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Abstract: Progress in the Incrtial Confinement Fusion (ICF) Program has been very rapid in the last few 
years. Target physics experiments with laboralory lasers and in underground nuclear tests have ehown that 
the drive conditions necessary to achieve high gain can be achieved in the laboratory with a pulse-shaped 
driver of about 10 MJ. Requirements and designs for a Laboratory Microfusion Facility (LMF) have been 
formulated. Research on driver technologies necessary for an ICF reactor is malcing progress. Prospects for 
ICF as an energy source are very promising. 

Introduction 
As a result of rapid progress in ICF target physics the 
U. S. program has begun to focus on the design and 
planning for a Laboratory Microfusion Facility in 
which high gain can be achieved in the laboratory. 
Design studies and technology research for thai 
facility, along with longer-range research on drivers 
for !CF reactors and studies of requirements for 
economically competitive ICF reactors, arc beginning to 
reveal ICFs prospects as an energy source. This paper 
reviews the main target physics results, the LMF 
studies, and the reactor-related research to assess ICFs 
current potential and identify the milestones necessary 
to conclude ICF will be competitive. 

Target Physics 
ICF target implosions have been extensively studied at 
LLNL on the Nova laser and at the University of 
Rochester on the Omega laser, with the former 
concentrating on indirect drive targets while the latter 
concentrates on direct drive. Besides having much more 
drive energy available, the major difference between 
the Nova results and the earlier Shiva and Novcttc 
results is the remarkable ability to predict what the 
results of a given experiment series will be. Figure I 
shows the ratio of measured capsule yield to yields 
calculated with one-dimensional codes in which we 
have assumed there to be no. mix ol unbumablc material 
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Fig. 1. Nova implosion experiments with indirectly 
driven targets. Shown is the ratio of measured yield to 
that calculated in one-dimensional codes with no mix 
assumed. The lines show the bounds of calculations 
that include mix. Agreement with models is very good 

into the fuel (i.e. "clean", 1-D bum). 1 Each small dot 
represents a separate Nova experiment, and the 
average and standard deviation of each group of 
experiments done at various calculated fuel convergence 
ratios is shown by the vertical crosses. The large dots 
represent aggregates of data from Shiva and Novctte. 
The most striking thing about the figure is the two-
order-of-magnitude improvement in agreement between 
measurement and calculation compared to older data. 
In genera], many variables besides yield arc measured 
:n each experiment (e.g. pR, burn time and duration, ion 
temperature, and physical size and shape of the bum 
region). All are snowing this close agreement with 
calculations. Having the measured results be near 
clean, ono-dimcnsional calculations implies that we 
are achieving near perfect symmetry and balance in the 
absorbed capsule energy (and power) and the absorbed 
energy fraction is near that calculated. The gradual 
decrease in the level of agreement as the convergence is 
increased and the scatter in the data within each 
grouping are indicative of the effects of the present 
level of shot-to-shot and beam-to-bcam power and 
energy balance and pointing accuracy in the Nova laser. 
Multidimensional calculations to estimate what level 
o( yield degradation to expect due to these effects are 
shown by the two solid lines. Clearly these effects 
could account for the observations. We are embarked on 
a program to improve these features to see if the 
agreement can be made even better. The results shown 
are for square pulses. To achieve high gain with 10 M] 
of drive energy, we beiieve pulse shaping is necessary. 
We have now begun pulse-shaped implosion 
experiments to measure the density increase to be 
expected from this technique. If a factor of four is 
achieved at high convergence (30-40), then we will 
have confidence lhat the same technique should work 
in the LMF. Finally, we arc doing a series of long pulse 
experiments to make sure that plasma instabilities do 
iU/t disrupt the functioning of the hohlraum at the 
longer pulse lengths required on the LMF. 

