Table 3. Atomic displacement amplitudes (A).
Numbers in parentheses are last-digit uncertain-
ties.

DI Amplitude

Atom t::)enc- Phase First Second
harmonic  harmonic

Bi u(a) 0 -0.39(1) 0.15(1)

u(b) 90 0.04(1) —0.02(2)

u(C) 90 0.19(1) —0.06(1)

Sr u(a) 0 —-0.24(1) 0.15(2)

u(b) 90 —0.03(3) -—0.05(6)

u(c) 90 0.20(1) —0.08(2)

Cu u(a) 0 —0.04(1) 0.04(4)
u(b) 90 0.00(3) 0.04(10)

u(c) 90 0.28(1) —0.04(2)

ment amplitudes reported in Table 3 were
not significantly altered in these refine-
ments.
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Neutron Imaging of Laser Fusion Targets

D. REss, R. A. LERCHE, R. J. ELL1s, S. M. LANE, K. A. NUGENT

A long-term goal of inertial-confinement fusion research is the generation of energy by
imploding capsules containing deuterium-tritium fuel. Progress in designing the
capsules is aided by accurate imaging of the fusion burn. Penumbral coded-aperture
techniques have been used to obtain neutron images that are a direct measurement of

the fusion burn region in the capsules.

EUTRON IMAGES OF LASER-DRIV-

en inertial confinement fusion

(ICF) targets were recently ob-
tained at the Nova laser facility of the Law-
rence Livermore National Laboratory
(LLNL). These images provide a direct
measurement of the deuterium-tritium
(DT) fusion burn region within a com-
pressed target. We describe the imaging
system, review the physics of neutron emis-
sion by ICF implosions, present two exam-
ples of the neutron images, and compare the
experimental results with theoretical predic-
tions.

A major goal of ICF research is the gener-
ation of energy by imploding targets con-
taining DT fuel. Efficient energy production
requires that such a target produce 100
times more energy than is used to drive the
implosion. This high gain can be obtained
by compressing the fuel in a particular fash-
ion (1). Most of the fuel is strongly com-
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pressed to a density p > 200 g/cm® at the
relatively low ion temperature 6; =~ 1 keV.
At the center of this highly compressed fuel
is a much smaller “hot spot” containing
about 1% of the fuel mass at a much lower
density (p > 30 g/cm®) but higher tempera-
ture (6; = 4 keV). Fusion is initiated in this
hot spot, producing a thermonuclear burn
wave that propagates into the surrounding
cooler fuel.

Previous diagnostic techniques do not
diagnose hot-spot formation and ignition.
X-ray emission, which is the basis for many
widely used ICF diagnostics, depends on the
spatial and temporal profiles of the plasma
density, ionization state, and electron tem-
perature. During an ICF implosion, the
electron and ion temperatures can be quite
different, and mixing of target components
leads to complicated spatial variations in the
ionization state. Thus, an x-ray image pro-
vides information about the spatial structure
of several complex processes within the tar-
get that are not directly related to the fusion
reaction. A neutron image, on the other
hand, provides a direct measurement of the
spatial extent of the fusion reaction. Fur-

thermore, in advanced targets that achieve
high compression, most reaction products
and x-rays are absorbed within the target;
only the neutrons escape. Neutron imaging,
therefore, has long been recognized for its
potential to unambiguously diagnose both
compression and hot-spot formation in the
burning fuel (2).

ICF experiments at Nova will soon focus
on the physics of hot-spot formation. Be-
cause of the limited energy of the Nova
laser, these experiments will create implo-
sions that contain only the hot-spot region
and do not ignite. For such targets, the
neutron emission region is less than 25 um
in diameter with a yield (neutrons produced
per implosion) of 10'". Conventional pin-
hole imaging is not sensitive enough to
produce neutron images of such targets.
Penumbral imaging, a technique previously
used to obtain x-ray images of laser-pro-
duced plasmas (3), has been suggested as a
more efficient method to image neutrons
emitted by ICF targets (4). Our recent
numerical and theoretical calculations veri-
fied the feasibility of neutron penumbral
imaging. Here we report experimental re-
sults obtained with a preliminary neutron
imaging system for ICF.

