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DIAGNOSTICS CONSIDERATIONS FOR THE INERTIAL CONFINEMENT APPROACH 

TO CONTROLLED THERMONUCLEAR FUSION POWER PRODUCTION * 

Lowell Wood 

Universi ty of California Lawrence Liver-more Laboratory 

Livermore, CA S4550 

INTRODUCTION 

The basic problem confronting workers on the inertial confinement approach to controlled 

thermonuclear fusion may be resolved into three challenging sub-problems: 1) invention, 

detailed physics design and fabrication of the optimal fusion pellet (under whatever 

technological constraints may be pertinent), 2) design and implementation of the pellet 

driver' (the pulsed power device which delivers onto this pellet the energy at the peak 

power required to implode and center-ignite it as specified by the detailed physics design), 

and 3) the feedback-intensive exercising of the driver on such pellets to identify, 

quantitate and correct for the myriad real-world non-idealities not initially accounted for 

in the designs and implementations of the pellet and the pellet driver. When and only 

* Work performed under the auspices of the U. S. Department of Energy by the 
Lawrence Livermore Laboratory under contract number W-7405-ENG-48. 



when these three sub-problems have been solved for at least one pellet-pellet driver 

combination featuring a large net energy gain may it be fairly claimed that the physics (vs 

the nuclear engineering and economic) aspects of the controlled fusion problem have been 

essentially solved. 

Essentially nothing can be said about recent thinking in pellet physics design and 

fabrication, and this lecture can therefore add nothing to what is presently known. 

Likewise, essentially everything can be discussed about pellet driver concepts and 

technologies, and this lecture may therefore best refer briefly to what has appeared in the 

recent literature. With respect to concepts, designs and results in the exercising of pellet 

drivers on pellets, a fraction of what is known can be presently be discussed, and it is to 

this fraction that this lecture is addressed. Since that which can be said about pellet 

implosion results through the present time will be very ably covered by other speakers, I 

wil l focus rather exclusively on identifying and rationalizing the bounds of the parameter 

space of what it is interesting to do with respect to diagnosing and understanding the 

results of inertial confinement fusion experiments, and on discussing the implications of 

these bounds. 

FUNDAMENTAL ASPECTS OF THE INERTIAL CONFINEMENT APPROACH 

In order to understand inertial confinement fusion (ICF) diagnostics imperatives and 

constraints, it is of course necessary to comprehend the raison d'etre of the experiments 

being performed. Appreciation of the latter of course impels one to consider the physical 

bases of ICF, which we now briefly recapitulate. 



ICF centers on the fact that fusion explosions having the same product of fuel density and 

fuel radius are similar in the mathematical sense: inertial confinement of the fuel is 

effective for a time proportional to the radius of the exploding mass (and independent of its 

mass and dependent on its temperature in a fashion which is effectively cancelled out by 

the temperature-dependence of its thermonuclear burn rate), while the burn rate is 

proportional to the density of the fuel (and independent of everything else except its ion 

temperature, which dependence, however, is essentially cancelled by the 

temperature-dependence of its sound speed, as just noted). Fuel masses having the same 

density-radius product, though they may have vastly different densities or radii, thus 

burn the same fraction of their reactants before/as they explosively disassemble, and do so 

over time intervals which scale inversely as the fuel density. Now note that fuel masses 

having slab symmetry with constant density-radius (thickness') products all have the 

same mass. However, those with cylindrical or spherical symmetry have masses which 

decrease with increasing density, when the density-radius product is kept constant. On 

this fact is erected the conceptual edifice of ICF. 

Having realized that the masses in fusion explosions may be made as small as one pleases, 

while the fraction of fuel burning before disassembly may be made as large as may be 

desired, it remains to be determined whether and to what extent it is energetically feasible 

to significantly compress fusion fuel so as to generate microexplosions. The minimum 

energy that is required to compress initially cold fusion fuel to a given density is of course 

just the Fermi energy of the compressed fuel, since we have implicitly assumed that the 

compression is done isentropically from effectively zero temperature. To this compression 



energy must be added the energy which is to be applied to the outside of the imploding fuel 

mass near the culmination of the implosion to launch into it the imploding shock wave 

that will bring the center of the fuel to thermonuclear ignition conditions. 

