High-Resolution Neutron Imaging of Laser-Imploded DT Tar gets

Imaging the neutrons produced by implosions at the National
Ignition Facility! or the L aser MegaJoule? will require spatial
resolution as good as 5 um (Ref. 3) to identify failure mecha-
nisms such as poor implosion symmetry or improper laser
pulse shaping. An important step to achieving this goal is
reported in this article. Neutron images were obtained from
OMEGA implosions with both high resolution and narrow
diameters that confirm the resolution and agree with calcula-
tions. Ress et al.# obtained the first neutron images of ICF
capsuleswith ageometric resolution of 80 um and afull width
at half-maximum (FWHM) of 150 um. Delage et al.° reported
geometrical resolution of 56 umand overall resolutionsof 100
t0 180 umwith FWHM’sof 150to0 250 um. The measurements
reportedinthisarticle[carried out on LLE'sOMEGA laser by
ateam of scientists from Commissariat al’ Energie Atomique
(CEA), LLE, and LANL] achieved ageometrical resolution of
30 um and an overall resolution of 45 um with a FWHM of
62 um.

Imaging neutrons at high resolution is a challenging task
being carried out at several laboratories using pinhole® or
penumbral apertures. CEA’'s experimental system using the
penumbral technique,” aswell asanew analytical approachfor
estimating the overall resolution, was successfully tested on
OMEGA in adirect-drive experiment. The basis of the design
isto use an aperture whose diameter is large compared to the
size of the neutron source. The shape of the aperture is
biconical andisoptimizedin order to amplify the penumbraof
the source in the image plane. The apertureis larger than that
for apinhole, allowing easier fabrication and stronger signals,
especially important when signal levelsarelow. An unfolding
processis needed, however, to recover an image; this process
includes low bandpass filtering, which affects the resolution.
Thisarticlereviewsthe main mechanismsthat limit the spatial
resolution of a penumbral imaging system: the spatial resolu-
tion of the detector, the shape of the aperture, and the process
of unfolding the image.

After propagating through the experimental chamber and
target areaand scattering from various experimental hardware
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and structures, the 14-MeV neutrons arriving at the detector
are spread in time and angle. Moreover, these neutrons create
alarge number of gamma rays in the O- to 10-MeV range by
(n,y) reactions on the experimental hardware. The direct neu-
trons that form the image need to be discriminated from the
scattered neutrons and the gammarays. Bubble detectors® can
discriminate among gamma rays, low-energy neutrons, and
14-MeV neutrons. They offer potentially high spatial resolu-
tion, but their efficiency isstill very low (1.4 x 107°) and they
reguire a sophisticated readout system.

Plastic scintillatorswith responsetimesof theorder of 10ns
can discriminate particles by arrival time. The detector con-
tains 8000 scintillating fibers, each with alength of 10 cm, a
square section of 1.5 mm?, and an e-fold decay time of 12 ns.
The intrinsic detection efficiency € is 27%. The sampling
theorem limits the spatial resolution of the instrument to a
geometrical resolution of 24;,/G, where G is the magnifica-
tion ratio of the system and 4y is the pixel size.

In a plastic scintillator, fast neutrons interact mainly by
elastic scattering on hydrogen. The high-energy protons lose
energy in the medium (cal culated with the Birks model®) and
producelight about the scattering point withaFWHM of 0.910
mm (&e0)- 12 Thislimits the resol ution of the system to 8¢/G.
Thisintrinsic limitation required ahigh magnification ratio to
achieve a high-resolution design.

Theimageisrelayed optically by amirror and alensfrom
thedetector onto agated microchannel plate (M CP); the output
image of the MCPis reduced by a fiber-optics taper and then
recorded on a charge-coupled device (CCD) with a 19-um
pixel size. The CCD is shielded by a 25-cm-thick piece of
plastic followed by 5 cm of lead. At 8 m from the source, the
external dose of 12 mrad for a10* neutron yield isreduced to
several mradinsidetheshield (an upper acceptablelimitfor the
CCD). Thedetector image sizeisreduced to 0.27 and 0.068 of
its original dimension onto the MCP and the CCD, respec-
tively. Eachfiber of thedetector isrecorded ontheaverageonto
a 5-by-5 array of CCD pixels. The spatial resolution of the
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MCPis 70 yum at FWHM), much smaller than the size of the
detector pixel imaged onto the MCP (405 um). We conclude
that the spatial resolution of our recording systemisnegligible
compared to the spatial resolution of the detector.