Significant progress has also been made on direct drive 
capsule? at the University oi Rochester and al Osaka 
University. Using random phase plates and/or a 
spectral dispersion technique to smooth their laser 



beams, both organizations have greatly improved the 
agreement between measurement and calculation. Due 
to the smoothness of each laser beam and the larger 
number of beams, the laser energy deposition at Omega 
i*. much better than it is with Nova. This has resulted 
in better agreement. However, the spread in the data 
and the decline of the ratio with increasing convergence 
are both significantly greater than for the indirect 
drive targets. This demonstrates the much greater 
degree of control that will be required for direct drive 
to succeed. 

For several years, underground nuclear explosions at the 
Nevada Test Site have been used to extend the range of 
research carried out in incrtial fusion. In this program, 
energy from underground explosions at NTS is used to 
implode inertial fusion capsules. The Halite Program 
at LLNL and the Centurion Program at LANL have 
used this technique to explore target physics. Specific 
results from these programs arc classified. However, 
these results have been reviewed by cleared, outside 
reviewers who have been quite impressed. It can be 
said that experiments conducted by this means have 
allowed demonstration of excellent performance, 
putting to rest fundamental questions about basic 
feasibility to achieve high gain. 

The Laboratory Microfusion Facility (LMF) 
During the last few years, the missions and design 
requirements of the LMF have been formulated by an 
lnterlaboratory group chaired by the Department of 
Energy (DOE). 3^ iour missions were specified along 
with their implied design requirements. The first is to 
obtain high gain (defined as thermonuclear energy 
produced divided by drive energy reaching the target). 
High gain is any gain greater than a factor of ten, 
which, for a driver with an efficiency of 10%, would 
correspond to total energy breakeven. The second 
mission is to use the environment created by the 1CF 
target explosion to perform experiments in support of 
the nuclear weapons dc5ign program. It was judged that 
target welds from 300 to 1000 M/would be required for 
this. The third mission is to use the output from ICF 

Fig. 2. The Athena design reduces costs with a compact 
architecture. Shown is a schematic of one of Athena's 
67 beamlines, each delivering 1511 k| of 0.35 urn light in 
tOns.and a blowup of the multise;;mcnt amplifier that 
allow.'- this. A schematic of Nova, which can deliver 
70 kj of 0.35 Jim light in 2.5 ns, is shown for comparison 
of size. 

targets as a source for nuclear vulnerability and effects 
testing. Again, yields of 100 to 1IXX) MJ were judged 
necessary. The fourth mission is to perform high gain 
experiments In assess the technical feasibility and 
economic potential of ICF as on energy source. For this 
mission we must achieve gains of 50 to 150 at drive 
energies of 2 lo 5 MJ; determine the shape of Ihc gain 
curve as a function of drive energy, target type, and 
illumination geometry; determine the minimum 
interpulse lime; and collect the data necessary to design 
an engineering test reactor. 

The LMF driver is likely to be chosen in the next few 
years from among the solid state laser designs being 
examined by LLNL, the KrF laser designs by LANL, 
and the light ion designs by SNL. At LLNL we are 
considering two solid slate laser designs: 1) Athena, a 
time-driven, lower-technical-risk oplton, and 2) Loki, 
a cost-driven, higher-techntcal-risk option. 

Athena's key component is a compact, muitisegment 
amplifier, which is built up of two-disk elements that 
are aboul the size of Nova's 31.5 cm amplifiers (see 
Fig. 2, expanded view insert). This compact design 4 

would permit a multibeamlet, single beamline (shown 
in Fig. 2) to pul on target more lhan 150 kj of 3w energy 
(for a 10 ns pulse) using much less volume and mass than 
lhat required for the 70 kj of 3(0 energy (for a 2.5 ns 
pulse) that is Nova's potential. Sixty-seven of these 
beamlines would make up the driver for an LMF. The 
cost of an LMF driven by such a laser has been 
estimated at between $500 M and $1000 M, depending 
on how much progress is made on several key 
technology issues before the decision is made. 
Improved flashlamp and amplifier design would 
increase the stored energy efficiency compared to Nova. 
Our goal is 4% at 0.3 J /cm 3 stored energy. We have 
already demonstrated 3.5% at 0.35 l/cnf5 in a single 



