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Abstract. A summary of data and results from the first neutron images produced by the National Ignition Fa
cility (NIF) , Lawrence Livermore National Laboratory, Livermore, CA, USA are presented. An overview of the 
neutron imaging technique is presented, as well as a synopsis of the data collected and measurements made to 
date. Data form directly driven, DT filled microballoons, as well as, indirectly driven, cryogenically layered igni
tion experiments are presented. The data presented show that the primary cores from directly driven implosions 
are approximately twice as large, 64 ± 3 Jim , as indirect cores 25 ± 4 and 29 ± 4 Jim and more asymmet
ric, P2/PO = 47% vs. - 14% and 7%. Further, comparison with the size and shape of X-ray image data on the 
same implosions show good agreement, indicating X-ray emission is dominated by the hot regions of the im
plosion. This work was performed for the U.S. Department of Energy, National Nuclear Security Administration 
and by the National Ignition Campaign partners; Lawrence Livermore National Laboratory (LLNL), University 
of Rochester -Laboratory for Laser Energetics (LLE), General Atomics(GA), Los Alamos National Laboratory 
(LANL), Sandia National Laboratory (SNL). Other contributors include Lawrence Berkeley National Laboratory 
(LBNL), Massachusetts Institute of Technology (MIT), Atomic Weapons Establishment (AWE), England, and 
Commissariat 11 l' Energie Atomique (CEA), France. 

1 Introduction 

The National Ignition Facility has begun the quest to sys
tematically determine the conditions necessary to ablatively 
drive a cryogenically layered DT filled capsule to the pres
sures and temperatures necessary to induce thermonuclear 
bum, with the goal of obtaining energetic break-even. To 
achieve the requisite drive conditions, it is necessary to 
carry out a series of "tuning" experiments where the em
pirical relationship between key fuel assembly properties, 
such as size and shape, can be correlated with the laser 
drive parameters, such as pointing within the hohlraum, 
power, power balance, pulse timing, etc. Images of where 
fusion neutrons are produced and scattered within the highly 
compressed fuel assembly provides key information on the 
efficiency of the implosion. This information, when com
bined with other data, such as ion temperature, yield, bang
time, etc, can be used to provide a detailed picture of the 
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burning plasma and the material surrounding it , allowing 
measurements of fuel volume, areal density, pressure, adia
bat, etc. In thi s work, the first neutron image data produced 
by the NIF neutron imaging diagnostic is presented. In sec
tion 2 a brief synopsis of the method is provided, followed 
by a summary of the data collected to date in section 3, as 
well as a comparison with X-ray image data in section 3.3. 
Section 4 summarizes the results. 

2 The NIF Neutron Imager 

Fig. I illustrates how neutron imaging works and what in
formation it can provide. As the core of the fuel in DT im
plosions reaches temperatures and densities where a large 
number of DT fusions occur, a corresponding flux of 14.1 
MeV neutrons will be produced and stream from the 50-
150 J1 diameter, hot-spot. As these neutrons leave the cap
sule, they will pass through colder, denser fuel that is not 
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Fig. 1. Description of the physical processes contributing to neu
tron imaging, 

participating in the burn and a significant fraction will un
dergo subsequent nuclear scatters. These scatters result in 
a spectrum of neutron kinetic energies that extend from 
14, I MeV, down thermal energies. The fraction of neutrons 
found in the energy band from 10-12 MeV can be related 
to the areal density of the cold dense fuel, and therefore an 
excellent measure of the size and shape of the dense mass 
surrounding the hot spot. 

Neutron imaging of inertial confinement fusion implo
sions is a well established diagnostic technique[I - 5] . The 
diagnostic principle, is based on aperture imaging meth
ods regularly used in optics. In inertial confinement fusion 
experiments, source sizes are typically 100 JIm in diam
eter. To provide images with sufficient resolving capabil
ity, apertures with 10 JIm are required. Since the mean
free-path of fast neutrons in suitable aperture materials is 
greater than 3 cm, aperture bodies are typically at least 
10 cm in length . The obliquity of a 10 JIm hole through 
a 10 cm body requires object distances in excess of 10 
cm, with sufficient margin to allow for target misalign
ment. Further, fast neutrons are efficiently detected (im
aged) in organic scintillator materials, which have a proton 
recoil lengths, and therefore imaging resolution - 1 mm. 
To reduce the contribution of the imaging detector resolu
tion from millimeters to micrometers, a magnification ap
proaching 100 is required, and therefore the detector must 
be located at distances greater than 10m from the source. 
The data collected by the NIF neutron imaging diagnos
tic were collected in the equatorial plane of the the NIF 
coordinate system, using a 20 cm long gold and tungsten 
aperture body located at a pinhole imaging object distance 
of 32.5 cm from the target. The neutrons were detected 
in a 170 mm x 170 mm x 5 cm volume of coherently 
arrayed, 250 JIm diameter, BCF99-55 scintillating fibers 
positioned 2800 cm from the target. Light from this vol
ume was collected in two digital recording system, electro
optically gated on neutron flight times corresponding to 
energy gates of 10-12 MeV and 13-17 MeV. The details 
of the diagnostic development are published in a number 
of papers [6- 8] and the details of this system are described 
in a separate submission by Fittinghoff et al.[9]. 