The point-spread function (PSF) of the aperture is the
neutron intensity distribution in the image planefor anisotro-
pic point source located in the middle of thefield of view. For
agiven entrance hole diameter, this PSF depends only on the
field of view and the distance from the source. Figure 86.32
shows dependence of the FWHM (d,c) of the PSF on the
distance from the middle of the aperture to the target (L).
Increasing the distance from the source to the aperture can
improve the spatial resolution to less than 10 um. For these
experiments, however, the magnification ratio decreases with
Lo because the distance between the source and the scintillator
(L) islimited to 8 m. An optimal value for L, including the
resolution of the detector, is found to be 80 mm.
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The spatial resolution limit (FWHM of the point-spread function) for the
biconical aperture versus the distance (Lg) from its center to the source.

A holewasrecently dugintheconcretefloor of the OMEGA
Target Bay toalow al13-mlineof sight. A new detector will be
installed with 250-um-diam capillaries filled with deuterated
liquid scintillator. The new 250-um pixel size and estimated
Orec Of 500 um lead to aredesigned aperture placed at Ly = 160
mm. These modifications should reduce the noise background
by afactor of 100 and allow a 13-um resolution.

Several methods exist to unfold penumbral images. 1! After
testing these methods on synthetic penumbral images, the
autocorrelation method?? was found to give the best results
with minimum mathematical complexity. Most penumbral
unfolding processes assume that the aperture can be repre-
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sented by athin holeof radius Ry surrounded by amediumwith
atransmission 7 to neutrons. With thisassumption, the Fourier
transform | of theimageisthe product of the Fourier transform
Sof the source and the aperture: 1(k) =S J; (27kRy)/ 7kRy ,
where J; is the first-order Bessel function. The unfolding
processconsistsof multiplying | by afunctionU, which hasthe
following mathematical properties: inverse Fourier transform
[U 3 (27kRy)/ rde] = § the Dirac function, and asmall am-
plitude oscillatory function at radius 2Ry, which isoutside the
field of view. Wefind U = 2J; (27kRy )k® / 7kRy . Themultipli-
cation of | by U gives the Fourier transform of the source
image, avoiding any problems caused by dividing by zero.

In practice, the unfolded Fourier transform of the image
contains both noise and the signal from the spatial distribution
of the neutron source. The primary source of noise is the
Poisson statistics of eventsin the detector. Reducing thisnoise
regquires a low band-pass filtration that limits overall design
performance. Areliablecriteriontofind thefrequency at which
noise starts to dominate is to set the noise power spectrum
equal to the power spectrum of the signal without noise.13

For Poisson noise, it can be shown that the power spectrum
of theimagewith noise, P, isthesum of the power spectrum
of the image without noise, P, and the spectrum Ng of the
number of detected neutronsinthefull field of theimage.14 For
an homogeneous neutron source of radius Rg and yield N, we
have
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Using the first-order approximation of the Bessel function
valid for kR s greater than about 1.2 (appropriate for penum-
bral imaging), the equation Pg= Ng givesthe cutoff frequency
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The spatial spectrum of the signal beyond the cutoff frequency
is within one standard deviation of the noise. Recovering
signal information beyond k. requires sophisticated filter-
ing.12Inour design, 1/k. isused asapreliminary estimation of
the limit of spatial resolution due to the signal-to-noise ratio
and the unfolding process.

Combining the effects of statistics on resolution, the shape
of theaperture, the pixel size, and therecoil proton rangeleads
to an estimation of the overall spatial resolution dg:
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Figure 86.33 shows the variation of the overall spatial resolu-
tion for neutron yield between 1012 and 1014 and for aneutron
source size of 50-um diameter. For a high-yield shot, the
spatial resolution is 45 um, dominated by the sampling limit
(30 um) and the PSF of the aperture (24 um) (dotted curve of
Fig. 86.33). Thedesignisunableto resolve spatial variation of
such a source because the resolution and the source size are
comparable. A neutron source size of 100-um diameter, how-
ever, can be differentiated from one of 50 um.
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Figure 86.33

The instrument’ s contributions to the spatial resolution versus the neutron
yield; overall resolution (solid), spatial resolution limit due to the cutoff
frequency k¢ (dashed) for a 50-um-diam neutron source, and spatial resolu-
tion limit (dotted).