segment amplifier test, and this re.ult scales to the 
goal in a multisegmcnl amplifier geometry. The 10 ns 
pulses of light are passed through the amplifier two or 
more lime* to increase the extraction efficiency. Our 
goal is 75*^ efficiency at 25 ; /cm 3 (10 ns). We have 
already demonstrated S5% al 9 I /cm 2 (2.5 ns), and again 
this scales to the goal. Our goal for frequency 
conversion efficiency is 85%, and we have achieved 
that in small crystals in the laboratory. We must show 
that this laboratory result can be converted into a large 
multisogment beamlme (70^ has been achieved on a 
single Nova beamline) through control of stress 
birefringence and segment alignment. Finally, our goal 
for damage threshold is40j /cm 2 al 10 ns fo r i , 2, and 
3<u light for all optical components. To date we have 
achieved this goal with small samples and Id) light, 
and have seen 20 I/cm 2 at 3(u. 

We have also examined several design options for an 
experiment area3 (including the targe! chamber, target 
diagnostics systems, final beam transport, and safely 
and environment control systems), in which well-
diagnosed experiments of up to 1000 M] can be carried 
out safely once every few days. One such design is 
shown in Fig. 3. In this design the high-purity-Al first 
wall is protected by a 2 cm layer of half-density frost. 
This frost protecls the Al from ablation, shock, and 
post-shot pressure buildup; makes il easy to 
decontaminate Ihe chamber after each shot; and 
eliminates sources of undesirable condensibles on final 
optics. The fir.al optics themselves are protected by a 
fast valve, a flow of argon gas in the beam rube and a 
fused silica debris shield. Neutrons are contained by a 
two meter thick w*iter shield and a two meter concrete 
building This allows manned operations continuously 
outside the concrete, immediately after the experiment 
between the water shield and the concrete wall, and 
into the target chamber itself for short periods eight 
days after a full yield experiment. If the chamber were 
made of a composite material, manned entry into it 
could commence immediately after the water vapor is 
flushed out. In the laser driven LMF designs there is 
likely to be the provision for building mare than one of 

Fig. 3. One of the designs studied for the experiment 
area of ihe LMF- To contain the effects of up to 1000 MJ 
experiments this design uses a frost first wall and a 
water neutron shield. 

these experiment areas. The laser driver is certainly 
capable of firing much more ulten than people will be 
able to set up the next experiment in Ihe experiment 
area. This fact, combined wilh the multiple missions of 
the facility, some military and some civilian, would 
make multiple experiment areas a very desirable 
feature. 

LLNL is also examining Loki, 6 a laser driver concept (or 
Ihe LMF that has the potential of greatly reducing thi 
facility cost compared even to Ihe advanced Athena 
design described above. In this design, the amplifier 
and pump source is very different. The Nd lasing 
mztenal is pumped by a high efficiency (10%) Cr pump 
laser to a very high energy storage density compared In 
Athena (about 2 J/cm3). Normally, a higher energy 
storage density is achieved in a solid slate host by 
increasing the doping of the host. This cannot be 
pushed very far in Nd:glas? !j»ers because of natural 
fluorescence limits. However, it was noted that in 
Nova only about 1% of the Nd ions are excited at the 
normal storage density of 0.25 J/cm3. By pumping with 
a laser at 800 nm wavelength and changing the host 
material we have the potential of increasing lhal 
fraction tremendously. Increasing the storage density by 
a faclor of ten has the potential of reducing the facility 
cost in several ways. First, the mass of amplifier host 
material required is reduced by a factor of ten. The B 
integral (a measure Df the beam quality, the lower the 
belter) is thus also reduced by a factor of ten, offering 
the possibility of eliminating spatial filters (which 
arc costly and occupy most of the high quality volume 
in the Nova building). Beam transport to the 
experiment area can be simplified by moving the laser 
modules very close. Figure 4 shows the impact of all 
these changes on the LMFdesirm. The invention of the 
pump and main lasers is required to establish the 
feasibility of this concept. We are in the process of 
examining lasing ions and host materials. We have 
narrowed the search down to a few likely candidates 
and have embarked on a program to grow doped 
material for these. We will then measure the pump 
laser efficiency and the main laser storage density and 
extracted beam quality. In the meantime, systems 
studies will determine the potential cosl savings 
compared lo the Athena concept. 

