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1. Introduction 

In inertial confmement fusion (ICF) , a driver (usually either a laser or a 
particle accelerator) delivers an intense pulse of energy to a target consisting of a 
small capsule of DT fuel and other surrounding structures that are needed to ensure 
adequate target performance. The energy is delivered in such a way as to cause the 
fuel capsule to implode, creating very high densities in the main fuel and very high 
temperatures in a small, central fraction of that fuel (called the hot spot or spark 
plug). The thermonuclear reactions in the hot spot release energetic neutrons and 
charged particles. The charged particles deposit their energy in the inner layer of the 
surrounding cold fuel, heating and igniting it, thereby causing a thermonuclear bum 
front to propagate outward through the rest of the cold, compressed fuel. The 
thermonuclear bum front travels through the fuel in a time that ' is shorter than the 
time it takes for the compressed target to fly apart. If more energy is produced in 
this fusion 'pulse' than was delivered to the target, it is said that the target has a gain 
greater than one. Chapter 2 of this book will describe the physical processes occur
ring inside the target in more detail. 

In an inertial fusion energy (IFE) power plant, the thermonuclear energy pulses 
occur a few times per second. The energy released in each pulse is 100-1000 MJ, 
or the chemical equivalent of25-250 kg of high explosive. The energy appears as 
rapidly moving neutrons, a large flux of X rays and a rapidly expanding cloud of 
plasma (called debris). The debris is composed of the leftover fusion fuel, the fusion 
products and the other materials that were used to make the target. These materials 

FIG. 1.1. An IFE power plant consists offour almos.t, but not completely, independent 
systems: the driver, the target factory, the reactor ~nd th~ remainder ofplant (ROP). Blanket 
material flows' between the reactor and the ROP (1), transporting heat and T2• In th~ ROP 
the T2 and other target miJterials are extracted (2) and sent to the target factory. Electricity 
is generated (3) to supply the grid and the driver. Waste is processed and shipped off-site (4) . 
D2 and Li are delivered (5) for replacing burned fuel and transmuted blanket material. 
(Pd : driver power; Pn: net power.) 
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are at such a high temperature as to be ionized and form a plasma. The energy of 
these emissions must be captured in the reactor ' and potential adverse effects con
tained. The thermonuclear energy pulses are converted to thermal energy in order 
to produce a steady electric power source. This process is analogous to that of the 
internal combustion engine, in which a rapid succession of tiny chemical explosions 
is converted to mechanicai energy to run an automobile. 

In an IFE power plant,targets must be manufactured, filled with fuel and sup
plied to the reactor at the rate of a few per second. Tritium, one of the two compo
nents of the fuel, is radioactive and has a limited lifetime. It must be manufactured 
in the reactor or elsewhere and supplied to the target factory. The initial amount of 
tritium needed is brought from a fission reactor or another fusion power plant. Once 
the plant is in operation, tritium can be manufactured by exposing lithium to the neu
trons produced in the reactor. A nuclear reaction between lithium and neutrons 
produces tritium in addition to helium, a benign by-product, and also releases further 
nuclear energy. Thus, the fuel routinely brought into a fusion power plant actually 
consists of deuterium and lithium (neither is radioactive). 

An IFE power plant consists of four major, separate but interconnected 

systems (Fig.. 1.1): 

The .driver, usually either a laser or a particle accelerator, converts electrical 
power into short pulses of light or particles and delivers them to the ICF target 
in the proper spatial and temporal form to cause implosion, ignition and 

thermonuclear bum, i.e. fusion. 

(a) 

(b) 	 In the target factory, targets are manufactured, filled with DT fuel and sent to 
the reactor. The deuterium comes from outside the plant while the tritium is 

manufactured in the reactor. 
(c) 	 In the reactor, targets are sequentially injected into a reaction chamber and 

tracked, i.e: their position and orientation are precisely measured. Driver 
beams are directed to the target to produce thermonuclear pulses a few times 
a second. The thermonuclear emissions are captured in a surrounding structure 
called a blanket and their energy is converted into thermal energy (heat). (In 

some power plant designs a porti~n of the thermonuclear energy is directly 
converted into electricity.) Tritium is also produced in the blanket. 

(d) 	 In the remainder of plant (ROP), two major processes are performed. Tritium 
and some other target materials are extracted from the recirculating blanket 
material and from the reaction chamber exh~tist gases. Then these extracted 
materials are recycled to the target factory: Thermal energy is converted into 
electricity, a portion of which is conditioned and recirculated to power the' 
driver. Lithium from outside the plant is processed and supplied to the reaction 
chamber to replace that used to make tritium. 

The systems conceived to carry out all these functions are , described in detail in 
Chapter 3. Three very important design issues are described in greater depth in: 
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1. Introduction 

Chapter 4: these are the lifetime of structural materials in a pulsed radiation environ
ment, neutron activation of materials and the structural interfaces between the driver 
and the reactor. 

In an IFE power plant, there are two major cycles to consider: the power cycle 
and the target materials cycle. In the power cycle, a series of energy conversion 
processes occurs, each with a characteristic efficiency. Electrical energy is converted 
to light or particle beam energy in the driver with an efficiency .". That energy is 
converted into thermonuclear energy by the target with a gain G. The thermonuclear 
energy is converted into thermal energy in the blanket inside the reaction chamber 
and increased by a factor M through the neutron reactions. Finally, the heat energy 
is converted to electricity in the ROP with an efficiency f. A portion of the gross 
electricity produced must be recirculated to power the driver, completing the power 
cycle. 

In the target materials cycle, complete targets disintegrate in the reactor and 
a portion of the DT fuel is burned. Target debris is deposited in the chamber gas 
and/or in the blanket material. Tritium fuel is manufactured in the blanket. The 
tritium and other target materials are extracted, conditioned and returned to the target 
factory for use in future targets. 

Central to the economics of any IFE power plant is the power cycle gain [1.1]. 
A power flow diagram for an IFE power plant is shown in Fig. 1.2. The power 
cycle gain is the product of the driver efficiency .", the target gain G, the energy 
multiplier M due to reactions in the blanket, and the thermal to electric conversion 

Pn == net power 

Driver 
efficiency 

1'\ 
(0.05-0.35) 

Pd = driver 
power 

electric 
conversion 

£ 
(0.30-0.40) 

Pg =gross 
power 

RecirCwated 

Auxiliary power =fa Pg 

FIG. 1.2. Power in an IFE power plant is supplied to a driver where it is reduced by the 
driver efficiency 11, enhanced by the target gain G and blanket multiplier M, and reduced again 
by the thermal to electric conversion efficiency E. Parto/the gross power produced is recycled 
to supply the driver and auxiliary equipment. 
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efficiency f. In the plant, the net electricity to be distributed, Pn , is related to the 
gross electricity Pg through the power balance equation 

Pn Pg - Pa Pd = Pg {1 fa - lI."GMf) 

where Pa, which is equal to f aPg, is the power used for auxiliary equipment and 
Pd is the power supplied to the driver. Typical values of fa are 5% . 