The work that must be done against the Fermi pressure is readily calculated to be 0.2-1 

kev per particle over the 200-2000 gram/cc fuel density range which will be seen to be of 

primary interest for first-generation ICF power plants; this is of course very small 

compared to the nearly 9000 kev per ion that can be gained through complete 

thermonuclear burn of the fuel of (here assumed to be an equimolar mixture of deuterium 

and tritium). However, this potential energy gain of the order of 10,000 will not be 

overly sufficient in a practical ICF power plant, as will be seen subsequently. 

The energy that must be rather abruptly applied to the outer portion of the pellet late in 

the implosion to ignite the fuel in the pellet center must clearly be at least equal to the 

heat capacity or the portion of the pellet's core to be heated to some ignition temperature. 

This ignition temperature must be sufficiently high that the fusion burn rate exceeds the 

radiation loss rate by a margin adequate to support initiation of the requisite radially 

diverging thermonuclear detonation wave in a time interval short compared to the 

hydrodynamic disassembly time of this shock-heated region. This minimum ignition 

temperature is thus of the order of several kev (the exact value depending on details of the 

structure and composition of the pellet's core). Given this minimum temperature, we can 

immediately conclude that the region that must be shock-heated has a minimum 

density-radius product (in this case, this represents a reciprocal energy-deposition 

cross-section by the fusion-born alpha particles on the electrons of the plasma) of several 



tenths of a gram per square centimeter. Once the fuel compression is specified, this 

determines the minimum energy that must be applied to the pellet's outer surface to ignite 

it, since we already know the effective ignition temperature, and have thus computed the 

core mass that must be heated to this temperature. 

It might appear that this energy could be made as small a fraction of the total energy 

required to compress and ignite the pellet, simply by making the mass of the pellet as large 

as necessary to make the ignition energy negligible, relative to the compression energy; 

after all, the former is seemingly a fixed-magnitude energy investment at any given pellet 

compression, while the pellet energy production rises at least as rapidly (actually, as the 

4 / 3 power) as does the pellet's mass (at a given compression). Unfortunately, the energy 

that serves to launch the pellet core-igniting shock must be applied so rapidly to the 

pellet's now- stiff, ablating outer surface that high temperatures result; equivalently, 

high temperatures must be generated near the ablation surface in order to thermally 

diffuse energy into it sufficently rapidly that the resulting accelerated ablation wil l 

launch the required shock wave inward. Now, the thermal diffusivity of the plasma 

already ablated off the outer portions of the pellet earlier in the implosion of course rises 

very rapidly with increasing temperature; indeed, this fact is exploited to diffusively 

advect the required power flux down to the ablating pellet surface from the 'critical 

surface," where it is first available as heat. An inevitable side effect of this is that all the 

previously ablated material is heated to ths 'thermal shock wave' temperature, which is 

typically several kev, and may be well in excess of 10 kev, if it is required to launch a 

shock into an already highly compressed, relatively very 'stiff pellet core. 



Since the previously ablated material typically represents at least half of the pellet mass 

(and 3/4 is a more representative figure for higher density implosions), most of the initial 

pellet mass must be heated to an internal energy density an order of magnitude greater 

than that of the internal energy of the Fermi-degenerate pellet core to be ignited and 

burned. Pellet compression-and-ignition energy efficiencies may therefore be expected to 

be in the neighborhood of 5-15%; detailed physical simulation calculations confirm this 

expectation, over a very wide range of pellet types and compressions. Something of the 

order of a factor of 1000 (10 kev energy per particle expended, relative to 9 Mev 

potentially available) remains of the maximura possible energy gain of a fusion 

microexplosion. This must be partitioned among the incompleteness of the fuel burn 