Power Reactor Studies 
Reactor, economic, and high repetition rate driver 
studies have helped lo reveal ICPs potential 
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Fig. 4. The Loki concept for a laser-pumped-laser 
driven LMF. High energy storage density in the solid 
state laser allows the 81)00 lasers (I.) to take up much 
less volume than the exponmenl .irea itself 



advantages and to determine the technological 
developments necessary for ICF to become a viable and 
competitive energy source. The reactor studies' have 
proposed a number of schemes to take advantape of the 
separability of the ICF driver from the reaction 
Lhamber and the ability to place large quantities of 
self-renewing, neutron-absorbing material inside the 
reaction chamber. These two features allow 1CF 
reactors to have more reliable and maintainable high 
technology components, smaller containment volumes, 
structures that last the lifetime of the reactor, and 
lower activation levels with shorter-lived activation 
products The studies have found no insurmountable 
obstacles and have revealed that there appears to be 
several ways to handle the few pulses per second that 
will be required. While there is no ICF reactor 
technology or materials development program, ICF has 
benefited from the active magnetic fusion program in 
these areas since many of the issues arc the same. The 
major different reactor technology issues that ICF must 
gather data on are the vaporization and recondensation 
issues resulting from its pulsed short range radiation, 
and the pulsed nature of its neutron radiation (even 
though the average neutron power is, of course, the 
same as for magnetic fusion). 

The economic studies 8 have indicated the major 
requirements on the various plant components. The 
targets must give a gain of 60-100 at driver energies of 
24 M), and the direct cost of the target factory must be 
of order S100 M for a 1000 MW C plant. The pulse rate 
should be 5 to 10 Hz. The major cost item, the driver, 
should have an energy efficiency of greater than 10% 
and a direct cost of less than about S150/J or S30/W. Of 
all these requirements, achieving the last one in a 
high-average-power (few tens of MVV) driver that has 
demonstrated its ability to drive an ICF target in a 
satisfactory way remains the biggest challenge. A 
number of drivers remain in contention for this role 
(more than are in contention for the LMFdriver role). 
LLNL is concenlrating on solid staK- lasci's and heavy 
inn drivers. 

The key to high average power solid state lasers is the 
thin rectangular slab gain geometry. 9 In this geometry 
the laser slab is pumped and t'ie light and heat 

extracted from same large faces of the slab. This means 
that the gain and thermal gradients are all parallel to 
the beam propagation path, avid distortions are 
minimized. We have been carrying out beam qualilv 
measurements on such a gas flow cooled laser slab for 
the last two years. 1 0 Using nitrogen gas we did 
quantitative measurements of scattering losses due to 
the turbulent gas flow over a wide range of flow 
conditions and heat removal rafs . These experiments 
have led to an understanding of the individual physics 
issues of gas cooled disk amplifiers and their scaling. 
We now have design codes validated experimentally 
over a wide range of parameters. We have concluded 
that the gas cooling of disk amplifiers does not stress 
any physics or technology issue. The scattering loss in 
the high flow region is likely to be less than 10^* and in 
the drift region it is less than 10" 3. Wavefronl 
distortion due to turbulence was less than 1 /200 of the 
wavelength. The major net wavefront effect of cooling 
is simple beam pointing, which can, of course, be 
removed. The efficiency decrement due to gas cooling is 
less than 5% (i.e., a 15'& driver efficiency would be 
reduced to 14.3%). 