The equation shows that the fraction of the gross power that is recirculated to 
the driver, Pd/Pg, is just the inverse of the power cycle gain. While not universally 
true, a simple rationale can lead to a useful rule of thumb for the target gains required 
for competitive economics. If the recirculating power fraction is too large (e.g. 
~25%), then the cost of electricity sold rises rapidly because much of the plant 
equipment is used simply to generate electricity for the driver itself (Fig. 7.6). Thus, 
the power cycle gain should be greater than -4. Typically, M is about 1.05-1.25 
and f ranges from 30 to 40%. Therefore, for good economics, the product."G should 
be greater than about 10. This product determines the minimum target gain necessary 
for any given driver efficiency. Driver efficiency ranges from about 5 to 35 % , 
depending upon driver type, and therefore target gains of 30-200 will be required. 
Since driver cost usually increases rapidly with driver energy, it is most important 
to obtain the necessary gain at the lowest possible driver energy (for a given driver 
efficiency). Chapter 7 discusses economic issues in much more detail. 

An IFE power plant is very different from present ICF research facilities. In 
this book, each chapter and section describing a portion of such a power plant will 
also describe the major development issues that must be resolved before the plant 
can be built. Chapter 5 will discuss various options for IFE development. It should 
be noted, in the power balance equation, that to reach power break-even, i.e. to 

produce just enough power to operate the driver, requires a power cycle gain of 
only 1. Thus, the minimum gain for power break-even is a factor of 4 or so smaller 
than that required to keep the cost of power sold reasonable. This will have important 
implications for the cost of developing IFE. 

IFE power plants must be safe for workers and the public and must have mini
mum impact on the environment. Ensuring these features requires that all systems 
and materials needed for successful operation of such plants be examined carefully 
for their potential negative impacts. Chapter 6 is devoted to this very important topic. 

1.2. FUTURE ENERGY REQUIREMENTS 

1.2.1. Past Trends and Driving Factors for Energy Demand 

Energy is fundamental to improving the conditions of life on this planet. The 
availability of inexpensive fossil fuels has been largely responsible for the rapid eco
nomic growth of the last two centuries. As the end of this century nears, however, 
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2. Inertial Confinement Target Physics 

energy production using ICF, this chapter will concentrate on an overview of the 
important physics issues associated with ICF targets relevant to future energy pro
ducing power plant applications. Those readers interested in more details associated 
with the physics of ICF and its historical development are referred to Refs [2.4-2.8] 
and the references therein. 

In Section 2.2 we shall introduce the basic concepts, followed by a more 
detailed discussion in Section 2.3. Section 2.3 also includes experimental results 
obtained throughout the ICF community on existing laboratory facilities. These 
facilities include laser systems at Lawrence Livermore National Laboratory (LLNL), 
USA (Nova); the Institute of Laser Engineering (ILE), Japan (GEKKO XIT); the 
CEA Centre d'etudes de Limeil-Valenton (CEL-V), France (Phebus and Octal); the 
University of Rochester Laboratory for Laser Energetics (LLE), USA (Omega); and 
the All-Russian Research Institute of Experimental Physics, Arzamas, Russian 
Federation (Iskra-S). Light ion experimental results are currently being obtained at 
Sandia National Laboratories (SNL), USA (PBFA IT). A wide variety of smaller 
facilities in the aforementioned countries, as well as in Germany, the United 
Kingdom, Italy and elsewhere, are also used for ICF research. 

2.2. ICF: BASIC CONCEPTS 

2.2.1. ICF Power Gain and Driver Requirements 

As pointed out in Chapter 1, the thermonuclear energy released from an ICF 
capsule implosion in a reaction chamber is transformed into electricity, part ofwhich 
is used to produce the next driver pulse in order to make the process cyclic. IFE 
power plant studies have shown that an economic IFE power plant will require that 
the product of the driver efficiency 1J and the thermonuclear gain G be approxi
mately 10. The thermonuclear gain is defined as G = Ep IEd where Ep is the 
thermonuclear energy released from a single ICF capsule and is the driver 
energy delivered to the reaction chamber. 

Of the various possible fusion reactions, that between deuterium and tritium 
has the largest cross-section (Fig. 2.1) and therefore deuterium-tritium is being con
sidered as the fuel that would be used for the first generation of !FE power plants. 
The reaction for DT fusion· is given by 

D+T n + ex 
14.06 MeV 3.52 MeV 

(where ex is 4He). For DT fuel the thermonuclear energy released from a given ICF 
capsule can be expressed as 

Ep = CDT MDTib 
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where CDT is the specific energy of fusion (3.4 x 1011 JIg for DT), MDT is the 
mass of the burning DT fuel and ib is the burn fraction. 

In order to achieve the requirement of 1JG ;::: 10 at the lowest cost, as seen in 
Chapter 1 the goal of !FE with respect to capsule performance is to maximize the 
thermonuclear gain of a given ICF capsule while minimizing the driver energy. 
From the simple expression for the thermonuclear energy released from a given 
fusion pulse, maximizing the fusion output will depend on the product MDTib' 

Therefore, in order to both minimize the size of the driver (which must increase as 
MDT increases) and maximize the capsule output (achieve high gain) the maximiza
tion of the burn fraction is essential to the success of IFE. 

2.2.2. Thermonuclear Burn Fraction 

To understand what conditions are required in the· imploded fuel to achieve 
efficient thermonuclear burn (maximize MDTib)' it is useful to develop a simple 
model for the burn fraction of DT, including the effects of depletion. The number 
of reactions per second is given by 

dnT 
nTnD (ov > 

dt 

where (uti> is the reaction cross-section averaged over a Maxwellian distribution 
of particles and nD and nT are the particle densities of D and T. Assuming an equi
molar density (nD nT) and defining the burn fraction by 

n 
ib = 1 

no 

we then solve the equation for n by integrating from time tOto the time when 
the capsule disassemble.s (confinement time), t = Td' 

In inertial confinement, the burn is quenched by hydrodynamic expansion. 
From the outside of the fuel, a rarefaction wave moves inward at the speed of sound, 
Cs ' By the time this rarefaction has moved a fraction of the capsule radius R, the 
fuel density in most of that fuel mass has dropped significantly and the fuel in that 
region no longer burns efficiently [2.9]. The disassembly time is given approxi
mately by 

R 

Td ~ 4c
 

s 
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2. Inertial Confinement Target Physics 
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FIG. 2.1. Thermonuclear reaction rates for various fusion reactions. DT has the reaction 
with the lo.rgest cross-section and is therefore the fuel being considered for early ICF energy 
applications. 

Hence, we can solve the above equation for the burn fraction, resulting in 

pR 


ib pR + H1) 


where H1) = 8mics/{av) and mj is the mass of an ion. The quantity H1) is a 
strong function of temperature (1). Referring to Fig. 2.1, for DT between 20 and 
40 keY, which represents the typical range of burn temperatures of ICF capsules, 
the quantity H1) is approximately 6 g/cm2. The product pR, which is generally 
referred to as the fuel areal density (g/cm2), is equivalent to the nr requirement 
[2.10] generally used for magnetic fusion energy (MFE). Analytic estimates as well 
as detailed numerical simulations have shown that a burn fraction of ~ 30% is 
required for gains in excess of 100, which are required for 11 =:: 10%. Therefore, 
the value of pR required for a high gain ICF capsule implosion is ~3.0 g/cm2. 
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If T is given by Td, then nr and pR can be simply related by 

nr 4c mj
s

The value pR = 3.0 g/cm2 required for high gain ICF corresponds to an nr of 
2 X 10 15 s/cm3• It can be seen, therefore, that in order for ICF capsules to achieve 
high burn fractions, the nr product for ICF capsules exceeds that usuallv auoted for 
MFE plasmas (10 14 

2.2.3. bnplosion and Compression of Matter 

As shown in the previous section, for high gain, ICF capsule implosions 
will require a pR of approximately 3.0 g/cm2. This can obviously be achieved by 
having either a low density, large radius configuration or a high density. small radius 
configuration. Simple estimates can be constructed that show that the required driver 
energy scales approximately as the inverse of the square of the compression 
of the fuel (the compression in this example being defined· as 
PDT liq = 0.213 g/cm3) [2.11]. Therefore, in order to minimize the driver size 
required for IFE, compression of the DT fuel will be required. 

