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ICF IN THE U.S.: FACILITIES AND DIAGNOSTICS 

Lamar W. Coleman 

Lawrence Livermore National Laboratory 
Livermore, California 

INTRODUCTION 

In the last few years there has been significant progress in ICF research in 
laboratories in the United States and elsewhere. These advances have occuaed in areas that 
range from demonstrating an innovative laser beam smoothing techniques important tor both 
directly and indirectly driven ICF, to achieving a more complete understanding of capsule 
implosions and related physics. This progress has been possible because of the capabilities 
provided by the ICF laser-target facilities currently in operation and the new developments 
in diagnostics, particularly for measurements of the implosion process and the conditions in 
the compressed capsule core. Both of these topics, facilities and selected new diagnostics 
capabilities in the U.S. ICF Program, are summarized in this paper. 

The objective of the U.S. ICF program since its inception in the early 1970s has 
been to obtain a high yield (100 to 1000 Ml) microfusion capability in the laboratory for 
defense applications while considering the possibility for civilian applications in the long 
term. This will require achieving high gain (the ratio of fusion energy output to drive 
energy input) from an inertial fusion target driven by an -10 MJ driver. In 1986, a U.S. 
National Academy of Sciences (NAS) committee completed a year-long review of the ICF 
Program (1). The NAS review concluded that about five years would be required to obtain 
die data base needed for a decision about the future direction of the ICF Program. 
However, in the intervening period, positive results, particularly from the Nova laser at the 
Lawrence Livermore National Laboratory (LLNL) and from underground nuclear tests in 
the Halite/Centurion program, have been obtained more rapidly than anticipated. Using 
appropriately scaled high gain targets, most of the conditions needed to achieve high gain 
with indirecdy driven targets have been demonstrated. 
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This progress has generated renewed interest within the U.S. Department of Energy 
(DOE) and the national ICF community to establish a program for developing the 
technology and cost base for a Laboratory Microfusion Facility (LMF) which would 
demonstrate high gain in the laboratory. At a recent Congressional hearing, the Assistant 
Secretary for Defense Programs in DOE testified: "The concensus of the ICF community 
and DOE is that the program has progressed much more rapidly than the Happer Committee 
[the 1985-1986 National Academy of Science ICF Review] or anyone else anticipated in 
1985. In fact, several significant scientific firsts have been achieved in the last year. These 
results have presented the U.S. with the opportunity to embark on a new phase in the ICF 
program, the planning of a Laboratory Microfusion Facility" (2). 

Such a laboratory high-gain fusion capability would make major contributions to 
defense and potentially to civilian national priorities. For the defense programs it would be 
valuable to assess nuclear vulnerability and hardening issues, and to supportt the U.S. 
nuclear defense R&D capability. High-gain ICF would also demonstrate the scientific 
feasibility of ICF for electric power production and would provide a unique means for the 
study of matter under extreme conditions. 

ICF LASER FACILITIES 

Omega 

The Omega laser facility at the University of Rochester's Laboratory for Laser 
Energetics (UR/LLE) is the principal U.S. facility for the study of directly driven ICF. 
Omega is a 24-beam, symmetrically arrayed, Nd:glass laser, frequency converted to the 
third harmonic (0.35 nm wavelength) (3). Figure 1 is a photograph of the Omega laser. It 
is capable of delivering 2 kJ (in a 1-ns pulse) to targets with the beam-to-beam energy 
balanced to better than 2% and providing spherical illumination uniformity of better than 
10%. Beam timing is controllable to + 2 ps and beam pointing resolution and stability is + 
10 Jim. The Omega target chamber is equipped with a comprehensive set of optical, x-ray, 
and fusion reaction diagnostics. 

Rochester (as well as Osaka University in Japan) is pursuing an approach to capsule 
drive uniformity that relies on electron conduction or target motion to smooth the short-
spatial-scale interference from a large number of beamlets. Rochester has divided each 
beam of the Omega laser into about 15 000 hexagonal elements using distributed random 
phase plates in the laser beams (4)- This arrangement is shown in Fig. 2. The diffraction-



Fig. 1. The Omega 24-beam laser system. 

target 

• 15,000 hexagonal on/oil elements I') 

• Two-level (o, IT) thin-lilm relief pattern 

• A/400 optical-path-diflerence (OPD) 
measurement accuracy (A -- 351 nm) 

• A/100 OPD plate-to-plate variation; 
A/50 theoretical requirement 

'Phase elements are transparent 

Fig. 2. LLE development of distributed phase plates adds phase conversion to the 
frequency-tripled, solid state laser. 



limited spot size for each of these elements is about equal to the target size. Each element 
produces a phase shift of 0 or it relative to an adjacent beamlet, and the pattern of phase 
sl.ifts is distributed randomly over die surface of the phase plate. This approach also shifts 
spatial variations from large to small spatial scales, as can be seen from the data in Fig. 3. 

With 24 beams smoothed by this technique UR/LLE has succeeded in demonstrating 
a hundred dmes liquid density with a direcdy driven cryogenic capsule and that the result 
was dependent on the additional beam smoothing by the phase plates (5). Although further 
improvement is required, notable progress has been demonstrated in improving direct drive 
uniformity. Additional beam smoothing techniques are presently being evaluated. 