(typically a factor of 3), the inefficiency of the driver system (a factor of 2-20), the fusion 

energy-to-electrical energy system inefficiency (a factor of between 2 and 3), and the 

factor by which one wishes to have the send-out power of the power plant exceed the 

internally circulating power (which is typically a factor of 10-20 in present fossil-fuelled 

generating plants). (Clearly, therefore, the electrical efficiency of the ICF driver must 

exceed 5V., if the send-out-to-internally-circulating power ratio is not to slip to 

impractically low levels, even with a thousand-fold energy multiplication ratio to start 

with!) 

We have thus se°n that ICF has several basic features of major interest to those interested 

in diagnostics, including the effectively symmetric irradiation of the pellet to be imploded 

w i th the driver energy pulse, the compression of the fusion fuel in the pellet's inner 

region to very high densities, the effective ignition of the fuel's core, and the 

characterization of those portions of the explosion-generated radiations which most 



critically threaten the integrity and adequately long life of the 'first wall1 of the ICF power 

plant. We have also recalled that we must work within 'practical' limits in each of these 

respects, in that the ultimate goal of all controlled fusion work is to realize an electric 

power-generating system superior in an agreed-upon metric to all itLS competitors, and that 

this metric includes energy-multiplication, nuclear engineering, and (large) economic 

terms. We now discuss each of these in somewhat greater detail. 

THE SCALES OF INERTIAL CONFINEMENT FUSION 

It is appropriate to first quantitatively bound the scales of ICF, spatially, temporally and in 

other basic respects (e.g., 'first wall' radii, which indexes the distance of closest approach 

of instrumentation whose survival through multiple fusion explosion events is required). 

A natural approach is to consider the largest fusion explosions which one cares to have 

occurring in a power plant environment; from such considerations, everything el;,e of 

interest may be derived merely by invoking the pertinent laws of physics and noting the 

relevant properties of matter. 

Burned to completion (e.g., in an infinite medium calculation in which fusion-born 

neutrons are re-processed), fusion fuels which are practical to consider for 

first-generation power plants produce between 50 and 80 tons (chemical high 

explosive-equivalent, or 210 and 350 gigajoules) per gram of material; this range covers 

fuels varying from lithium-6 deuteride to an equimolar mixture of deuterium and 



tritium. Sc. \CT approaches (e.g., the Plowshare power program, known more recently as 

Project Pacer) propose to employ moderately large underground cavities of suitable natures 

to repetetively contain predominately fusion explosions with energy yields of kilotons to 

megatons. While at least some of these approaches seem to be not only technically sound 

but capable of near-term realization at modest costs, they suffer from non-technical 

problems which preclude them from present consideration. We therefore restrict attention 

to fusion explosions producing very small fractions of a kiloton, and in most cases, 1 ton, 

of energy yield. 

Taking a one-ton-yield pellet as a reference one, it is clear that burn of about 0.01 grams of 

fuel is involved. Since, as will be seen below, it is not attractive from an energy efficiency 

standpoint to burn much over 30-45 percent of the compressed fuel mass, this implies 

implosion of a burnable fuel configuration of about 0.03 gram mass. Once the 

density-radius product of the fuel configuration is specified, the density to which is must 

be compressed prior to burn initiation is uniquely determined. 

Given that the compressed fuel pellet is to be effectively core-ignited, the efficiency to 

•which it will burn is specified uniquely by its density-radius product and its composition 

(assumed spatially homogeneous, for present purposes). As noted above, the burn 

efficiency is directly proportional to the density-radius product, up to efficiencies 

sufficiently close to unity that isotopic depletion effects dominate. For the fusion fuels of 

greatest interest in the relatively near term, a burn efficiency of 1/e is attained for DT 

pellets at a density-radius product of about 4 grams/cm , while corresponding values for 

DHe and DD are about 10 and 15 grams/cm , respectively. These quantities permit the 



corresponding fuel compressions and masses, and thus compression-and-ignition driver 

pulse energies, to be calculated immediately from the foregoing considerations. The pellet 

mass, driver energy, and energy production over the entire parameter space of relatively 

near-term interest to ICF workers is thereby determined, term interest to ICF workers are 

thereby determined. 