Figure 2.2 displays schematically the four important phases associated with an 
ICF capsule implosion, as well as an example of a radius versus time history of the 
imploded capsule materiaL Compression of the DT to high density is based on a 
process similar to that of the acceleration of a rocket. As the driver energy impinges 
on the initially solid matter of the capsule, this material is transformed into a plasma 
with a temperature on the order of a few kiloelectronvolts (Fig. 2.2(a», the capsule 
is ablated and the heated plasma expands outward with a velocity of 100-1000 km/s. 
(By analogy with a rocket, the ablated material represents the burnt fuel that flows 
out from the rocket; however, a typical rocket velocity is only 2-3 krnIs.) The 
plasma (burnt fuel of the rocket) gives its momentum to the remaining part of the 
capsule (rocket) (Fig. 2.2(b». The remaining portion of the spherical capsule begins 
to move towards the centre, compressing and heating (via shocks and pressure
volume (P dV) work) the thermonuclear fuel (Fig. 2.2(c». If, at the culmination of 
the implosion, specific conditions associated with the final fuel are attained [2.10], 
thermonuclear ignition and subsequent burnup (high gain) will occur (Fig. 2.2(d». 
The relative time durations of the four important phases (Figs 2.2(a)-(d» of an ICF 
capsule implosion are shown along the top of Fig. 2.2(e). 

The final density attained by the fuel during a capsule implosion depends on: 
(1) the external driving pressure, which may reach 107-108 atm (1012_1013 Pa); 
(2) the resistance of the target matter to compression; and (3) the development of 
hydrodynamic instabilities and asymmetry during the implosion process. The exter
nal pressure is determined by the material ablated and the incident driver energy 
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FIG. 2.2. The main phases ofan ICF capsule implosion: (a) absorption of the driver energy 
(klser or X ray, produced by klser or ion beams) and fonnation of the target corona; 
(b) acceleration of the unablated shell material to the centre and i,nplosion; (c) compression 
and heating offuel; (d) themwnuclear bum and disassembly. (e) Radius versus time trajectory 
of the imploding fuel for a generic ICF capsule implosion. The time axis is in relative units 

where the time at the end of the themwnuclear bum phase is set to unity. The time durations 

of phases a-d are indicated along the upper axis. 

26 

ICF: Basic Concepts 

flux. The ability to compress the material in the capsule depends on the entropy and 
the equation of state of the imploding material. Finally, the hydrodynamic instabili
ties of importance to ICF implosions ate similar in nature to the classical Rayleigh
Taylor fluid instability [2.12]. There are actually two occurrences of this 
hydrodynamic instability during an ICF capsule implosion. The fIrst occurs during 
the acceleration phase (Fig. 2.2(b» and the second during the deceleration phase, 
which occurs near the end of the compression (Fig. 2.2(c». 

Symmetry requirements impose a pressure uiUformity specifIcation on the 
implosion. During an ICF capsule implosion, the effects of departures from spherical 
symmetry are most pronounced during the compression phase (Fig. 2.2(c». 

2.2.4. Ignition and Propagating Burn 

For DT the energy required to heat the fuel to 10 keV is approximately 
1200 MJ/g. To compress nearly Fermi-degenerate (cold) DT, the specifIc energy 
required can be expressed as Ec = 0.35ap;/3 (MJ/g), where Pc is the density of the 
cold compressed DT and a represents the degree to which the cold fuel is non
degenerate. Detailed studies have shown that the fuel densities of interest for high 
gain ICF applications are in the range 100-1000 g/cm3. Therefore, the energy 
required to compress the fuel in a Fermi-degenerate manner is 7.5-35.0 MJ/g, sub
stantially less than that to heat the same mass to high temperatures. 

Although compression is energetically attractive and reduces the driver size 
required for effIcient fuel burnup, high gain also requires a high temperature region 
(referred to as the hot spot) for ignition to occur. From these simple energy 
estimates, it can be seen that minimizing the amount of DT that must be incorporated 
in the hot spot region will be required for future IFE applications (maximum gain 
at minimum driver energy). 

The hot spot forms during the fmal stages of the ICF capsule implosion. For 
DT fuel the capsule can be considered as transparent to the 14.06 MeV neutrons 
produced in the fusion reaction (especially near the time of ignition). Therefore, the 
self-heating of the hot spot is done predominantly by the a particles released from 
the DT reactions. Detailed numerical simulations as well as analytic estimates have 
shown that the pR of the central hot spot must be - 0.3 g/cm2 for efficient self
heating to occur. If the heating rate of the central fuel mass due to P dV compression 
associated with the remaining imploding fuel mass and due to a heating exceeds the 
cooling rate from radiation and from thermal conduction to the cold surrounding high 
density fuel, ignition will occur. Once ignition occurs, heating of the surrounding 
main fuel layer, due predominantly to a particles, results in a radially outward 
propagating burn wave. 
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ICF Capsule Implosion Physics 

2.2.4.1. 	High Gain ICF Capsule Designs 

Figure 2.3 shows some common features associated with ICF capsules. High 
gain ICF capsules are generally spherical shells made up of an outer ablator material 
(of low to moderate atomic number, Z) that surrounds a thick main fuel layer of DT. 
This main fuel layer, in tum, surrounds a low density gas region composed of 
deuterium and tritium (Fig. 2.3(a». In the implosion process, several features are 
important. We define the in-flight aspect ratio (IF AR) as the ratio of the shell radius 
R as it implodes to its thickness M (Fig. 2.3(b» . Hydrodynamic instabilities during 
the implosion impose limits on this ratio, which results in a minimum pressure or 
incident driver intensity. This minimum depends on the required implosion velocity, 
which in tum depends on the capsule size. Typical minimum implosion velocities 
required for high gain ICF capsules are (3-4) X 107 cm/s . The fuel temperature 
and density profiles at a time near ignition for a generic high gain ICF capsule are 
shown in Fig. 2.3(c). The hot spot convergence ratio CRis defined as the ratio of 
the initial outer radius of the ablator to the final compressed radius of the hot spot, 
RHS , at the time of ignition. Asymmetries and instabilities limit the convergence 
ratio to less than 30-40. 

Having briefly introduced the important concepts associated with ICF, in the 
next section we shall discuss these issues in more detail. Again, we shall limit our 
discussion to those issues of importance to future high gain capsule designs. 

