initial
target shell thickness has a significant influence on implosion symmetry.

i. INTRODUCTION

In laser fusion research, a dense compressed fuel of
more than one thousand times liquid density is required to
achieve the ignition with a realistic driver energy {a few or
several hundred kJ). The nonuniformity of laser irradia-
tion, the imperfection of target shell thickness, and result-
ing hydrodynamic instabilities may seriously inhibit high
density compression. The s-ray and « particle images ob-
tained by pinhole camera and coded aperture imaging have
provided direct evidences of deformation of compressed
cores.!? However, because these images are two-
dimensional projections of the three-dimensional spherical
implosion targets, these may not be enough to evaluate the
implosion uniformity.

In order to obtain tomographic pictures of the im-
ploded target, we have applied a computed tomography
(CT) technique® developed for medical diagnostics to re-
construct three-dimensional compressed cores from three
pinhole camera images or two uniformly redundant arrays
{URA) coded aperture imagesf"5 In recent experiments, int

rder to improve the resolution of the reconstruction de-
termined by the amount of tomographic information about
the target, we used a CT system with five pinhole cameras
to increase the solid angle of the system and incorporated
a priori information about the target (the reconstruction
must be positive and smooth, and that outside the initial
target must be zero) to increase the tomographic informa-
tion. The resciution of the reconstruction has been im-
proved to 30 gm from 60 um. It becomes possible to study
the implosion symmetry by using this technique. In this
paper, we present the detailed reconstructions of imploded
targets. As a demonstration, both of the implosion targets
with and without a uniformity of the initial shell thickness
have been reconstructed from five pinhole camera images.
The reconstructed compressed cores showed that the uni-
formity of target shell thickness has a significant influence
on the implosion symmetry. The resulis have been also
compared with two-dimensional hydrodynamic computer
simulations.

. RECONSTRUCTION TECHNIQUE

Computed tomography (CT) is one of the inversion
techniques to estimnate a three-dimensional distribution
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f(x,pz} from its several two-dimensional projections
Pyy (0} The coordinate system is shown in Fig. 1. If the
seif-absorption of x rays in laser-produced plasmas is neg-
ligible, the projection Py ,(1,0) along the viewing direction,
7, is given by

Pastwwr= [ ICepardn, (1)
where
u X
vi=4A"11y], (2)
F z
and
sinYcos§ —siné cosycosy
A=| singsinG cos8 cosysinf |, (3
— €Os @ 0] sinn off

In order to determine the three-dimensional distribu-
tion I(xp,z) from such two-dimensional projections ob-
tained at different viewing directions, an ierative method
known as the algebraic reconstruction technique (AR’E‘)6
was used. The algorithm is shown as follows;

I onpz) =I5 (p,z) X oy} /RS (w0),  (4)

where [*(x,5,z) is the recomstruction obtained after kth
iti;eration, and R’é,,,,(u,v) is the projection calculated from
I

As compared to the filtered back-projection method,’
which is one of direct {not iterative} methods and usually
used in medical CT scanners, the ART method has a great
advantage due to the possibility of incorperating con-
straints in the reconstruction with limited angular projec-
tions. As the constraints, we incorporated a priori informa-
tion of positivity and boundary condition (the
reconstruction outsikie the initial target should be zero) in
the reconstruction. The aigorithm may provide a sclution
constrained by the above @ prieri information. This is very
important in the case with a limited solid angle like the
case of laser fusion because the tomographic information of
object can be increased due to incorporating @ priori infor-
mation.
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FIG. 1. Geometry of the coordi-
nate system.

. RECONSTRUCTION CAPABILITY

The most important application of CT technique to
laser fusion experiments is to estimate the size, shape, and
position of the compressed core correctly. The reconstruc-
tion capability of this CT technique was checked by the
computer simulations. Figure 2(a) shows the layergrams
of the three-dimensional object used in the simulation. It
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consists of 45X 49X 49 pixels. As shown in Fig. 2(a), the
object contains two spheres of relative intensities 1, 3, and
relative radii 24, 9, respectively. The central intense sphere
has been deformed and shifted by 3 pixels from the center
along for each x, y, and z axis, respectively, on purpose.
The imaging geometry is the same as that depicted (see
Fig. 4). Figure 2{b) shows the reconstruction resuli after
the 10th iteration from five pinhole camera images (PHC
1-5 in Fig. 4}. A good estimation of the original object has
been obtained as shown in Fig. 2(b). We also checked the
effect of noise contained in projections. We added a Pois-
son noise to each pinhole image. Figure 2(c) shows the
result for signal-to-noise ratio (S/N) of 10. It can be seen
that even the projections contain the noise, it is possible to
estimate the size, shape, and position of the central core of
the object. For the comparison, we also carried out the
same simulations for the arrangement of three (PHC 1-3)
and four {(PHC 1-4) pinhole images.