A reliable indication of the time interval over which the driver power must be applied to 

the pellet is given by the time required for a sound wave to be propagated through the 

uncompressed pellet (from its surface to its center). An estimate of the peak power which 

the driver must develop and apply to complete the implosion of the pellet and ignite its 

center may be developed by dividing the ignition energy (specified above) by the time 

required for a sound wave to traverse the radius of the pellet at ignition time (with the 

appropriate value for the zero temperature Fermi gas sound speed being used). The time 

required for the fusion energy pulse to be generated is just the time required for a 
Q 

thermonuclear detonation wave, travelling at a velocity of 4-8 x 10 cm/sec (depending 

on fuel composition and compression), to engulf the entire compressed fuel radius. 

(We note in passing that the addition of a high Z pusher to the pellet, just outside the fuel 

region, may serve the useful function of 'donating' inertia to the fuel in its explosion 

phase, while costing relatively little compressional energy, since the average Coulomb 

energy of its electrons is quite large—3-20 times—compared to the highest electron Fermi 

energies seen in the compressed pellet. Inertia thus gained by the fuel is useful as its 

square root, relative to that of the fuel itself, in that it effectively adds density to the fuel 



without increasing its pressure in the equation for the fuel's sound—and thus 

hydrodynamic disassembly—speed. Moreover, since all the high Z pusher has to be 

accelerated before any of the fuel can accelerate, and since the fuel expansion in the 

burn-quenching phase of the explosion is effectively slab-symmetric and self-similar, 

pusher mass is twice as effective as fuel mass in inertially confining the exploding fuel. 

The effective density-radius product of pusher/tamper-confined fusion fuel is thus its 
1/2 'bare' product multiplied by [ 1 + 2^] , where n is the ratio of the pusher/tamper mass to 

that of the fuel it contains. It should also be noted that values of p much larger than 5-20 

are no longer compression-energetically cost-effective, depending on fuel compressions 

used.) 

We have thus completely characterized the basic scales of fusion microexplosiorvs of 

interest in ICFj all other quantities are derivitive. 
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Having reviewed the scales of ICF, it is now appropriate to^consider th& challenges which 

are posed to ICF diagnosticians by working within tnese-scalescand making measurements 

of crucial interest:! b<J 
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Perhaps the most notable challenges are those associated withRmaking sufficiently accurate 3 

and precise measurements on the relatively, very short time,seales of ICF, e.gi', implosion " 

histories extending over 1-30 nanoseconds, culminating in 50-1000 picosecond intervals, 

and resulting in fusion microexplosions of 10-300 picosecond durations. The spatial scales 

corresponding to implosion development and culmination, and fusion energy generation 

may be derived from either the n.ass and composition of/the pe?*st or, equivatently°cfrj?ni 

the time scales just cited; th 'y are roughly 0.05-1 cm,,0.005-r.O.l cm andJ3.00f-t>?03 cm, Q 

respectively. Pertinent measurements involving both space and' time resolution must be « 

made over each of these characteristic tinie intervals. .J ° • ^ =• ^ 
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Obviously, the logical primal measurements to be madejn ICF arejthbse which adequately 

characterize the fusion pellet driver as it enters the region of interaction with the fusion.: 

fuel pellet. In order to interpret the extremely complex events thai, then transpire, pn« 

must know what the boundary conditions are on the pellet. Such knowled£e4s%3ss|ii§t«4i j ^ S i i j M l l ^ K i 

of an a irately precise characterization of the geometry and coiaposit'on of the jiSUat7* 

.'tself (presumably available as a documented certification of its properties from its source), 
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and comparably good knowledge of the space- and time-dependence of the intrinsic 

properties of the set of energy teams (of whatever type) which is to be directed onto, and 

used to implode, the pellet. 