Fig. 2. First data from the NIF neutron imaging diagnostic. 
Shown is the background and detector corrected array of aperture 
images of the primary neutron flux produced by the implosion of 
a directly driven, 1.4 mm, Si02 capsule filled with 10 atm of DT. 

Fig. 3. Reconstructed pinhole image from the aperture shown 
within the box drawn in Fig. 2, The red curve on the image is 
the 17% of peak intensity contour, while the blue curve is the 
fit to the 17% contour expanding in Legendre polynomial series, 
The fit yields a PO = 64 ± 3 Jim, and a P2/PO of -47 ± 4 %. , 

3 Neutron Imaging Data 

3.1 Direct Drive Implosions 

Fig. 2 shows the first image data collected from the NIF 
neutron imaging diagnostic. The images were produced by 
fusion neutrons from a directly driven, 1.5 mm diameter, 4 
JIm thick glass capsule filled with 10 atm of equimolar DT. 
The laser pulse duration was -2.0 ns, irradiating the glass 
shell with 125 kJ of 351 nm energy. The images were cor
rected for detector and background systematics. The array 
of images reflect the aperture assembly, which is a grand 
array[lO] of 20 pinholes surrounding a row of three neu
tron penumbral apertures[1 , 2]. The axis of each aperture 
within the array, excluding of the outer four apertures in 
the two rows of 7 pinholes, was designed to converge at a 
point 26.5 cm in front of the body. The pinhole cross sec
tions are equilateral triangles of varying height within the 
assembly. The projected aperture surfaces circumscribe a 
200 JIm circle 26.5 cm from the front of the assembly. For 
these images, the aperture was positioned 32.5 cm from 
the imploded target, so each aperture centerline points to a 
different location at the target plane. Due to the finite aper
ture field-of-view, the resultant variation of the signal with 
pinhole pointing may be used to determine the location of 
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Fig. 4. First data from the NIF neutron imaging diagnostic. 
Shown is the background and detector corrected array of aperture 
images of the primary neutron flux produced by the implosion of 
a directly driven, 1.4 mm, Si02 capsule fi lied with 10 atm of DT. 
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Fig. 5. Reconstructed pinhole image from the first layered implo
sion data collected by the NlF neutron imaging diagnostic. The 
image was reconstructed from the data within the box in Fig. 4 
The target was a cryogenically layered CH capsule filled with 
15% H, 20% 0 and 65 % T and driven by 1.3 MJ of 351 nm 
energy. 

the source, a necessary condition for image reconstruction. 
The box drawn in Fig. 2 illustrates the measured point
ing of the pinhole most closely aligned to the source. The 
image is then cropped around this center location, and re
constructed using an Estimation Maximization Maximum 
Likelihood algorithm[lll . The results of this reconstruc
tion are shown in Fig. 3. The shape of the core, as described 
by coefficients of a Legendre polynomial fit of the radius 
versus angle at the 17% of peak signal contour are: PO = 
64 ± 3 pm and P2jPO = 47 ± 4 %. The significant asym
metry of the implosion is due to the difficulty in the polar 
distribution of the laser beams to provide significant drive 
at the waist of the target due to the the high glancing angle. 
In spite of this , the data show good agreement with X-ray 
imaging data, as well as, post-shot simulations of the size 
and shape of the fuel assembly, as described by Wilson et 
al.[12] . 