Pharos 

Pharos is a three-beam, Ndtglass laser system, utilizing disk amplifiers, at the Naval 
Research Laboratory. The two main beams can deliver 1.5 kJ in a several-nanosecond 
pulse, whereas the third beam is utilized for diagnostic purposes. The facility is primarily 
used to study kinematic and fluid instability issues in planar geometry. It operates at the 
first and second (0.53 Jim) harmonics. The unique feature of this U.S. facility is broad 
bandwidth (AXA = 0.06%) a nd induced spatial incoherence (ISI) for producing spatially 
uniform beams in the target interaction plane (6,7). The ISI technique consists of breaking 
each laser beam into a large number of beamlets by reflecting the beam off a corresponding 
number of echelons, as shown in Fig. 4. The size of each beamlet is chosen so that its 
diffraction-limited spot size is about equal to the target or desired spot diameter. All of the 

Beamline 6-2 Intensity Cross Sections 

—300 /jm 

Distance at Target (jim) 

300 f im-

Distance at Target (jim; 

Fig. 3. Distributed phase conversion reduces hot-spot structure and provides reproducible 
target irradiation. 
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beamlets are independently focused and overlapped on the target. This eliminates large-
spatial-scale nonuniformity in the beam at the expense of small-scale interference between 
the beams. If, in addition, the phase delay between beamlets introduced by the echelons is 
greater than the coherence time of the laser, then the interference pattern moves around 
rapidly, resulting in a time-integrated pattern of uniform intensity. As shown in Fig. 5, the 
overlap of the beamlets can also be adjusted to vary the shape of the smoothed intensity 
profile in the target plane. Rayleigh-Taylor instability growth experiments with planar 
targets using ISI-smoothed beams at Pharos have shown lower than classical growth rate of 
the fluid instability (8). Recently NFL has begun construction of a KrF laser system to 
exploit ISI at 0.25-nm wavelength (9) for laser-target interaction and fluid dynamics 
studies. 

Fig. 4. ISI in two transverse dimensions (reflection mode). 
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Fig. 5. Focal distributions with and without ISI (green laser). 



6 

Chroma 

In addition to its major emphasis on providing target fabrication and materials 
science support to the U.S. ICF Program, KMS Fusion operates the Chroma laser for 
supporting physics experiments. Chroma is a two-beam, Nd:glass laser which utilizes disk 
amplifiers to produce up to 0.8 kj at 1.06 Jim in about a 1-ns pulse and which can be 
converted to the second or third harmonic (10). Chroma also has a sepaiate diagnostic beam 
and fcatu.es a unique, four-frame, ultraviolet (0.25-nm) holographic interferometer with 20-
ps exposure times. Recently an ISI capability has been added to one Chroma beam to allow 
extension and comparison of topics of laser plasma interaction physics with smooth 
intensity profiles. The capabilities of Chroma have been utilized to study such topics as 
laser absorption, energy transport, paramaterialization of x-ray production, plasma 
filamentation and atomic physics. 

Aurora 

Because of the now proven merits of short wavelength for laser driven ICF, the Los 
Alamos National Laboratory is developing a 0.25-pm KrF laser system, Aurora (11). 
Aurora is currently being integrated into a working system to evaluate the applicadon of 
large-scale KrF laser technology to ICF. The system uses optical multiplexing and serial 
amplification by large electron-beam-driven laser amplifiers. A diagram of Aurora is shown 
in Fig. 6. The front end output (which includes the small aperture model [SAM] amplifier, 
is split up to produce a 480-ns-long pulse train consisting of ninety-six 5-ns beams. The 
encoded pulses are relayed through the preamplifier (PA, 20- x 20-cm epertore), the 
intermediate amplifier (IA, 40- x 40-cm aperture), and finally double passed through the 
large aperture module (LAM, 100- x 100-cm aperture). The LAM, operated alone as a 
nonoptimized, unstable resonator has produced more than 10 kj of 0.25-jim light 

The present emphasis on Aurora is on the demonstration of overall system 
integration at about die 100-J level without the use of the LAM. The current goal is to 
deliver mulukilojoules in 48 demultiplexed beams stacked into a 5-ns pulse to a 200-|im-
diameter spot in me target area. 

Nova 

Nova, the 10-beam, 100-kJ-class laser at Livermore is the latest in die series of 
high-power Nd:glass lasers designed, constructed, and utilized for ICF research at LLNL 
(12). Figure 7 is a photograph of the Nova laser bay. The ten 74-cm-diameter beams are 

http://fcatu.es
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Fig. 6. Diagram of the Aurora laser at the University of Rochester Laboratory for Laser 
Energetics. 

Fig. 7. The Nova laser bay at Lawrence Livermore National Laboratory. 
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equipped with tandem arrays of KDP crystals to provide on-target illumination at the second 
(0.53-nm) or third (0.35-nm) harmonic of the 1.05-|im laser output. The construction of 
Nova was completed at the end of 1984 and was brought into operation as an experimental 
facility during 1985. In addition to the main ̂ m-diarrKter, 10-beam target chamber 
(shown in Fig. 8), Nova is equipped with a smaller target chamber to which two beams can 
be directed for supporting experiments that da not require all ten beams. The wavelength 
flexibility, the ability to produce complex temporal pulse shapes, the two target chambers 
and the focusing flexibility combine to make Nova an extremely versatile, powerful, and 
productive experimental facility. Table I summarizes the operational capabilities of the 
facility. 