The second major area of improvement in solid stale 
lasers for reactors is in the area of etficiencv. Rerent 
advances in diode laser pumps" suggest that solid slate 
lasers pumped with these devices could be very 
efficient. A wall plug efficiency of 65% has been 
demonstrated in a 800 nm AICa As laser diode. Using a 
55% efficient diode pump a wall plug efficiency of 22^ 
was measured in a 1060 nm CW TEM ( ) 0 Nd laser. For a 
pulsed Nd laser, of course, a long storage lifetime 
(perhaps tens of milliseconds) will be necessary to 
effectively utilize these results. Furthermore, these 
diode arrays are presently very expensive. However, 
with mass production in a fusion power economy, it is 
very possible that this type of pumping will be 
inexpensive enough to be a viable candidate for solid 
state lasers. The keys to look for in this area will be 
discovery of a long lifetime solid stale storage medium 
and mass production of laser diode an-ays. 

Fig. 5 shows a sketch of what a 4 megawatt laser diode 
pumped, gas cooled solid slate amplifier mighl look 
like. Using |he formulae and curves o( Ref. 8, we can 
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Fig. 5. A new concept tor a 
laser-diode-pumped, 
lugh-average-power solid 
slate laser would allow high 
efficiency. Shown is a 
4-megawatt-average-power modul 



conclude that iJ a 5 MJ, 10% efficient driver of this type 
could be built for less than about $600 M, and if gains 
aoove 80 could be obtained at a pulse rate of 5 Hz, then 
the cost of electricity would be competitive with those 
of future fission and coal power plants. This is not such 
a far fetched prospect, if indeed we succeed in building 
a 10 MJ, low repetition rated solid state driver for the 
LMF for less than S400 M (for the driver alone! as is 
indicated by current design studies. 

The U. S. heavy ion fusion program also continues to 
make progress, although funded at a much lower level 
than the other drivers. Experiments on the MBE-4 
machine at LBNL are showing larger omittance growth 
than calculated for accelerated beams (about a factor of 
two growth rather than the 30% increase calculated). 
The cause of this is not yet understood, hut a number of 
possibilities have been eliminated in the last year. A 
design for the Induction Linac System Assessment 
(ILSA) experiment has been completed and reviewed 
although not yet approved for construction. The ILSA 
source and injector construction are progressing and have 
been tested at near their design levels. At LLNL a 
10(1 kHz solid state switch at 12 keV, 1.5 kA has been 
developed. Its measured rise and fall times are 0.2 us 
and 0.2 u.s respectively. While the pace of this 
program makes i) unlikely that it will be a competitor 
for the LMf driver, the heavy ion induction linac 
continue* to be promising as an 1CF reactor driver. 

Conclusion 
Progress in ICF target physics has been so posilive of 
late that the Program is now concentrating on the 
design and planning for an LMF in which high gain can 
be achieved. The LMF and reactor studies have shown 
ICFs potential as a power source, and momentum is 
growing. In testimony to the U. S. Senate on )unc 14, 
19B9, Dr. Robert Hunter, Director of the Office of 
Energy Research, proposed radical changes in the U- S. 
fusion program. He said, "..we have reason to believe 
that we can get ... a target in the laboratory to ignite 
and burn with high gain..." with a driver ". energy on 
the order of ten megajoulcs." Furthermore, he proposal 
". a commitment to ... both a workable version of the 
CIT and to a Laboratory Microfusion Facility (LMF) for 
menial fusion. These arc the devices that will 
achieve the major goal of ignited plasma by about the 
turn of the century." To do this he proooscd to 

..iransrer $50 M (rem the ... MFE account. in(to) a 
civilian ICF account... in rV50, and in FY91 to add an 
additional S50 M..-". These programs of" $300 M 
(per year) for magnetic fusion, and $2fi0 M (per year) 
for ICF would continue ... through the end of thedveade 

to get ignition." At that time (abiul the turn of the 
century), according to his plan, a derision would be 
made between ICF and MFF- for the design ol a fusion 
engineering test reactor. The significance of this 
testimony is that K comes from the DOE person 
responsible for MFE, not the one responsible for ICF If 
anything like this plan is implemented, !CF*s prospects 
as an energy stium.* will, indeed, be vt'ry significant 
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