Correct alignment is crucia to the experiment. A straight
reference line is established between a 400-um-diam, back-
lighted sphere at target chamber center and an autocol limator
near the detector. Thepenumbral apertureaxisismadecolinear
to an accuracy of 0.1 mrad using an attached, prealigned half
reflecting plate. The aperture is then centered on the back-
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lighted sphere to an accuracy of 50 um. The alignment proce-
duretakesat least 2 hfor atrained experimentalist to compl ete.

Severa operations are conducted on the raw penumbral
image before it is unfolded. First, the average of the CCD
backgroundsbeforeand after the shot issubtracted. Then CCD
pixels in which neutrons or gamma rays have interacted di-
rectly are detected by amplitude discrimination and replaced
by the average val ue of the neighboring pixels. Thiseliminates
CCD pixelsthat have values morethan threetimes higher than
the standard variation of the local average signal; however,
CCD pixels where neutrons or gamma rays have created
comparable or lower levels than the signal coming from the
scintillator still remain. Several shotsareal so acquired without
theaperture. Theaverage of thesesimagesisusedto correct the
image for the spatial variation of the response of the detector
and the recording system.

Figure 86.34 shows an unfolded image; Figs. 86.35 and
86.36 show the profiles obtained from the implosions (shots
21054 and 20290) of two glass microballoons filled with 20
atm of DT driven by 1-ns sgquare laser pulses. The shells had
thicknesses of 4.2 um and 2.5 um, diameters of 890 um and
920 um, and laser energies of 23.1 kJ and 31.1 kJ; they
produced yields of 3.6 and 6 x 1013 neutrons, with measured
ion temperatures of 10.3 and ~9 keV. The FWHM of the
measured neutron source sizesis 62 um (21054) and 78 um
(20290), respectively. The filter processing limits the mini-
mum detail that can be resolved to 45 um for shot 21054 and
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Figure 86.34
Unfolded image of shot 21054 showing a slight asymmetry.
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53 um for shot 20290. These values are in agreement with the
expected performance calculated with Eq. (2) (seeFig. 86.33).
For comparable neutron yield, the diagnostic resolution per-
formanceisbetter when the sourcesizeissmaller, aspredicted

by Eq. (2).

One-dimensional calculations of these implosions with a
radiation-hydrodynamic codel® were postprocessed using a
neutrontransport codeto producethecal culated neutronimage
profiles shown in Figs. 86.35 and 86.36. These images were
then processed to include the effects of noise by first calculat-

=
a1

=
o
I
|

(6]
I

Normalized neutrons/cm?2
\

0
-80 40 0 40 80
Distance (um)

E10853

Figure 86.35

Horizontal lineout (solid) of a DT capsule with a 4.2-um-thick glass shell
(shot 21054) compared to calculated profiles without (dashed) and with
(dotted) the effects of experimental noise.
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Figure 86.36

Horizontal lineout (solid) of a DT capsule with a 2.5-um-thick SiO; glass
shell (shot 20290) compared to cal cul ated profileswithout (dashed) and with
(dotted) the effects of experimental noise.
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ing asimulated penumbral image, then adding Poisson noiseat
thelevel seenintheexperiments, andfinally deconvolvingand
smoothing using the same process as used for the data. The
resulting profiles in both cases are within the experimental
resolution of the observed profiles (all profilesare normalized
in 2-D tothe sameintegral). Theimplosion of the capsulewith
a4.2-um-thick wall had acal culated convergenceratio (initial
fuel radiug/final fuel radius) of 9, producing the smaller
source, The implosion of the capsule with a 2-um-thick wall
was very similar to that of Ress et al.# (capsule with a 2-um
wall, 1000-um diameter, 25 atm DT, 20-kJ laser energy, 1-ns
square pulse, convergenceratio of <3, neutron yield of ~1013,
and a 9-keV ion temperature). Both capsules were calcul ated
to produceanimagewithastrong central peak. Wefind that the
inclusion of instrumental resol ution, which Resset al . did not
address, explainsthelack of an observed peak in our data. Our
smaller observed FWHM of 78 um compared to their 150 um
reflects the higher resolution of our imaging system aswell as
the better irradiation symmetry of OMEGA’s 60 beams com-
pared to Nova's 10 beams.
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