What constitues sufficiently accurate measurement of beam properties is difficult to 

specify with generality. However, it is clear, for instance, that beams impinging upon the 

pellet from significantly different directions must have power histories which are 

sufficiently similar that the portions of the pellet's hydrodynamic histories in the two 

corresponding solid angles are not only similar to something of the order of the reciprocal 

of the radial convergence factor R ; n i / r i b u r n ' b u t a r e P n a s e _ s v n c h r o r i i z e < i t 0 within a small 

fraction of the pellet's implosion culmination time, as well. (Of course, transport 

mechanisms within the pellet may substantially relax the stringency of both beam 

isotropy requirements and thus the necessity to measure to a fraction of such isotropy and 

phase tolerances.) 

It is now well-known that a problem of potentially lethal magnitude facing ICF is the 

Rayleigh-Taylor hydrodynamic instability. This instability is present both when the 

ablated propellent layer of an imploding fusion pellet is accelerating the much denser, 

as-yet-unablated material lying radially inward of it during the entire course of the 

implosion, and also when the relatively low density fusion fuel is decelerating the high Z 

pusher/tamper shell surrounding it during the culmination of the implosion. It is not 

quite so widely understood that this instability problem may be obviated, both in principle 

and in practice, by a variety of means. In <my eveiu, the tendency of the ablation surface 

of an imploding pellet to 'crumple' due to growth of Rayleigh-Taylor instability spikes to 



amplitudes comparable to the effective thickness of the shell of implosion-compressed 

material must be studied with adequate spatial and temporal resolution. 'Adequate' in this 

case encompasses both spatial resolution which can see the relatively low amplitude Taylor 

spikes up to the late stages of the implosion, and temporal resolution to assess the very 

rapid spike growth which theory predicts to occur during the culmination of the 

implosion, for several classes of fusion pellets. 

Diagnostics applicable to this problem may well center on flash x-Tadiography of the 

imploding pellet, probably with relatively close-coupled laser-heated high-Z x-ray 

sources. Small in spatial extent, siich a 'dot' of suitably chosen material may be flashed 

into a dense plasma at a high temperature to then emit an intense, accurately predictable 

pulse ol K and L resonance radiation, until it hydrodynamically rarefies and effectively 

ceases to shine (or until the energizing laser pulse is turned off). During the period over 

•which it shines (which may feasibly be as short as 10 psec), it may be used as a source for 

either transmission or reflection imaging of the ablating surface (or inward-lying 

pusher/tamper shell) of the pellet. Variable spatial or heat capacity delays may be used to 

successively trigger a series of these 'x-ray flashbulbs' to assist in the imaging of the 

imploding pellet at a number of points in its implosion history. 

Relatively sophisticated fusion pellets may contain a multiplicity of concentric shells, for 

radial velocity multiplication or other purposes. It is of course desirable to determine the 

history of shell-shell interaction-; throughout the course of the implosion. Doing so may 

be facilitated if different shells have markedly different Z or thicknesses, as they are 

likely to do. In this case, use of a suitable 'color x-ray TV camera' may prove to be of 



considerable value in monitoring the spatial histories of these shells. Such a camera might 

be implemented with either a series of 'x-ray flashbulbs' of varying Z and/or 

time-integrated luminosity, or it might consist of a quasi-continuous, broad-band (e.g., 

dilute Planckian) x-ray source illuminating the imploding pellet, with transmitted or 

scattered radiation filtered and imaged onto a suitable screen. This screen might consist, 

for example, of an solvated electron source (e.g., appropriately doped water or ammonia 

glasses) which reversibly changes visible light opacity under x-irradiation. Since such 

glasses can be -made to have solvated electron lifetimes in the picosecond regime (which 

moreover can be widely varied), they can be very naturally 'read out' onto a secondary 

detecting or recording medium with a suitably short visible laser pulse. Inasmuch as the 

x-rays reaching any particular slab of such transducing medium may be rather sharply 

spectrally filtered, and a number of such spectrally dedicated and time-resolved framing 

cameras can be operated concurrently, a color x-ray motion picture of the implosion can 

clearly be synthesized. 