2.3. ICF CAPSULE IMPLOSION PHYSICS 

ICF capsule implosions can be achieved using two methods. The first is 
referred to as direct drive, where the incident laser or charged partiCle beams directly 
irradiate the ICF fusion capsule. The second method is referred to as indirect drive, 
whereby the incident energy associated with the laser or charged particle beams is 
first absorbed in a high Z enclosure, or hohlraum, which surrounds the capsule. The 
hohlraum emits X rays which then drive the capsule implosion. Figures 2.4 and 2.5 
show the different types of target used for direct and indirect drive implosions, 
respectively. The capsule is the fuel container and ablator. For direct drive targets, 
the terms target and capsule are synonymous. For indirect drive, the target includes 
the capsule and the hohlraum. 

Figure 2.4 presents direct drive capsule designs along with their associated 
driver pulse shapes. The exact capsule dimensions depend upon the driver energy. 
Typical capsule radii for driver energies of a few megajoules are 2-3 mm. 
Figure 2.5(a) shows a generic indirect drive laser driven hohlraum target design. 
Figure 2.5(b) displays a light or heavy ion design with more nearly uniform irradia
tion in which the incident energy from the ions is deposited within a low density 
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FIG. 2.3. Many high gain ICF capsules have commonfeatures. (a) Spherical shell composed 
ofan ablator surrounding a main, cryogenic fuel layer which in tum surrounds an inner DT 
gas region. (b) During the acceleration phase, the shell compresses to a thickness .6.R less than 

its original thickness. Hydrodynamic instabilities limit RI.6.R. (c) Fuel temperature and density 
profile at a time near ignition. RHS is the radius of the central hot spot and is usually defined 
as the position where pR ... 0.3 g/cm2 as measured from the origin. 
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FIG. 2.4. Different direct drive capsule designs and their associated driver pulse shapes: 
(a) medium aspect ratio (ratio of target radius and shell thickness) target and shaped driver 
pulse; (b) high aspect ratio target; (c) double-shell target; (d) low ablator density, low aspect 
ratio target. 

Cylindrical 
high Zcase 

HighZ 
case 

(b)
Fusion Foam 

holecapsule absorber
radiator 

Absorber-
radiator 

Heavy lon7 

beams 


(c) 
""- Cylindrical 

high Zcase 

FIG. 2.5. Different indirect drive target designs: (a) laser driven (cylindrical converter); 
(b) heavy or light ion driven (spherical converter); (c) heavy ion driven (cylindrical 
converter). 
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material surrounding the capsule. Figure 2.5(c) is similar to (a) except that the inci
dent energy is delivered in the form of heavy ions and deposited in two cylindrical 
absorber-radiators (one on either end). Hohlraum dimensions depend upon driver 
energy. At energies of a few megajoules, high Z (e.g. Pb) hohlraum diameters are 
0.5-1.0 cm, lengths are 1-2 cm and thicknesses are a few tens of micrometres. 

2.3.1. Equations of State 

To understand ICF capsule implosions, knowledge of the behaviour of the 
capsule material under extreme conditions of density, temperature and pressure is 
required. Density and temperature of the matter in different parts of the target during 
an ICF implosion may vary within wide limits: 0::; p ::; 103 g/cm3

, 

o ::; T::; 102 keY. Under these conditions information is required not only for the 
solid, liquid and gaseous states but also for conditions where ionization and radiation 
prQcesses become important, as well as very high densities where the de Broglie 
wavelengths become comparable to the interparticle spacing, resulting in quantum 
effects becoming very important. The published results for Thomas-Fermi-Dirac 
models [2.13-2.15] for the equations of state, with quantum corrections that take into 
account partial ionization at low temperatures and densities and degeneration of the 
electron gas at high density, have been found to agree with experimental data. 

2.3.2. Absorption of Driver Energy 

2.3.2.1. Absorption: Lasers 

There are three basic processes associated with the absorption of laser radiation 
in high temperature laser produced ·plasma: inverse bremsstrahlung, resonance 
absorption and parametric processes. 

2.3.2.1.1. INVERSE BREMSSTRAHLUNG ABSORPTION 

Inverse bremsstrahlung absorption is a classical absorption process caused by 
the scattering of the plasma electrons, accelerated in the light wave, on the plasma 
ions [2.16]. The absorption coefficient (ratio of the absorbed laser energy to the 
energy of the incident laser radiation) is determined by the frequency of the 
electron-ion collisions in the underdense plasma corona (the region of the plasma 
where the plasma frequency (wp) is less than or equal to the frequency of the laser 
wave (wd). (The surface where wp = WL is referred to as the critical surface and 
the density at that surface (ncr) as the critical density.) The inverse bremsstrahlung 
coefficient is given by 

Kab = Pei (ncr) Lb 
c 

31 

http:2.13-2.15


2. Inertial Confinement Target Physics 

where 

4 (211")1/2 Ze4 Aeincr 
Vei (ncr) 

3mi /2 (kTe) 3/2 

is the frequency of the electron-ion collisions; Te is the temperature of the plasma 
electrons; Z is the degree of plasma ionization; e and me are the charge and 
mass of the electron, respectively; Aei is the Coulomb logarithm (Aei =:: 8-10); 
ncr = wt me /411"e2 is the critical density; c is the speed of light; Lh =:: VTL is the 
scale of the underdense plasma region; v is the plasma velocity; and TL is the laser 
pulse duration. 

Detailed analysis of the inverse bremsstrahlung absorption process shows that 
the absorption efficiency decreases as the laser intensity and wavelength of the laser 
radiation increase and increases with the duration of the laser pulse. For high gain 
ICF capsule designs, the laser intensity (I), wavelength (AU and laser pulse 
duration of interest are I ~ 5 x 10 13_1 X 10 15 W/cm 2, AL ~ 531 nm and 
TL ~ 1-10 ns. Experimental results and theoretical predictions of absorption under 
these conditions have shown that the absorption of the incident laser · energy is 
between 70 and 95 % . 

2.3.2.1.2. RESONANCE ABSORPTION 

As the laser intensity and wavelength of the laser radiation increase, the role 
of other absorption processes can become significant. Resonance absorption is an 
example of one of these processes [2.17]. Resonance absorption is the transfonnation 
of the incident laser electromagnetic wave into electron plasma waves. For example, 
when plane polarized light (whose electric field E is parallel to the plane of inci
dence) is obliquely incident on an electron density gradient, electron plasma waves 
can be driven. 

It can be shown that the coefficient of the resonance absorption increases with 
IA2 

• The energy flux of the plasma wave (W) is detennined by the energy of elec
tron oscillations in the field of the laser wave (Eos): 

W ·,::::: Eos (2meEos) 112 ncr 

where Eos = lA2e2/411"mec3. 

Therefore, the resonance absorption coefficient Kr = WWLlIwp is propor
tional to (IA 2) 112. Controlling resonance absorption is important in ICF capsule 
implosions owing to the generation of fast electrons. Fast electrons can preheat the 
fuel, increasing the entropy and therefore preventing Fermi-degenerate compression 
of the fuel (increasing a, see Section 2.2.4), which results in larger driver energies 
being required to achieve the same density and pR conditions. Experimental and 
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FIG. 2.6. (a) Absorption efficiency versus incident laser intensity (IJ for various laser 
i"adiation wavelengths (AJ and (b) the fractional energy in superthermal electrons versus 
ILAifor gold and plastic (CB). 

theoretical work has shown that resonance absorption is minimized in the intensity 
regime of interest for high gain ICF by using laser irradiation wavelengths of less. 
than 531 nm. 