The original Nd:glass disks in Nova's laser amplifiers were found to contain small 
particles of undissolved platinum inadvertently introduced during the glass manufacturing 
process. Nova has been operated at its design level; unfortunately, at that high beam fluence 
through the amplifiers the local absorption by the platinum particulates produced damage 
sites in some of the laser disks. Upon further high fluence operation, the damage sites can 
grow to make the disks unusable. In order to avoid that problem we elected to operate Nova 
at reduced power to limit further damage until platinum-free glass could be installed. The 
early experimental programs planned for Nova did not require the full design output of the 
laser. Until now, all Nova experiments have been conducted with up to 25 kJ of 0.35-|im 

Fig. 8. The ten-beam target chamber of the Nova Laser. 
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Table I. Nova exemplifies the flexibility and reliability of Nd: glass lasers. 

• Wavelengthflexiblllty —1.0 |im, 0.53 um, 0.35 )im, 0.26 |im 

• Focal shape - llcxible 

• Pulse shaping 

— 0.03 <•£ lOOnsec 

— Gaussian, square, complex pulu shapaa 

• Power routinely available to target (0.53 ym, 0.35 urn al 1 ns) 

— 20-25 TWal present 

— > 30 (2.5 ns)- 50 TO (Ins) hi 1989 

• Two largsl areas 

• > 40 sophisticated diagnostics 

• > 70 complex experiments par month 

light in a 1-ns pulse. Platinum-free laser glass has been developed and manufactured. By 
the end of 1988 all the affected Nova amplifiers will have been retrofitted with platinum-free 
glass and Nova will be able to routinely conduct experiments with 50 to 70 kJ of 0.35-jtm 
light (in 2.5-ns pulses) starting in 1989 (13). 

Nova has proved to be a reliable facility. The laser produces the desired output more 
than 95% of rite time, and at present the beams can be routinely tuned to ±9% (2a) of the 
desired energy. This latter balancing will be significantly improved in the future. The laser 
amplifiers have shown long-term stability (e.g., no significant gain changes) and 80% of the 
system time is utilized for experiments; only 20% is devoted to maintenance. 

Table II summarizes the major accomplishments with Nova in less than three years 
of operation. The Nova laser is the primary U.S. facility devoted to the study of the indirect 
(radiation) drive approach to inertial fusion. Nova's principal objective is to demonstrate 
that laser-driven hohlraums meet the conditions of beam-target coupling efficiency, beam 
irradiation symmetry, beam pulse shaping, target preheat, and plasma-target hydrodynamic 
stability required for high gain. In the past year, rapid progress has been made toward all 
these objectives. Nova experiments have achieved major advances in the imploded fuel 
conditions for laser-driven ICF. 

Use of the 0.35-pm light has allowed us to concentrate on hydrodynamic and 
radiation transport issues. With unshaped pulses and hohlraum targets employing the same 
geometrical features as hiph-gain target designs but scaled in size to match the energy 
available from Nova, we have measured values for the drive temperature, pressure, preheat, 
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Table II. Experiments on Nova have significantly advanced ICF and laser-matter-interaction 
physics. 

• ICF 
— High drive, low preheat hohlraums lor a-ny driven 

Implosions 
October 1985 

— Record neutron yield ol 2 * 1 0 ' 3 October 1986 

— 30-loW radlel convergence ol an ICF target May 1987 

— Flral direct neutron Image ol an ICF target January 1980 

— Successful hydrodynamic Instability experiments March 1988 

— Hecordneutronyleldol2i!l0"lromx-r«y 
driven Implosions 

April 1988 

• X-ray Lasers 
— First multipass »-;«y laser cavity July 19B6 

— X-ray laslng el « A April 1987 

— First hologram using an may laser June 1987 

and symmetry that meet or exceed those required for high gain (14). These tests culminated 
in precision hohlraum experiments that have demonstrated the successful implosion of a 
capsule with a convergence ratio (pre-implosion to post-implosion radius) >30. A ratio in 
excess of 30 is required for high gain. 

The capsule performance essentially matched 1-D code predictions of implosion 
values for yield, ion temperature, fuel and pusher pr (the product of density p and radius r), 
radius of fuel at peak neutron production, and burn duration. Particle densities of 5 to 7 x 
lO^4 cm"3 (about 100 to 150 times the liquid density of DT) and nx values of about 2 to 5 x 
10^4 cm-3 sec were obtained. Fuel ion temperatures were 1.5 to 2.0 keV and DT neutron 
yields of 0.5 to 2.0 x 10* * were achieved. Both the nx and ion temperatures are several 
times higher than had been achieved on earlier lasers at longer wavelengths. In addition, 
these implosions, conducted with unoptimized, unshaped laser pulses, performed 
essentially as predicted by spherical LASNEX calculations, clearly demonstrated that it is 
possible to obtain a sufficiendy uniform x-ray drive flux on the capsules with die indirect-
drive technique. 