Having briefly considered some of the means by which the implosion of fusion fuel to very-

high densities may be monitored and semi-quantified, it is now appropriate to consider the 

means by which thermonuclear ignition of the central core of the fuel mass may be 

diagnosed; when this is done are we 'over the hump' of the ICF diagnostics problem. It is 

probably most convenient to examine the embryonic thermonuclear detonation in the light 

of its own radiations, for, as noted above, the powers involved are far higher than can be 

mustered in probing instrumentation, even those running parasitically off the implosion 

driver. After all, a basic purpose of the implosion is to focus the driver's energy in 

space—into the pellet core—and in time—into the ignition event which occurs at the end 



of the implosion culmination. Since ignition is just that period when the 

hydrodynamically focussed power is barely exceeding the radiation power losses of the 

fuel core, the power of these radiations is obviously higher than any whicA could possibly 

be developed otherwise. It is also fortunate that the bremsstrahlung power generated is 

very large, as the pusher-tamper shell surrounding the fuel is likely to be extremely 

opaque except to its very high energy (more than 20-30 kev) tail, and extremely high 

powers will be required to generate useful images at reasonable distances on the very short 

time scales of interest. Of course, use of pellets which are effectively tamper-less wil l 

greatly facilitate the resolution in both space and time of the final strong shock wave 

converging down upon the fuel's core, and igniting it. The time evolution of shocks of 

insufficient strength or spherical symmetry to engender core ignition should be especially 

readily seen in such studies, particularly those which involve x-ray spectral resolution as 

a remote plasma 'thermometer.' 

Imaging of the thermonuclear detonation wave is probably of interest only in its early, 

relatively fragile stage; doing so at later times is ever less of a challenge to the 

diagnostician. Supplementing the use of the plasma's own x-rays is the very real 

possibility of imaging the igniting core in its own neutron radiation, to which both the 

fuel and any pusher/tamper present will never be very thick (at least in first generation 

ICF power plant pellets). However, the fact that matter has a rather low opacity to high 

energy neutrons, so that they can readily escape from the fusion pellet, is also a substantial 

impediment to spatially resolving them in a detector. So much mass must be imposed to 

effectively create a focussing arrangement that the optical speed of the system is very low 

(e.g., compared to that which can be attained with an x-ray pinhole camera). 



Compounding this awkwardness is the fact that neutron recording media are comparably 

bulky and of low resolution. Nonetheless, neutron radiography of pellet cores in the 'light' 

of their own high energy neutrons is a potentially potent tool of the ICF diagnostician, not 

only because of its unique features, but because fusion pellets of even moderate energy 

yield are sufficiently 'neutron bright' that the practical difficulties just cited may be 

overwhelmed, particularly if time resolution requirements are relaxed. 

The study of the particulate radiations emitted by fusion microexplosions is not of 

particular interest, as such radiations carry essentially no information that cannot be 

unequivocally derived from the means already discussed. Indeed, such radiations are of 

interest at all merely because they usually constitute the single most severe threat to the 

long-term survival of the first wall of most ICF power plant designs, since the energy 

deposition length of the thermal plasma debris is so extraordinarily short. 

CONCLUSIONS 

We conclude that, though the challenges facing diagnosticians working on the inertial 

confinement approach to controlled fusion are large and varied, the means potentially 

available to meet them are more than adequate. No new instrumentation fields need be 

opened; rather, substantial extensions of those already being explored by workers in ICF 

•will suffice. Also, large contributions may be expected from other technological 

applications thrusts, as well as from the general, currently rapid advance of the entire 

physical technology base. v-^„-,-
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