Experimental data for the absorption fraction and the amount of energy in 
superthennal (hot) electrons resulting from resonance absorption are shown in 
Fig. 2.6. These experimental results are from a number ofICF laboratories through
out the world. The infonnation contained in Fig. 2.6 fonned the basis for the ICF 
COIilmunity's choice to pursue the use of short wavelength (AL ~ 531 nm) laser 
irradiation for ICF capsule implosions. From Fig. 2.6(a) it can be seen that for 
AL ~ 531 nm the absorption efficiency is in excess of 70% for the intensity range 

of interest to ICF. Figure 2.6(b) shows that for AL ~ 531 nm and the intensity 
range of interest to ICF the energy associated with superthermal electrons is 
acceptably small. 

2.3.2.1.3. PARAMETRIC PROCESSES 

For short wavelength laser irradiation and intensities greater than 
_10 15 W/cm 2, plasma collective parametric processes can become significant. 
This group of processes is caused by the development of decay instabilities in the 
plasma under the action of the incident electromagnetic wave. The decay instabilities 
of potential interest to ICF are: stimulated Brillouin scattering (SBS, decay of the 
incident photon to a reflected photon and a phonon), stimulated Raman scattering 
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(SRS, decay o.fthe incident pho.to.n to. a scattered pho.to.n and a plasmo.n), io.n aco.ustic 
(IA) instability (decay o.f the incident pho.to.n to. a plasmo.n and an io.n aco.ustic wave), 
and two. plasmo.n decay (TPD, decay o.f the incident pho.to.n into. two. plasmo.ns). 

Parametric instabilities are an amplificatio.n o.f the decay waves caused by feed
back between the decay waves and the pumping incidence wave. Therefo.re, the 
power o.f this feedback increases with laser intensity and relative size o.f the regio.n . . 

where the instability is develo.ping co.mpared with the wavelength o.f pumping 
radiatio.n. 

The SBS . pro.cess leads to. decreased abso.rptio.n o.f the incident laser energy. 
The effect o.fSRS o.n abso.rptio.n is no.t as straightfo.rward, because this process leads 
no.t o.nly to. scattering o.f the laser radiatio.n but also. to. abso.rptio.n o.f the laser radiatio.n 
as a co.nsequence o.f electron plasma wave excitatio.n. SRS (and TPD) also. has the 
po.tential fo.r generating ho.t electrons. As discussed previo.usly, the generatio.n o.f ho.t 
electro.ns must be minimized fo.r high gain ICF capsule implo.sio.n. 

Current high gain capsule designs use the latest experimental and theo.retical 
understanding asso.ciated with parametric instabilities so. as to. avo.id their po.tential 
effects o.n capsule implo.sio.ns. The issues asso.ciated with parametric pro.cesses in 
high gain capsule designs represent an area which requires mo.re experimental and 
theo.retical wo.rk. Experiments are being carried o.ut in many ICF labo.rato.ries to 

address these issues using techniques to. generate plasma co.nditio.ns relevant to. high 
gain capsule designs. 

2.3.2.2. Absorption: Ion Beams 

Io.n beam energy deposition in a plasma is predo.minantly due to. the transfer 
o.f energy fro.m the beam io.ns to. the free and bo.und plasma electro.ns as a result o.f 
co.llisio.ns between these panicles. The physics o.f io.n beam sto.pping in ho.t matter 
is expected to. be classical with little mo.dificatio.n due to. plasma co.llective processes 
and electro.n degeneracy effects. Altho.ugh no. experiments o.n io.n sto.pping have been 
do.ne under ICF co.nditio.ns, recent experiments in ho.t matter are co.nsistent with theo.
retical predictio.ns [2.18]. Fo.r ICF co.nditio.ns, abso.rptio.n efficiencies approaching 
100% appear feasible fo.r bo.th light and heavy io.ns. 

2.3.3. Pulse Shaping and Ablation Pressure 

As presented in Sectio.n 2.2.3, the range o.f interest fo.r the external driving 
(ablatio.n) pressure duririg an ICF capsule implo.sio.n is between 107 and 108 atm 
(10 12 and 1013 Pa). A number o.f ICF laboratories througho.ut the wo.rld have 
experimentally measured the ablatio.n pressure fo.r a variety o.f laser irradiances and 
wavelengths. Figure 2.7 displays a number o.f experimental data sets fo.r ablatio.n 
pressure versus incident intensity. 
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FIG. 2. 7. Measured ablation pressure versus incident laser intensity. 
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Another importaIit technique for controlling the isentrope (entropy levels) of 
an ICF capsule implosion is to temporally shape the incident driver energy. 
Figure 2.4 contains some examples of potential pulse shapes used to drive ICF 
implosions. By tailoring the drive pulse shape in time, the level of preheating 
associated with shocks can be controlled. Hydrodynamic stability considerations (as 
well as driver issues) will set the requirements on the pulse shapes that will be used 
in future high gain ICF capsule designs. 

On Nova, a technique for experimentally determining the shock velocity gener
ated by a laser pulse shape has been developed [2.19]. Figure 2.8 shows the 
experimental set-up, the measured pulse shapes and the shock trajectories for two 
different pulse shape experiments. Also included are the numerical simulations of the 
actual experiments. It can be seen from this figure that the numerical simulations are 
able to accurately predict the resulting time variation in the drive pressure on the wit
ness plate and the shock velocity over a wide range of pulse shapes. 

2.3.4. X Ray Production 

In the indirect drive approach to ICF, the laser or charged particle beams are 
first absorbed within a high Z hohlraum, which surrounds the capsule. A significant 
fraction of the absorbed energy is converted to X rays, which then drive the capsule 
implosion. For radiation drive to achieve high gain, it is necessary to convert a large 
fraction of the driver energy into X rays. Both laser and ion beams can achieve high 
X ray conversion efficiency, but they have opposite intensity scaling. For lasers the 
conversion efficiency decreases with increasing· intensity, while for ion beams it 
increases. Examples of typical laser driven and heavy ion driven hohlraU!fls are 
shown in Figs 2.5(a)-(c). The differences between the two types of hohlraum are 
largely dictated by the differences in beam deposition and X ray production physics 
for the two types of driver. To produce the ablation pressures mentioned in 
Section 2.3.3 requires radiation temperatures in the hohlraum of 200-350 eV. 

2.3.4.1. Efficiency of X Ray Production: Lasers 

When laser light is absorbed on an isolated disc of high Z material such as gold 
or lead, a significant fraction of the absorbed energy is radiated back as X rays. For 
intensities of interest to ICF, i.e. 1014_10 15 W/cm2

, the efficiency of conversion to 
X rays increases as the laser wavelength and the intensity decrease [2.20]. As 
described earlier, the laser absorption occurs in material at or below the critical 
density. At high temperature or long laser wavelength, this absorption generally 
produces temperatures that are too high in a region that is of too low density for 
optimal reradiation of the absorbed energy in the form of X rays. Electron conduc
tion must transport the absorbed energy to a higher density and lower temperature 
region, where most of the X rays are then produced. As the intensity drops, or as 
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the laser wavelength decreases, the absorption produces more nearly optimal condi
tions so that losses incurred in the transport process are less and conversion effi
ciency is higher. It has also been found that the X ray conversion efficiency increases 
with the length of the laser pulse. Instantaneous conversion efficiencies in excess of 
80% are observed for 3-4 ns pulses at an intensity of (3-5) X 1014 W/cm2 

. 