The Laboratory Microfusion Facility 

The U.S. Department of Energy has supported a process of planning to have an 
LMF available within a decade. Four driver options are under consideration: Nd:glass and 
KrF lasers and heavy- and light-ion accelerators. Although they are at widely different 
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stages of development, it is generally accepted that all four of these technologies could 
provide a driver capable of delivering 10 MJ. It is not clear, at present, however, that each 
is equally capable of delivering this energy while meeting the additional requirements of 
flexible temporal pulse shape, 1000-TW peak power, >10 1 4 W/cm2 intensity, stand 
off/focal distance required for a target chamber designed to handle a 1000-MJ yield, and up 
to one shot per day. 

DOE is supporting driver development on light ions at Sandia National Laboratories, 
heavy ions at the Lawrence Berkeley Laboratory, KrF at Los Alamos, and Nd:glass at 
Livermore, and has tentatively set 1991-1992 as the decision point for driver selection. It is 
generally accepted that Nd:glass laser technology is the most mature of the four 
technologies. In particular, it is the only one that is currently in use worldwide in ICF 
implosion experimental facilities and that (as seen in the Nova experiments), has 
demonstrated the capability of providing the radi&don environment required for indirectly 
driven targets. 

Mostapplicationsof an LMF require yields of greater than about 100 MJ. Witha 
10-MJ driver we expect that yields of 1000 MJ should ultimately be possible for indirectly 
driven targets. If driver beam nonuniformities and hydrodynamic instabilities can be kept at 
a sufficiently low level, 1-D calculations for direct drive capsules with realistic radius-to-
shell thickness (aspect ratios) project similar performance. Building an LMF with a 10-MJ 
driver allows some margin of error in estimating the "cliff in capsule performance and 
allows for the widest possible range of applications, some of which require yields of up to 
1000 MJ. 

Solid State Laser Driver for the LMF 

On the basis of the demonstrated performance of solid state laser •systems 
constructed and utilized in ICF research, from both the laser and target physics points of 
view, we believe that it is technically assured that a 10-MJ, 1000-TW (in a 10-ns pulse) 
short wavelength (0.26- to 0.53-nm) solid state laser can be built. Such a driver would be 
able to deliver the appropriately temporally shaped pulses at the required focused intensity of 
1014 to iol5 w/cm2. However, while these requirements are achievable with current Nova 
laser technology, the overall projected cost using this technology (including target area) of 
approximately $2000 million is judged to be unacceptable. 

Consequently, effort has been devoted to laser materials and technology 
developments with heavy emphasis on cost reduction. A point design for a 10-MJ, 0.35-
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jim LMF solid state laser driver, called Athena, has been developed at Livermore (13,15). 
Figure 9 shows that Athena does not represent a particularly large step in laser power. The 
Athena-based LMF has a projected cost of-$750 million, again including a target area 
capable of handling a single-shot yield of up to 1000 MJ. This design incorporates all of the 
design features that we have identified as desirable to reduce technical risk and cost. 

The principal feature of the Athena solid state laser design is its segmented, 
multipass power amplifier. This amplifier consists of a three-dimensional, 4x4x11 array 
of Nd-doped glass plates, each with an -30-cm clear aperture. The plates are pumped by 
banks of flashlamps along the two vertical walls of the amplifier module (just as in Nova's 
power amplifiers), and, in addition, by three internal banks of vertically oriented 
flashlamps, one between each of the four columns of plates. The energy extraction 
geometry of these amplifiers is the key to the overall compactness and modularity of the 
Athena design. Previous high-energy Nd:glass lasers, including Nova, have used the 
master oscillator, power amplifier (MOPA) geometry, in which the beam is expanded after 
each stage of amplification to keep optical fluences below the damage threshold. The 
MOPA geometry thus requires design and construction of optical components of many 
different aperture sizes (seven on Nova). 
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Fig. 9. The successful scaling of Nd: glass drivers to the 100-TW region at short 
wavelength lays the foundation for the Athena point design at 1000 TW. 
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In the segmented, multipass amplifier design, all amplifier elements are the same 
size. At the 10-ns pulse length, 75% of the stored energy is extracted by three passes of the 
laser pulse (or beamlets) through each element (This is in contrast to an average total chain 
extraction efficiency of less than 20% at 2.5 ns on Nova.) After amplification, each beamlet 
has an energy of 11.7 kJ, giving about 187 kJ of 1.05-|im energy for the whole 4 x 4 beam 
out of each amplifier. After amplification the beams are spatially filtered and relayed to the 
frequency convener arrays and focused on the target, as in Nova. The Athena point design 
uses 68 of these beams to deliver 10 MJ of G.35-u.m energy to a target in a shaped 10-ns 
pulse. 