Penumbral imaging is a coded-aperture-
imaging technique. It is conceptually similar
to pinhole imaging with the essential differ-
ence that the aperture is larger than the
source. The geometry of penumbral imag-
ing is shown in Fig. 1. The image produced
consists of a uniform bright region sur-
rounded by a partially illuminated penum-
bra. All the spatial information about the
source is encoded in this penumbra.

The neutron penumbral imaging system

Source

Aperture

Detector

Counts

Position

Penumbra

Penumbra

Fig. 1.
process.

Geometry of the penumbral imaging
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consists of an aperture, a detector, and ap-
propriate software to deconvolve the coded
image. To block the penetrating 14-MeV
neutrons, the aperture must be several centi-
meters thick. Fabrication is greatly simpli-
fied, as compared to a pinhole aperture,
because the diameter of the penumbral aper-
ture is large compared to the desired resolu-
tion; see Fig. 2. The neutron detector is a
circular array of 1240 elements. Each ele-
ment is a 10-cm-long rod with a square cross
section 2 mm on a side, and fabricated from
plastic scintillator material. Each element
produces blue light in proportion to the
deposited neutron energy. The coded image
recorded by the detector must be decon-
volved to produce an image of the neutron
source. Deconvolution requires precise
knowledge of the neutron aperture point-
spread function; this information is ob-
tained during the aperture fabrication process
by mechanical characterization. The decon-
volution is carried out in the Fourier trans-
form domain with a parametric Wiener filter

The ICF targets were spherical glass
shells, 1 mm in diameter with walls 2 pm in
thickness and filled with 25 atmospheres of
equimolar DT gas (6). To achieve an implo-
sion, a target is irradiated by the Nova laser
(7). The laser consists of two five-beam
clusters that produce a complex, asymmetric

Flg. 2. Principle of the toroidal segment aperture.
To simplify the image reconstruction process, the
point-spread function of the aperture must be
reasonably isoplanatic. To achieve such a point-
spread function with an aperture thick enough to
effectively block neutrons requires a three-dimen-
sionally tapered aperture. A particularly satisfac-
tory taper is a toroid where the radius of curvature
(minor radius of the toroid) R is much greater
than the aperture thickness t. A practical realiza-
tion of this concept utilizes a segment of the
toroid determined by the maximum size of the
source and the source-aperture distance. The re-
sults presented here were obtained with an aper-
ture 6.1 cm long, with a minimum diameter d of
407 pm and a radius of curvature of 19.5 m.
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illumination pattern on the target. More
than 20 kJ of 351-nm light is focused onto
the target in a 1-ns temporally square pulse.
Unlike the more optimal designs discussed
previously, these targets do not produce
strong fuel compression, but instead gener-
ate large neutron yields by achieving a high
ion temperature (9 keV). Radial conver-
gence of the glass shell is less than 3, thus
producing a relatively large neutron source
region compatible with the resolution of our
imaging system. Neutron yields varied from
2.0 X 10" to 1.2 X 10", and the duradon
of the fusion burn was measured with pho-

Fig. 3. Neutron image of a high-
yield target with conventional illu-
mination. (A) Coded image of the
target in false color. (B and C) The
unfolded neutron image. The un-
folded image is obtained from the
coded image by deconvolution in
the Fourier transform domain with
a Wiener filter. For a penumbral
image, the transform of the point-
spread function has many zeroes,
and the filter serves to deemphasize
the discrete spatial-frequency com-
ponents in the coded image that lie
close to these zeroes.

toconductive devices (8) to be in the range
300 to 400 ps full-width at half-maximum
(FWHM).