Both the atomic physics of high Z materials and calculations of electron trans
port from the absorption region to the emission region pose difficult computational 
challenges. Hohlraums have added computational complexity owing to the large flux 
of X rays and the confmed plasma produced by ablation of the hohlraum and capsule 
material due to both the laser beams and X rays. The numerical calculations can 
predict the trends in intensity, wavelength and pulse length but must generally be 
normalized to achieve quantitative agreement with experiments. In spite of the com
plexities, a conversion efficiency of about 70% is characteristic for the bulk of the 
experiments conducted on facilities such as Nova [2.20], GEKKO XII [2.21, 2.22] 
and Phebus [2.23]. 

2.3.4.2. Efficiency of X Ray Production: Ion Beams 

A heavy ion driver must concentrate the delivered energy into a geometry such 
as that shown in Fig. 2.5(b) or (c). This change in hohlraum geometry is required 
because the X ray conversion process for ions is very different than that for laser 
heated plasmas. Ion beams are generally absorbed in a relatively low Z material that 
heats up and then radiates like a black body if the radiator has an optical depth 
approximately equal to a Planck mean free path~ The energy balance equation for 
an ion beam can be written as 

dC dEk 4
I R- + - + CTrT 

dt dt· 

where R is the ion range (g/cm2), C is the specific energy of the absorber and Ek 

is the kinetic energy of expansion of the absorber. The heat capacity term, which 
is proportional to the temperature T, is the dominant term at low temperature. At 
high temperature, the radiative term dominates. The kinetic energy term can gener
ally be made small by appropriate choice of absorber material. If the intensity is too 
low, the absorber material never heats up sufficiently to become an efficient radiator 
before the pulse ends. At high intensity, the absorber heats up quickly and then radi
ates very efficiently. The intensity required for· efficient conversion increases as the 
range increases, since the longer range results in a higher heat capacity of the 
absorber and a longer time before radiation becomes efficient. 

Few data currently exist for conversion of ion beam energy into X rays. 
However, the physics of the radiation process is much less complex than for lasers. 
Conversion efficiencies of 60-80% appear feasible in calculations. 
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2.3.5. Irradiation Uniformity 

High gain ICF capsule implosions require a high degree of uniformity of 
irradiation of the capsule by the incident laser beams or X rays. Detailed numerical 
simulations have shown that the non-uniformity of irradiation must be less than 
-1 % RMS. The actual modal spectrum of irradiation non-uniformity that can con
tain this 1 % RMS is dependent on the particular capsule design and method of implo
sion (direct versus indirect) being considered. For the direct drive approach the 
number, deposition and quality of each laser beam must be optimized. Owing to the 
nature of the indirect drive approach, individual beam quality may be relaxed; 
however, the number of beams and placement must still be accurately controlled. 

2.3.5.1. Direct Drive: Lasers 

In direct drive, the sources of irradiation non-uniformity have been identified 
[2.24, 2.25]. These sources are: the finite number and placement of individual beams 
about the capsule, beam and/or capsule misalignment, beam misfocus, power and/or 
energy imbalance between individual beams, and intensity non-uniformities 
associated with individual beam radial profiles. The same studies have also shown 
that the effects of these non-uniformities can be divided into two broad categories 
with respect to the wavelength of the resulting non-uniformity on the capsule. The 
individual beam radial profiles result in predominantly short wavelength (l ~ 10, 
where l is the Legendre mode number) modes of irradiation non-uniformity, while 
all the remaining sources result in long wavelength (l < 10) modes. 

The thermal smoothing in the corona is able to partly smooth out non
uniformities of energy deposition, owing to lateral heat diffusion between the critical 
and ablation surfaces. For direct drive the energy deposited in the vicinity of the 
critical surface is transported to the ablation region (the ablation surface is the loca
tion where the acceleration changes sign) predominantly by electron thermal conduc
tion. For the conditions found in the ablated region, the electron thermal conductivity 
(Ke) has a strong dependence oli the electron temperature, Ke 0:: Til2. In planar 
geometry, the smoothing of defects in the irradiation pattern is described by the 
'cloudy day' model [2.26]; the attenuation is exp( -kmD), where D is the distance 
between the ablation and critical surfaces and km is the wavenumber of the perturba
tion being considered. The larger the distance D or the shorter the wavelength of the 
non-uniformity, the more efficient the smoothing. Fluctuations in the ablation pres
sure resulting from non-uniform laser irradiation can be red.uced by increasing D. 
The distance D can be increased by increasing the wavelength of the laser radiation 
and/or the laser intensity. However, these options can adversely affect both the 
entropy of the imploding fuel, owing to hot electron production by resonance absorp
tion and parametric processes, and the hydrodynamic efficiency of the implosion, 
owing to the lower absorption efficiency as the laser wavelength and intensity are 

38 

ICF Capsule Implosion Physics 

increased and to the reduced transport efficiency between the absorption region and 
the ablation front. (The hydrodynamic efficiency is defmed as the total kinetic energy 
of the imploding capsule material divided by the driver energy absorbed.) 

The first step in optimizing the irradiation uniformity on a direct drive capsule 
is to determine the placement of individual beams about the capsule. Figure 2.9 
presents the results of such an optimization. The graph, calculated assuming 'perfect' 
parabolic individual beam profiles, shows that the RMS amplitude of the irradiation 
uniformity can be reduced to values less than 1 % for as few as -20 beams. 
However, as a direct drive capsule implodes, the critical surface moves radially 
inward. The focus ratio (Fig. 2.9) therefore increases from 1 to -1.8 during the 
laser pulse for a high gain direct drive capsule design. Taking these factors into 
account and neglecting any potential effects of irradiation smoothing by the plasma 
results in a direct drive system requiring - 60 beams to ensure adequate uniformity 
in long wavelength modes throughout the implosion. Studies have also shown that 
the other sources of long wavelength irradiation non-uniformity can be controlled 
with proper attention to the design of the laser system. The exact requirements with 

(a) (b) 

rlas Flux variation versus Focus ratio = 
rcap number of beams 

(assumes parabolic beams) Laser 

I 


2.4 ~ 2.0 

l1.6 
." 

~ 1.2 
:IE 

0.8 

I ~__ 

U.O 

[",lUL=:=:
0.4 

0 

Focus ratio 
(fraction of tangential focus) 

FIG. 2.9. A large number ofbeams are required to obtain adequate symmetry for direct drive 

capsules in the absence of electron conduction smoothing in the plasma. 
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regard to these issues depend on the capsule design under consideration. (Future 
experiments will examine the amount of uniformity required in long wavelength 
modes for direct drive ICF capsule implosions. This information, coupled with 
experimental results for the amount of thermal smoothing that takes place for longer 
wavelength modes, may lead to a reduction in the number of laser beams required 
for direct drive laser systems.) 