Values for the many parameters required to specify the point design have been 
determined; most of them represent extensions of values achieved either on Nova or on 
small scale test beds. The design goals for parameter values critical to the Athena driver 
design are given in Table in, along with Nova values for comparison. The impact of these 
efficiency and damage fluence goals on overall laser design and performance for Athena or 
any other solid state laser design is profound. Similar to the advance in which the energy 
and power of all 20 beams of Shiva was compressed into one beam of Nova, one beamline 
of Athena would deliver twice the 0.35-ntn energy (150 kJ, 10-ns pulse) of all ten beams of 
Nova (70 kJ, 2.5-ns pulse). This single beamline would occupy a volume only a fraction of 
that needed for Nova. A more compact, modular design substantially reduces the quantity, 
area, or volume required of all the laser's components and thus the cost 

Table HI. Our overall system efficiency goal for Athena is 1.8%, approximately 10 times 
that of Nova. 

FrvQUMtcy 

1mHghr| |3o»Hghr 

m transport 
d focusing 

Ta*o*t 

Target 
crwnber 

Component efficiencies 

FHI omiy Beam Ovffsll 
Sl&nsi Frtfiillan lAClfif transmission eonvfSlon transport •Iflclencv 

Nova 0.012 C M 0J0 0.90 0*3 0.15 0.0016 
Athena 0.04 C.75 0.M 0.35 0.05 0.95 0.018 

The largest Improvements come fron 
Increasing the lowest efficiencies 
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The design goal for energy-storage efficiency and density have been essentially 
demonstrated on an advanced, single-segment amplifier testbed (13,16). The extraction 
efficiency is predicted by amplifier design and performance codes previously normalized by 
data from Nova's amplifiers. The frequency-conversion efficiency goal has been 
demonstrated, using Nova KDP crystals, in a more well-controlled laboratory environment 
than available on Nova. Of the two other efficiency factors in the overall efficiency, the fill 
factor goal of 0.80 is equal to that of Nova and die beam transport goal of 0.95 is only 
moderately higher than the 0.85 achieved on Nova. 

The remaining design goal, damage fluence of 40 J/cm2 at »0 ns, is the largest 
technical risk and challenge. At 1.05 \im, current materials and recent new coating 
developments are above or close to achieving the required damage threshold, particularly 
when the reduction in peak intensity after spatially filtering is accounted for. At 0.35 |im, 
further development is required to meet the 40 J/cm2 goal. However, if we cannot achieve 
any further improvement at 0.35 nm, the cost penalty of expanding the area of the beams 
before frequency conversion and final focusing optics is on the order of $50 million for the 
10-MI system. 

DIAGNOSTICS FOR ICF 

ICF experiments are designed and conducted to quantitatively measure a wide range 
of laser-plasma interaction and target physics. These include drive and preheat conditions, 
capsule implosion dynamics, symmetry and stability, and the conditions achieved in the 
compressed fuel. In the early 1970s it was realized that ICF research posed diagnostics 
challenges that would require extensive research and development In particular the short 
time- and small space-scales imposed unprecedented requirements for temporal and spatial 
resolutions. The diagnostic criteria identified at that time (and still true today) are 
summarized in Table IV. The difference is that in the early 1970s essentially none of these 
criteria could be met. Today there exists a variety of diagnostic techniques, instruments, 
and systems that represent an impressive capability for meeting many but not yet all of those 
objectives. 

The emphasis and concomitant developments in ICF diagnostics can be categorized 
into three time periods. In the early 1970s, when major experimental activities in ICF were 
emerging, the diagnostic focus was on the development and applications of instruments and 
techniques for understanding the characteristics of laser pulses and for fundamental 
measurements of laser-plasma interaction physics. The early development and applications 
of ultrafast optical-streak cameras was carried out during this period. These cameras, 
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Table IV. Diagnostic requirements. 

10 1 6 cur 3 < n < 10 2 6 cm' 3 

1 eV < hp < 500 keV 

1 eV <: E < 14 MeV 

1 nm < Ax < 1 cm 

1 psec < At < 20 nsec 

Data obtiinad on a single shot basis 
Compatible with computer aided data acquisition 

capable of measuring optical signals with a temporal resolution of several picoseconds, were 
used for direct, time-resolved measurements and in a few time-resolved imaging and 
spectroscopy applications. Today these types of cameras are indispensible in a wide array 
of diagnostic applications, including ultrafast neutron measurements. 

Between the mid-1970s and the mid-1980s the diagnostic emphasis was on 
refinements and extensions of instruments and development of new techniques to study and 
understand laser-plasma interaction physics and scaling in much more detail. During this 
period techniques for improved yield measurement, pr measurements, and other techniques 
to measure average conditions in the compressed capsule core were developed and utilized. 

Diagnostic development and application in the mid-to-late 1980s have been 
characterized by concentration on very detailed laser wavelength and plasma size scaling of 
laser-plasma interaction physics, by experiments to study and understand capsule implosion 
dynamics and crucial issues of symmetry and stability, and by techniques for determining 
the detailed compressed fuel conditions at fuel compressions of up to about a thousand times 
liquid-DT density. 