In order to evaluate the accuracy of the reconstruction,
the averaged intensity error Af/7 (rcot mean square, rms)
and the averaged discrepancy of the size of center core

(a)

(b) FIG. 2. (a) Test object, (b) reconstruction
of the test object obtained from five pinhole
images without noise, (¢} reconstruction
of the test object obtained from five pinhole
images with noise (S/N = 10).

{c}
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FIG. 3. The intensity error { Af/7) and the core size discrepancy (AR/R)
between the reconstructed image and original test object are improved
with increasing the number of viewing dircctions.

AR/R between the original obiect and reconstructed image
were used as measures. The discrepancies Af/f and AR/R
are shown in Fig. 3. The dashed lines and solid Lines show
the accuracy of reconsiruction with (S/N = 10) and with-
out noise, respectively. As seen in this figure, the accuracy
of the reconstruction is improved with the solid angle of
the system. When we use five pinhole cameras, the discrep-
ancies Af/J and AR/R, were estimated to be ~159% and
~9% even for the noisy projection data (S/N = 13).

V. EXPERIMENT

At the demonstrations, we have applied this techniqgue
to reconstruct the three-dimensional image of imploded
targets. The experiments were performed at the frequency
doubled (0.53 pm} 12 beam Nd:. glass laser facility,
GEKKQO XII® at Osaka University. The target and laser
data are presented in Table I for two representative exper-

TABLE 1. Experimental conditions and results.

Shot A Shot B
Target CD shell target CH foam cryogenic target
diameter (pm) 820 1000
shell thickness (um) 535 (=1%) 30(=16%)
initial area! density 5.35 )
(mg/cm?*)
Laser
total energy (ki) LG 10
wave length (um) .53 (.53
pulse width {ns) 1.0 1.0
Results
neutron yield 8.59x 10° 3.12x 108
(by Ag counter)
pR (mg/em?) 1.8 2.1

(by 2nd reactions)
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Port No. | Bldeg) | ¢ldeg.)
pHC 1] Port 27 -45.0 | 353
PHC 2) Port 29 ~138.0 38.3
PHC 3{ Port 39 180.0 | -20.9
PHC 4] Port 44 1247 18.0
PHC 5{ Port 52 68.1 ¢.0

FIG. 4. Experimental setup for five viewing directions.

iments {designated shots A and B), characterizing a uni-
form target { A} and 3 nonuniform target (B). The unifor-
mities (A#/#: Az =1¢— ¢} of shell thickness (¢) for shots
A and B were about ~ 1% and ~ 16%, respectively. The
experimental setup is shown in Fig. 4. Five pinhole cam-
eras viewed the target at different observation directions.
The distance between the pinholes and the target was 10
cm with the camera magnifications of X 6. The aperture of
each pinhole camera was 15 um in diameter drilled in a
40-pm-thick tantalum. A 10-um-thick Al filter and a 20-
pm-thick Be filter were placed in front of the film plane. X
rays greater than 1.5 keV were recorded on the x-ray film
(Fuji MI-FX). Each pinhcle image was digitized into a
49X 49 array using a 2-D densitometer. The digitized pin-
hole images were converted 1o intensity photon/cmz )} us-
ing the H-D curve of Fuji MI-FX for 1.5 keV.}

The total areal densities of plasma pR, which may af-
fect the transmission of x-rays, were measured t¢ be 1.8
mg/cm’ for shot A and 2.1 mg/cm® for shot B by the
secondary reaction method.® The transmittance of 1.5 keV
x-rays is estimated to be nearly 100% for these low areal
densities using the free-free absorption formulas,!! with the
simulated temperature of 1.0 keV.

In the process of reconstruction from the five pinhole
images, a priori informations of positivity and boundary
condition (the reconstruction outside the initial target
should be zerc) have beer: imposed. To reduce the effect of
noise contained in the pinhole images, a smocthing step
was inserted at each iteration. The smoothing kernel con-
sists of 7 pixels {one central and 6 nearest neighbors) with
the weighted value of the central pixel five times larger
than that of its neighbors. The reconstructions were ob-
tained after 10 iterations.

Figures 5(a) and 5(b) show iso-intensity (a half of
maximum intensity) surfaces of the reconstructed com-
pressed core of shots A and B, respectively. The pixel size
was 20 pm, and the spatial resclution of the reconstruction
of compressed core was calculated 1o be 32 um as a point
response (FWHM), taking into account of the effect of
noise contained in projections such as film grains and sta-
tistical notse (8/N = 10).
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{a)

{b)

FIG. 5. The isointensity {the half of maximum intensity) surface of the 3-D images of compressed core. (a) uniform shell target (shot A), {b)

nonuniform shell target (shot B).