The irregularities in . the energy distribution in the focal spot, which are a 
consequence of phase and amplitude errors in the laser beam, result in short 
wavelength irradiation non-uruformities [2.27]. These short wavelength modes, the 
amplitude and phase of which vary during the ablation process, are potentially the 
most dangerous as they can seed the Rayleigh-Taylor instability. Several techniques 
have been proposed, and experimentally implemented, to improve the quality of 
individual laser beams (see Chapter 3 for details). It is yet to be demonstrated that 
the required beam smoothness, particularly at early times, can be obtained. 

2.3.5.2. Indirect Drive: Lasers 

Embedding the capsule in a black body radiation field, generated through the 
use of a hohlraum, potentially relaxes the requirement on the quality of an individual 
laser beam. In addition, X ray driven ablation has a higher ablation velocity (velocity 
at which material is ablated from the imploding shell) than direct drive and therefore 
has a lower development of hydrodynamic instabilities (Section 2.3.6). 

Owing to the multiple radiative exchanges involving thermal radiation, illumi
nation non-uniformities at high spatial frequencies conveyed by the laser beams are 
reduced in a hohlraum environment. Lower order mode non-uniformities due to long 
wavelength variations in the X ray emission (differences in emission from directly 
heated regions and laser entrance holes, for example) are not efficiently attenuated. 

In order to achieve control of symmetry (long wavelength modes) for indirect 
drive implosions, it is necessary to have reproducible beam propagation conditions 
in the hohlraum. These conditions must be consistent with accurate placement of the 
laser beams and plasma parametric instabilities such as SRS and SBS, which can 
cause redirection of energy in the hohlraum. Numerical studies have shown that 
these parametric processes must be kept below the 5-10% level. 

2.3.5.3. Indirect Drive: Heavy Ion Beams 

For ion beam driven implosions, while direct drive has been studied, indirect 
drive is considered more likely to achieve the symmetry requirements. As in the laser 
X ray driven option, it involves a high Z case enclosing the target (Fig. 2.5). The 
main difference between this type of target and an indirectly driven laser target is 
a consequence of the ion-plasma interaction physics. Theoretical predictions have 
found that 1-2% RMS irradiation uniformity could be achieved in a heavy ion 
indirectly driven target. 
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2.3.6. Symmetry and Hydrodynamic Stability 

As shown in Section 2.2, high gain ICF capsule implosions require final DT 
fuel densities in the range 100-1000 gtcm3

• During the implosion small non
uniformities at the ablation surface can be amplified through a number of processes. 
The two most important are perturbations, which grow in proportion to t

2 
(acceler

ation variations, for example), and growth due to the Rayleigh-Taylor instability. 

2.3.6.1. Secular (t2
) Distortions 

A simple dynamics argument can be used to estimate the acceleration uni

formity required for a given capsule implosion. The acceleration uniformity oata, 


Distortion is 
defined as alb 
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FIG. 2.10. Time integrated images ofindirect drive implosion experiment per/ormed at ILNL 
on a target containing fuel doped with a high Z gas. By varying the hohlraum geometry, it 
is possible to change the shape of the imploded core. The diagram at the top shows a generic 
hohlraum target used for these experiments along with the definition of distortion (alb). By 

changing the location of the beams, the shape of the core is changed from elliptical (left) to 
nearly circular (centre). The measured degree of non-sphericity of the nearly circular 
imploded core implies (from calculations) a drive uniformity better than 3%, which is close 

to adequate for high gain targets. 
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regard to these issues depend on the capsule design under consideration. (Future 
experiments will examine the amount of uniformity required in long wavelength 
modes for direct drive ICF capsule implosions. This infonnation, coupled with 
experimental results for the amount of thermal smoothing that takes place for longer 
wavelength modes, may lead to a reduction in the number of laser beams required 

for direct drive laser systems.) 
The irregularities in the energy distribution in the focal spot, which are a 

consequence of phase and amplitude errors in the laser beam, result in short 
wavelength irradiation non-unifonnities [2.27]. These short wavelength modes, the 
amplitude and phase of which vary during the ablation process, are potentially the 
most dangerous as they can seed the Rayleigh-Taylor instability. Several techniques 
have been proposed, and experimentally implemented, to improve the quality of 
individual laser beams (see Chapter 3 for details). It is yet to be demonstrated that 
the required beam smoothness, particularly at early times, can be obtained. 

2.3.5.2. Indirect Drive: Lasers 

Embedding the capsule in a black body radiation field, generated through the 
use of a hohlraum, potentially relaxes the requirement on the quality of an individual 
laser beam. In addition, X ray driven ablation has a higher ablation velocity (velocity 
at which material is ablated from the imploding shell) than direct drive and therefore 
has a lower development of hydrodynamic instabilities (Section 2.3.6) . 

Owing to the multiple radiative exchanges involving thermal radiation, illumi
nation non-unifonnities at high spatial frequencies conveyed by the laser beams are 
reduced in a hohlraum environment. Lower order mode non-unifonnities due to long 
wavelength variations in the X ray emission (differences in emission from directly 
heated regions and laser entrance holes, for example) are not efficiently attenuated. 

In order to achieve control of symmetry (long wavelength modes) for indirect 
drive implosions, it is necessary to have reproducible beam propagation conditions 
in the hohlraum. These conditions must be consistent with accurate placement of the 
laser beams and plasma parametric instabilities such as SRS and SBS, which can 
cause redirection of energy in the hohlraum. Numerical studies have shown that 
these parametric processes must be kept below the 5-10% level. 

2.3.5.3. Indirect Drive: Heavy Ion Beams 

for ion beam driven implosions, while direct drive has been studied, indirect 
drive is considered more likely to achieve the symmetry requirements. As in the laser 
X ray driven option, it involves a high Z case enclosing the target (Fig. 2.5). The 
main difference between this type of target and an indirectly driven laser target is 
a consequence of the ion-plasma interaction physics. Theoretical predictions have 
found that 1-2 % RMS irradiation uniformity could be achieved in a heavy ion 

indirectly driven target. 
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2.3.6. Symmetry and Hydrodynamic Stability 

As shown in Section 2.2, high gain ICF capsule implosions require final DT 
fuel densities in the range 100-1000 gtcm3

; During the implosion small non
unifonnities at the ablation surface can be amplified through a number of processes. 
The two most important are perturbations, which grow in proportion to t 2 (acceler
ation variations, for example), and growth due to the Rayleigh-Taylor instability. 

2.3.6.1 . Secular (t2
) Distortions 

A simple dynamics argument can be used to estimate the acceleration uni
formity required for a given capsule implosion. The acceleration uniformity oata, 

Distortion is 
defined as alb 

Outward pointing Inward pointing 
shifts produce shifts produce 

"pancake" distortion Symmetric "sausage" distortion 

==1 alb < 1 

"1-40Jim . 1 

FIG. 2. /0. Time integrated images ofindirect drive implosion experiment performed at ILNL 
on a target containing fuel doped with a high Z gas. By varying the hohlraum geometry, it 
is possible to change .the shape of the imploded core. The diagram at the top shows a generic 
hohlraum target used for these experiments along with the definition of distortion (alb). By 
changing the location of the beams, the shape of the core is changed from elliptical (left) to 
nearly circular (centre). The measured degree of non-sphericity of the nearly circular 
imploded core implies ifrom calculations) a drive uniformity better than 3%, which is close 
to adequate for high gain targets. 
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FIG. 2. 11. Measured and simulated final core distortions versus pointing position for 
indirect drive capsule implosion experiments conducted on Nova using two different laser pulse 
shapes. Pulse shape 22 (ps22J is as specified in the lower right hand figure. 
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where oa and aare the azimuthal acceleration perturbation and average acceleration, 
respectively, is given by 

oa oR 
-
a R CR - 1 

where oRIRis the final hot spot distortion and CR is the hot spot convergence ratio . 