Ultrafast electronic streak cameras have been mainstays in a wide variety of 
diagnostic instrumentation through these three periods. More recently ultrafast electronic 
framing cameras have begun to have a significant diagnostic impact (17) (see Fig. 10). 
Electronic streak and framing cameras provide high time resolution (picosecond time scale), 
long recording time (nanosecond time scale), one (streak camera) or two (framing camera) 
dimensions in space, high sensitivity and good dynamic rangj, and a broad range of spectral 
sensitivity (infrared to x-ray). Figure 11 is an exampe of data obtained with an LLNL-



16 

Nova nose-con* 
plasma 

four 
pinhole 
array 

200 psec 
pulse 
former 

2 nsec 
I pulse 

input 

t o u r ' Vable delay 
siriplines 
coated on microchannelplate 

Fig. 10. Schematic drawing of the four-frame x-ray gating camera. 
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t o + 5 0 0 p s t 0 +750ps 

Fig. 11. X-ray framing camera images of laser shot 16054 at the University of Rochester 
Laboratory for Laser Energetics. 
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developed, four-frame x-ray framing camera (18) on a directly driven implosion on the 
Omega laser at UR/LLE (5). 

Descriptions of many ICF diagnostic techniques and applications are available 
elsewhere (19,20) and will not be repeated here. Some recent developments in techniques 
for high-density, compressed-fuel-core diagnostics are described below. 

Fuel-Core Diagnostics 

The quantitative measurement of the detailed fuel conditions in the core of a 
compressed ICF capsule presents a very significant diagnostic challenge. In addition to an 
accurate determination of the fusion bum rate and yield, measurements of the spatial and 
temporal dependence of fuel density, density-radius product and temperature, as well as the 
shape and state of mix of the fuel region are needed. Measuring these parameters will allow 
a more precise comparison of experimental performance with design calculations and 
provide a more detailed understanding of capsule perfomance. 

The diagnosis of high compression ICF implosions is difficult. Low temperatures 
reduce target self emissions and high fuel and pusher area! densities impose severe 
restrictions on probing via x-ray backlighting. Ultimately the methods which will provide 
most of the accurate quantitative information on highly compressed core conditions will be 
neutron based techniques. For present and near-term intermediate density experiments, 
some of the neutron techniques can be checked against more conventional x-ray diagnostic 
techniques. 

Table V summarizes diagnostic techniques that provide information on the implosion 
and core parameters listed across the top. Solid circles indicate a primary or direct 
measurement technique whereas open circles indicate that information on that parameter can 
be deduced from the data. Table VI summarizes the diagnostic program associated with the 
LLNL Nova laser to study the implosion and bum of ICF capsules. The neutron penumbra! 
imaging, fusion bum width and implosion time, secondary and tertiary DT neutron yield 
and spectroscopy, and the knock-on triton techniques will be briefly described. 

Neutron Penumbral Imaging 

Although imaging the 14-MeV neutrons produced from reacting DT fuel in a 
compressed target is conceptually straightforward, limitations imposed by the requirement 
for high spatial resolution (several microns) combined with insufficient neutron yield in 
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today's experiments conspire to make "standard" imaging techniques (e.g., conventional 
imaging) impractical. Obtaining a neutron image is important because it provides a direct 
measure of the extent and shape of the reacting fuel region. (Note that in high-density 
implosions the a-parricles produced by the DT reaction cannot escape from the target and 
cannot be used as a diagnostic.) A technique called penumbral imaging aliows high-
spatial-resolution neutron images to be obtained with neutron yields in the 10*0 to 10 u 

range (21-23). 

Penumbral imaging is a two-step, coded-aperture imaging technique. The technique 
is illustrated in Fig. 12. It is similar to conventional pinhole imaging except that in the 
penumbral case the aperture is chosen to be larger than the size of the source. For this 
reason the sensitivity is increased compared to conventional pinhole imaging in which the 
collimator must have an aperture smaller than the source and approximately the size of the 
spatial resolution desired (20). In the first step of the penumbral technique a source of 
incoherent radiation (the neutrons in this case) casts a geometrical shadow through a circular 
aperture and produces a coded image consisting of a bright uniformly illuminated central 
region surrounded by a partially illuminated penumbra. All of the information about the 
spatial distribution of the emission from the source is contained in the penumbra. The 
penumbral image is coded; it is a convolution of the source distribution with the aperture 
transmission function. In the second step the source distribution is mathematically 
deconvolved from the coded image using knowledge of the aperture shape. 

Table V. ICF diagnostics applications: implosion/core conditions. 
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Table VI. An extensive implosion diagnostics program has been developed on Nova to 
enable detailed quantitative comparison of experiments with numerical simulations. 

Dlaanosttes 

Enwrlmental Ouantltv Editing. Developmental 

• Implosion symmetry • X-ray microscopy will-
framlng camera 
(At -100-150 psec) 

* Framing camera 
(At < 50 psec) 

• Implosion velocity « X-ray microscopy with 
streak and Iramlng camera 

• Neutron Interval time with 
pholoconductors and 
sclntlllalor-streak cameras 
with absolute timing 

• X-ray Interval time with 
photoconductors 

• Imploded cor* ship* 
and slzt 

• Neutron penumbra Imaging 
(A> - 40 urn) 

* X-ray microscopy with 
framing camera 

• Neutron Imaging 
with AX < 10 |im 

• Fuel areel density • Secondary Dt neutron 
yield and spectroscopy 

* Tertiary DT neutrons 
(yield end spectroscopy) 