The neutron image provides a measure-
ment of the spatial profiles of important
physical parameters within the fuel. Consid-
er the DT fusion reaction :

D + T — *He(3.5 MeV) + n(14.1 MeV)
1)

The fusion reaction rate per differential vol-
ume of the fuel region is

@

Rpr = npnt (ov)pr
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where npcr) is the deuterium (tritium) ion
density, and (ov)pr is the DT fusion reac-
tion rate averaged over a Maxwellian distri-
bution. The reaction rate is a complicated
function of the ion temperature, 6;; for these
targets, {ov)pr increases approximately as
6;""%. For an equimolar mixture of deuterium
and tritium, the total ion density n; =
2np = 2nr. The average neutron production
across a pixel area is

(Rpr) = Asifrb f f

dA dt Rpr < ff dA dt ni29i5/2

A3)

where [dA = As® is the pixel element area
referred to the source plane, and 7, is the
FWHM neutron emission time. The neu-
tron image records the line average of (Rpr)
from which the spatial profile of the neutron
production rate can be obtained by Abel
inversion with an appropriate symmetry as-
sumption. Thus, the neutron image depends
on the spatial profiles of both the ion tem-
perature and density.

Images were obtained of targets that pro-
duce the typical yield of 10". The images
are quite similar; one is presented in Fig. 3,
A through C. Figure 3A shows a false color
image of the coded neutron image. Approxi-
mately 15,000 neutrons interact in each
scintillator element within the central bright
region of the image. Figure 3, B and C,
show the unfolded neutron image. Pixel size
is 35 wm, and the two-point spatial resolu-
tion is approximately 80 wm. The neutron
burn region is slightly elliptical, as expected
from the laser illumination nonuniformity,
with an average FWHM diameter of 150
pm. Signal-to-noise ratio for the peak signal
level is estimated to be better than 10.

In another experiment, we attempted to
manipulate the shape of the neutron source
region by changing the uniformity of the
laser illumination. The beams were aimed to
preferentially heat opposite sides of the tar-
get, producing an extremely nonuniform
drive. A reduced yield of 3.0 x 10'* neu-
trons was produced. The resulting neutron
image is larger, with a more complicated
shape. At the 70% contour level the image is
elliptical with the major axis oriented verti-
cally, as expected, and at lower levels the
image has several distinct lobes.

A detailed hydrodynamic computer code
provides theoretical modeling of laser-fu-
sion implosions. The computer calculations,
which assume exact spherical symmetry,
give neutron yields a factor of 3 to 4 larger
than is experimentally measured. Neutron
imaging shows another discrepancy: the
simulated neutron image FWHM is a factor
of 15 smaller than the experimental image,
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see Fig. 4, A and B. The sharp peaking of
the simulated neutron image is due to a
brief, large rise in density at the center of the
target, see Fig. 4C. This strong compression
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Fig. 4. Comparison of the measured neutron
image with the results of a hydrodynamic com-
puter simulation: (A) simulated neutron image;
(B) overlay of x-axis line out of the experimental
neutron image with a simulated neutron image
ignoring the first 50 ps of neutron emission; and
(C) overlay of calculated density profiles.

occurs during the first 50 ps of neutron
emission, and is associated with the final
convergence of a spherical shock wave pro-
duced by the simulated laser drive. In the
actual experiment, however, the laser illumi-
nation is highly asymmetric, and may launch
a strongly distorted shock front that does
not converge neatly at the target center,
producing a lower density compressed re-
gion that is spatially and temporally broad-
ened from the one-dimensional code predic-
tion. This hypothesis is also supported by
the neutron emission time meausrements,
which give a FWHM burn width a factor of
2 to 3 larger than simulation results.

Thus, two-dimensional effects reduce the
strong neutron emission from the very cen-
ter of the target. We have illustrated this
effect by producing a simulated neutron
image that ignores the first 50 ps of neutron
emission. The result, also shown in Fig. 4B,
is a good match to the experiment. More-
over, the neutron yield corresponding to
this portion of the burn is roughly the same
as that produced by the experiment.

Information from the preliminary neu-
tron imaging diagnostic is already providing
insight into the physics of laser-fusion im-
plosions. The imaging system resolution
and sensitivity can be improved through
changes in the aperture and detector. Future
efforts will attempt to achieve a two-point
resolution of better than 10 um to allow
imaging of targets that reach a high radial
convergence and produce yields of 10"
neutrons or less. The enhanced imaging
system will be a valuable diagnostic tool for
ICF research.
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