3.2 Images from cryogenically layered targets 

Since commissioning, the neutron imaging diagnostic has 
participated in eight cryogenically layered DT and HTD 
implosion experiments. Fig. 4 shows the first image data 
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Fig. 6. Reconstructed pinhole image data of primary neutrons 
from shot N 110608-001-999. Shot NII0608 was a cryogenically 
layered equimolar DT filled capsule shot at 1.3 MJ of 351 nm 
energy. The result of the fit gives: PO = 29 ± 4 Jim, and P2(PO = -
17 ±4%. 
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Fig. 7. First reconstructed penumbral aperture image of scattered 
neutrons. The shows the fluence of 10-12 Me V neutrons pro
duced in shot NII0608-002-999. The fit results are: PO = 54.6 
± 6 Jim and P2(PO = 7 ± 3 %. 

from these implosion, shot NI10603-001-999, an HTD filled 
plastic capsule designed with a 57 p thick CH ablator. The 
deuterium fraction for this shot was 20%, while the frac
tions of the H (15 %) and T (85 %) maintained an average 
atomic mass number of 2.5. The capsule was driven with 
1.3 MJ of 351 nm radiation at a peak power near 420 TW. 
The data shown are the detector and systematics corrected 
images from the primary neutron flux in the 13 to 17 MeV 
energy band. Using the same methods described above, the 
image within the box shown in Fig. 5 was reconstructed at 
the 17% of peak signal contour, and was fit for shape in
formation . The resulting Legendre mode description of the 
low mode shape was : PO = 25 ± 311m, and P2(PO = -24 ± 3 
%. The error bar quoted is a combined error bar including 
the systematic uncertainty in the fit. This was determined 
by the fit uncertainties and a replicate trials study using 
the current noise model of the image system. The neutron 
yield and down scattered ratio of this shot was 6.45E+ 13 ± 
1.53E+ 12, and 4.4 ± 0.3 %, therefore the number neutrons 
in the 10-12 Me V band was below the sensitivity threshold 
(- 2E+ 13) for pinhole imaging. 

Figs. 6 and 7 shows the reconstructed primary and 10-
12 MeV scattered images from shot NII0608-002-999, 
which produced in a primary neutron yield of 1.9E+ 14 ± 
4.4E+ 13 and a down scattered neutron flux ratio (DSR) be
tween the 10-12 MeV and 13-17 MeV bands of 4.4 ± 0.2 
%. At these yields and DSR levels, a penumbral downscat
tered image reconstruction may be performed. The capsule 
used in this implosion was similar to shot NII0603-00l-
999, but filled with equimolar DT. The resulting PO and 
P2jPO ratio for the primary and down scattered reconstruc-
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Fig. 8. Neutron PO vs. X-ray PO from cryogenically layered OT 
and THO implosions at the NIF. The data show good agreement 
between the size of the nuclear and X-ray images supporting the 
conclusion that the X-ray images are produced in the hot core of 
the implosion. 

tions are: PO"rim = 29 ± 4 Jim, P2jPO"rim = -17 ± 4 %, and 
PO,,"c = 54 ± 7 Jim, P2/POsec = -7 ± 3%. The down scattered 
ratio expected from this geometry, and under the assump
tion of an isobaric configuration, concentric registration of 
the image centroids, and fuel mass conservation, is about 
4%, in good agreement between this image data and other 
measurements of the neutron fluence from the implosion. 

3.3 Comparison with x-ray image data 

Figs. 8 and 9 shows a compari son of the primary neutron 
image and X-ray images collected at peak burn. The data 
were produced in the series of layered cryogenic implo
sions that ocurred during the summer of 20 I I. These two 
data sets are collected from image systems mounted on the 
equatorial plane relative to the holhlraum axis, but sepa
rated by 123 0 in azimuthal angle, around the axis. The data 
show good agreement between the two diagnostic tech
niques, even though the images are formed from different 
physical phenomena. Since neutron images show where 
the fuel assembly is hot, resulting in nuclear reactivity, the 
resultant similarity between the si ze and shape of the X-ray 
data, indicate that the X-rays are produced in the same hot 
volume, and that the 9-11 KeV energy X-ray production is 
dominated by temperature and not density. 

4 Summary 

During the past year, the NIF neutron imaging system has 
been implemented and operationally qualified. During this 
period, the system has collected images of polar direct drive 
implosions of DT filled micro balloons, as well as indi
rectly driven layered cryogenic implosions of HTD and 
DT filled plastic capsules. Data from these experiments 
have been analyzed for fuel assembly size and shape data. 
For direct drive implosions, the primary core size has been 
measured to be approximately two times larger than for in
direct drive implosions, and substantially more asymmet-
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Fig. 9. Neutron P2jPO vs. X-ray P2(PO from cryogenically lay
ered OT and THO implosions at the NLF. The data show good 
trend agreement, though nuclear hot spot appears to be slightly 
more asymmetric than the X-ray volume. 

ric. Further the NIF neutron imager has also collected pri
mary and scattered neutron images of cryogenically lay
ered HTD and DT filled CH shells, with the scattered neu
tron images representing an experimental first. The size 
and shape of the neutron hot-spot shows quantitive agree
ment with the x-ray image data, and indicating that X-ray 
emission appears to be dominated by the hot core of the 
implosion. 
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