• Fuel electron density • SEED gas spectroscopy 
(Framing camera and 
streak camera) 

• Fuel electron temperature • Multichannel i-ray Imaging 

• Pusher anal dentHy • Neutron activation ol Hb * SEED spectroscopy 
(absorption) 

• Fuel Ion temperature • Neutron time of flight • Photoconducllve 
detectors 

• Fusion bum width • Photoconductlve detectors 
with fast scope* 
(At -100 psec) 

* SdnWlator/strsak 
camera* <il« 50 psec) 

In the neutron penumbra! imaging system used on Nova to obtain images of 14-MeV 
DT neutrons the aperture is made of gold in the shape of a toroidal segment (2?., 23). The 
minimum aperture diameter was 407 |Xm. The aperture was positioned 15 cm from the 
target and carefully aligned to if. The detector was located 10.5 m from the target. The 
detector system consists of an 8-cm-diameter circular array of 1240 plastic scintillators. 
Each scintillator is a 10-cm-long rod with a 4-mm2 square cross section. The light from the 
scintillator array is reduced with a 2:1 fiber optic minifier onto a microchannel plate (MCP) 
image intensifier. The MCP output is lens relayed onto a CCD camera from which the 
image is read out. 

After mathematical deconvolution to reconstruct the source distribution, neutron 
images such as the one displayed in Fig. 13 are obtained. These data were obtained from a 
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simple glass capsule directly driven with about 20 kj of 0.35-jlm light from Nova and 
producing about 10*3 neutrons. The image was produced by about 15 000 neutrons and 
the signal to noise ratio at peak signal is estimated to be more than 10. Resolution of the 
system is in the 40- to 50-p.m range; improvements are being designed that will provide 10-
to 20-nm resolution. 

Penumbral coded aperture Imaging 

Neutron Imaging method Detected coded Image 

>< 
- r : : : 

'Ceded Image 

, Uniform 
MumkMtlofl 

• Coded Image 

Aperture DMKtor 

Fig. 12. Nova has produced the world's first neutron images of laser-driven ICF targets. 
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Fig. 13. We image the bum region of ICF targets using thermonuclear neutrons. 
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Hi°h-Speed Neutron Measurements for Implosion Time and Burn-Width Measurements 

Two important parameters for understanding ICF capsule implosions and the 
modeling of their performance are the implosion time and the duration of the fusion bum. 
The implosion time is also referred to as the "bang time," being defined as the time from the 
application of the drive pulse to the target to the peak of the fusion reaction rate. A direct 
method to make these measurements is with a neutron detector with very high time 
resolution. ICF implosions produce thermonuclear neutrons on a subnanosecond time 
scale. In 1985 the fastest neutron detectors in use on Nova (or other ICF experiments) had 
a time resolution of -1 ns. Today there are two neutron diagnostics instruments available 
on Nova that provide very much higher time resolution so that implosion time and bum 
duration measurements can be made. 

One diagnostic instrument is based on neutron damaged bulk GaAs that exhibits 
electron-hole recombination times of 60 ps (24). The GaAs has been neutron damaged by 
exposure to a large neutron flux in a reactor to produce trapping sites throughout its volume. 
The conductivity of the detector can then be modulated by the energy deposited by the ICF 
neutron flux interacting in the material to create free carriers. The fast electron hole 
recombination resulting from the radiation treatment quickly removes these carriers from the 
conduction process, producing an extremely fast response time. The operation is similar to 
that of an ordinary photoconductor except that the large mean free path of the 14-MeV 
neutrons distributes charge carriers throughout the detector volume. 

The GaAs detector used in the Nova system is 1 x 1 x 3 mm mounted in a coaxial 
transmission line biased to 1000 V. Data are recorded on a 6-GHz bandwidth oscilloscope. 
The detector geometry and shielding were designed so that less than 10% of the signal is 
due to gamma ray interactions when the detector is 10 cm from the target The detector must 
be close to the fusion target to minimize the effect of Doppler broadening on the neutron 
pulse and to maximize signal level. The diagnostic is shown schematically in Fig. 14. 

The impulse response of the detector alone was measured to be 60 ps (FWHM), 
using 2-ps, 0.53-jim wavelength laser pulses and a high-speed sampling system. The 
response of the assembled system is 130 ps (FWHM). 

Directly driven DT-filled capsule implosion experiments v. ;re performed using 20 
KJ of 0.53-pjn light in 1-ns pulses from Nova's ten beams (25). Neutron yields were in 
the range of 10 1 1 to 10*3. Fig. 15 shows die detector signals from the implosions of two 
different capsules designed to produce significantly different bum widths. The width of the 
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Fig, 14. Burn width and bang time experiments. 
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Fig. 15. Comparison of the bum width for two targets. 

narrow signal, 185 ps, is nearly bandwidth limited, showing the fast response even with 
bulk excitation from the highly penetrating neutrons. 

Finally, Fig. 16 shows the linearity of the detector for a variation in incident flux of 
more than a factor of a hundred. These data were obtained with a series of implosions by 
varying the target-to-detector distance and independently measuring the neutron yield with a 
calibrated detector. From these data Ac sensitivity of the detector is found to be 
S = (9.0 ±1.8) x lO" 4 V-ps neutron"1 cm"3 (25). 
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Fig. 16. Plot showing linearity of the GaAs detector for a variation in incident flux of more 
than a factor of one hundred. 