V. DISCUSSION

The uniformity and size of the compressed core are
estimated from a pinhole image which is 2 two-dimensional
projection of the three-dimensional compressed core. This
is impossible to evaluate the uniformity and core size cor-
rectly. From Fig. 5, we can now clearly recognize the
shape and size of the compressed core. The averaged in-
tensity FWHM of the compressed cores are estimated to be
abount 110 and 240 pwm for Figs. 5{a) and 5(b), respec-
tively. In order to evaluate the uniformity of the com-
pressed core, the radial distributions of the compressed
cores {as shown in Fig. 5) were expressed in the expansion
by the spherical harmonics. The mode expansions of the
compressed core radius distributions are shown in Fig. 6.
The rms values o of the radius distributions of shots A and
B were estimated to be ~17% and ~46%, respectively.
Because the accuracy AR/R of the CT reconstruction is
about 9%, one can also easily recognize that the spherical
symmetry has been much better for shot A than for shot B.
Especially, it should be noted that the o of the low mode is
larger for shot B than for shot A.

The laser energy balances for both shots A and B were
+3%. The considerable difference which may affect the
uniformity of the compressed core is the uniformity of ini-
tial target shell thickness. The shell thickness distribution
of shot B is shown in Fig. 7(b} and a layergram of the
three-dimensional reconstruction of shot B at the center is
shown in Fig. 7(a} for comparison. The observing direc-
tion is the same for both Figs. 7(a) and 7(b}. It can be
seen that the compressed core is shifted towards the side of
thicker part of the shell. This observation tells us that the
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FIG. 6. Mode expansions of the compressed core radius distribution (as
shown in Fig. 5) into the spherical harmonics. {a) vniform shell target
{shot A}, (b) nonuniform shel! target (shot B).
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uniformity of the compressed core strongly correlates with
the uniformity of shell thickness.

The effects of the nonuniformity of target shell thick-
ness on the implosion uniformity have been simulated by
using a two-dimensional Lagrangian hvdrodynamic code
HISHO-2D,'? whick used an average-atom ionization-
equilibrium model'® to describe the atomic physics and
radiation transport. The target used in this simulation was
the same as the shot B as shown in Table I. We incorpo-
rated a spherical harmonic (mode 1) into the target shell
thickness profile as shown in Fig. 8(a). This harmonic
simuiates in a simple manner the +16% (Af= +5 um)
nonuniformity of the real target shell thickness. When this
target is irradiated by a 10 kJ green laser light of 1.0 ns
(Gaussian, FWHM), the maximum compression is found
at + = 1.0 ns after the laser peak. The snap shots of the
implosion dynamics at = 0.6 ns and ¢= 1.0 ns (maxi-
mum compression) after the laser peak are shown in Figs.

FIG. 7. (a) Layergram of the 3-D3 recon-
structed image (shot B) at the center
and (b) distribution of initial target shell
thickness.

8(b) and 8{c), respectively. It is seen that the nonunifor-
mity of implosion grows with the convergence of the shell.
At the maximum compression, the predicted compressed
core is similar to the observed one, which is shifted towards
the side of thicker target shell thickness. The compressed
cores (at maximum compression} simulated with different
nonuniformities of the shell thickness of a cryogenic foam
target are shown in Fig. 9. It is clear that as the nonuni-
formity of target sheli thickness is increased, the deforma-
tion of compressed core is increased. The ratio of the fuel
density p’ for each case of nonuniform target to the fuel
density p of uniform target are shown in Fig. 10. It can be
seen that the nonuniformity of shell thickness causes a
significant reduction of fuel density. In order to achieve a
high fuel density, the uniformity of shell thickness should
be improved tc be better than about 3%.

The good agreement between the simulation results
and the experimental results strongly suggests that unifor-

FIG. 8. A two-dimensional

. 1000 pm .
] H
{8}
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hydrodynamic simulation. (a}
Distribution of initial target shell
thickness {mode 1} {b} and the
snap shots at 0.6 ns, (¢} 1.0 ns
(maximum compression) after
laser peak.
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FIG. 9. Calculated nonuniformity of compressed core for the different
thickness nonuniformities At of the shell.

mity of initial target shell thickness is crucial in achieving

good implosion symmetry.
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FIG. 10. Reduction of compressed fuel density due to the nonuniformity
of shell thickness.

1488 J. Appl. Phys,, Vol. 88, No. 4, 15 August 1890

Yi. CONCLUSION

A computed tomographic technique using five pinhole
cameras has been applied to laser fusion experiments to
reconstruct a three-dimensional x-ray image of imploded
targets. Direct evidences of a deviation from the spheri-
cally symmetric core due to the nonuniformity of target
shell thickness have been observed. The observation agrees
well with that calculated by two-dimensional hydrody-
namic simulations incorporating the spherical harmonic
into the target shell thickness profile. Future efforts using
more viewing directions than five will improve the spatial
resolution of the reconstruction to 10 pm to allow imaging
of targets that achieve high radial convergence. This tech-
nique will alsc be applied to obtain a time-resolved three-
dimensional image of the compressed core by using x-ray
multiframing cameras.
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