Another high time-resolution neutron diagnostic suitable for bang time and bum 
duration measurements, utilizes a fast fluorescer and an ultrafast optical streak camera to 
provide the time resolution (26,27). The technique is shown schematically in Fig. 17. The 
scintillator is placed close to the target and behind an x-ray shield. Light produced by 
neutrons interacting in the fluorescer is collected by the optical system and relayed to the 
streak camera slit, fhe rise time of the fluorescent light is typically very short, being 
typically in the 100- to 200-ps range, but still longer that the bum duration of the ICF 
capsule. Thus the rise of the optical signal will be affected by the duration of the neutron 
emission. The optical streak camera with a time resolution in the 5- to 10-ps regime can 
measure the shape of the rise with sufficient resolution that the fluor response can be 
deconvolved to determine the duration of the neutron signal. On Nova this instrument has 
been used to measure neutron emission on ma.- • v oi the same experiments as the GaAs 
detector discussed above, and it has provided corroborating values for bum widths and 
implosion times (26). 

An essential objective of ICF is to compress fusion fuel to high density. Techniques 
to measure the degree to which the fuel is compressed are essentia] and elusive particularly 
in regimes of high density. Techniques that use the fusion neutrons to activate a diagnostic 
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material in the capsule wall in order to measure the pAr of the compressed shell are quite 
well known now (20). The compressed fuel condition can be estimated through a model 
calculation using the measured pusher pAr. It is of far greater value and accuracy to employ 
techniques that diagnose the fuel conditions directly. 

One technique used at Nova and in other laboratories is the so-called secondary 
neutron method (28-30). By using DD instead of DT as fuel, half of the DD reactions 
produce 2.45-MeV neutrons and half produce protons and 1-MeV nitons. The triton can 
then undergo an in-flight reaction with a deuteron producing a "secondary" DT neutron. 
The ratio of the DT to DD neutron yields can, with the help of a model, provide a value for 
the fuel pr. The spectrum of the secondary DT neutrons also provides pr information, 
narrowing as the pr increases. The secondary DT to DD yield ratio is temperature 
dependent and provides temperature independent pr information only for pr values <10 to 
20 mg/cm2. The secondary neutron technique is illustrated in Fig. 18. 

A newer technique that can measure high fuel pr is to detect the neutrons produced 
in a three-step process, and therefore called the "tertiary neutron" diagnostic (30). DT fuel 
is used in an ICF capsule to produce 14-MeV neutrons. As the neutrons traverse the 
sufficiently dense fuel region they will undergo elastic scattering reactions with deuterons 
and tritons in the fuel imparting them energies of up to 10 MeV or more. These fast 

Neutron 
scintillator 

Primary mirror 
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Fig. 17. Bang time and burn duration are measured from the rise time of neuron induced 
fluorescence. 
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deuterons and tritons can then react with thermal tritons and deuterons, respectively, in the 
fuel to produce neutrons with energies ".ip to 30 MeV. An analysis of this process reveals 
that the ratio of the tertiary to primary neutron yields is proportional to <pr>2. For this and 
other measurements, a large Neutron Scintillator Array is being planned for Nova. This 
new detector system will provide a factor of 10 improvement in detection sensitivity 
compared to present detection systems and a factor of more than 20 improvement in energy 
resolution for neutron detection. This reflects an ability to measure a fuel <pr> of -200 
mg/cm2 for DT neutron yields in the range of 10 .̂ 

Another scheme developed and heavily utilized by the University of Rochester 
Laboratory for Laser Energetics is the "knock-on" technique (31,32). This approach to 
measuring fuel <pr> is presented in Fig. 19. As in the previous case, 14-MeV neutrons 
produced by OT fuel elastically scatter from fuel deuterons and tritons. However, in this 
case the energetic dcuterons or tritons are directly measured by a suitably filtered track 
detector, as illustrated. The number of scattered fuel ions per unit primary DT yield is 
proportional to fuel <pr>. The spectrum of the scattered ions, which can be determined by 
using an appropriately filtered stack of CR-39 track detectors further provides information 
on the ion slowing as they traverse the compressed pusher and therefore the pusher pAr. 

10 12 » « ' • 
DTnautio«anavr<M«VI 

Fig. 18. The yield and energy spectra of secondary DT neutrons from pure D2 filled targets 
can provide information on target compression. 
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Fig. 19. Direct measure of fuel <pr> by scattered (knock-on) fuel ion spectrometer. 

Suitable modelling can then be used to infer fuel density. The knock-on technique provided 
the data supporting a hundred times fuel density in the direct drive cryogenic target 
implosion conducted at UR/LLE (5). 

In summary, there has been major progress in ICF, but there are many challenges 
remaining, not the least of which are the diagnostic challenges. A sampling of current fuel-
core diagnostics has been summarized here. The next generation of ICF facilities will 
require improvements and advances in diagnostics comparable to those that have been made 
in the last decade. 
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