For high gain ICF capsule implosions, typical values of CR needed for igni
tion are in the range 20-40. If the requirement of central hot spot formation and igni
tion is oR ::s !R this corresponds to having to achieve a uniformity of acceleration 
of 1-2 %. How the acceleration uniformity relates to the uniformity required in the 
ablation pressure depends on the method used to implode the capsule (direct versus 
indirect) and the particular capsule design. In general, of course, the greater the 
uniformity achievable, the greater the convergence ratio allowable. 

Experiments on Nova [2.19] have shown that flux uniformity (and subsequent 
drive (pressure) uniformity) to within a few per cent can be achieved inside hohl
raums. This uniformity was demonstrated by imaging the compressed fuel region of 
an X ray driven implosion. A typical target used in these experiments consists of a 
plastic shell filled with DD fuel and argon trace gas. The fuel is imaged using both 
a 100 ps X ray framing camera and a time integrated X ray pinhole camera. 

By varying either the hohlraum geometry or the laser focusing, the symmetry 
of the imploded fuel can be controlled [2.19, 2.28, 2.29]. Implosions can be obtained 
that have more flux along the axis of the hohlraum or along the midplane of the hohl
ritum, as shown by the left and right hand images in Fig. 2.10. In the experiments 
in Fig. 2.10, the laser beams were pointed to different locations inside a 2.6 mm 
long hohlraum by changing the pointing angle: 45°, 51 0 and 540 

, from left to right 
in the figure. With the appropriate choice of geometry or pointing, it is possible to 
achieve fluxes uniform to within a few per cent, as shown in the centre image of 
Fig. 2.10. The images in Fig. 2.10 give a time averaged measure of flux uniformity. 
These types of experiment have been conducted for a variety of laser pulse shapes. 
Figure 2.11 shows experimental results compared with a two dimensional numerical 
simulation obtained at LLNL for distortion versus pointing position using two differ
ent laser pulse shapes (the associated pulse shapes are shown below the respective 
figures). 

2.3.6.2. Rayleigh-Taylor Instability: Linear Stage 

High gain ICF capsules are designed so as to limit the development of 
hydrodynamic instabilities to the linear or weakly non-linear regime. Under these 
circumstances, theoretical models and numerical simulations indicate that the thick
ness of the perturbed or unstable (mixed) region between the hot spot and the sur
rounding main fuel layer near the time of ignition is given by the RMS sum of the 
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Experiments have also been conducted to determine the compressed fuel den
sity obtained during the implosion process. Experiments conducted on GEKKO XII 
using 531 nm direct drive irradiation of DT doped plastic shells (with no gas fill) 
have achieved densities in the plastic of 200-600 g/cm3 (Fig. 2.19) [2.45]. Direct 
drive experiments conducted on Omega using 351 nm irradiation of cryogenic DT 
fuel surrounded by glass ablators achieved average fuel densities in the range 
20-40 g/cm3 [2.47]. Both of these high density implosion experiments produced 
neutron yields significantly lower than predicted for an ideal spherical implosion. 
This degradation has been attributed to the effects of hydrodynamic instability seeded 
by irradiation non-uniformities and capsule fabrication defects. Data from all 
participating laboratories have indicated reductions in final core performance similar 
to those presented above. It is clear that understanding hydrodynamic instabilities 
and secular distortions in imploding capsules is an important area of research in the 
ICF community. 

2.3.7. Capsule Ignition and Burn 

Conditions for fuel ignition may be obtained from the analysis of the energy 
balance for the compressed DT fuel [2.48-2.50]: 

p dT 
3 - - = -PVu + vKe VT - WR + Wa (2.3) 

mj dt 

where Te = 1i = T, and p, mj, P and u are the density, ion mass (2.5 times proton 
mass), pressure and flow velocity. In Eq. (2.3) the first term of the right hand side 
represents the pressure-volume work associated with compression and expansion, 
the second term electron cooling via conduction, the third term radiation cooling and 
the last term a particle heating. 

In assuming the DT fuel to be compressed with homogeneous core radius R 
and density p, each term on the right hand side of Eq. (2.3) can be approximately 
evaluated as follows: 

pT 3 
- Expansion loss WE = 2 - - 2cs (2.4) 

mjR 

- Conduction loss We = koT7/2 ..!.. (2.5)
R2 

- Radiation loss WR = AOp2 TII2 (2.6) 
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Equation (2.5) assumes that dRldt 2cs and uses the relations u = -p dpldt and 
p = R-3 (the confinement time is given to be t = RI4cs)' In Eqs (2.5) and (2.6), 
ko and Ao are constants. The a particle heating term can be expressed in the form 

Wa = (~)2 (<TV)DTfa€a (2.7) 
2mj 

where fa = 3.52 MeV andfa is a heating rate determined by the stopping power of 
the a particles. In the case where the electron temperature is lower than - 30 ke V, 
stopping by electrons is dominant compared with the ions and the ions are heated 
indirectly through the electron-ion energy relaxation process. The density depen
dence of pAa , where Aa is the stopping range of a particles, is sufficiently weak and 
can be given approximately by 

PAa 0.04 Ti/2 (g/cm2) (2.8) 

where Te is the temperature (keV). By considering the a particles generated at the 
centre, the heating rate is given in the form 

1 - (1 - pRlpAa )2 (R < Aa) 
(2.9)fa = 

[ 1 (R > Aa) 

Assuming the balance WE + We + WR = Wa and using relations (2.4)-(2.9), the 

following equation is obtained: 

8.7 X 10I8T7/2 + 1.27 x I023T3/2pR + 2.77 x 1023 T1I2(pR)2 

= 8.07 x 1040 (<TV)ta(pR)2 (2.10) 

where ta is the fraction of the a energy deposited in a radius R. Since (011) is a 
function of T, Eq. (2.10) provides a relation between pR and T. When we assume 
ta = 1, Eq. (2.10) becomes a quadratic equation in pR for a given T and it is found 
that there is a critical T for which Eq. (2.10) has a solution. This can be seen by 
balancing WR and Wa , requiring real values of pR and T, and satisfying the relation 

IO-I8 T I12(011) :2:: 3.43 X 

By using data on (011) (Fig. 2.1), we conclude that Tshould be larger than 4.4 keY 
for DT fuel. 

In Fig. 2.20, the solution of Eq. (2.10) is plotted as the thick solid line. From 
this figure it is found that the minimum pR for fuel ignition is approximately 
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FIG. 2.20. Ignition condition given by balancing a particle heating against cooling due to 
expansion, radiation and electron heat conduction [2.50J. The conduction is plotted as a thick 
solid line (ECR). For comparison, a balance relation defined by We + WR = Wa is plotted 
as a thin solid line (CR); another relation WE = Wa by a dotted line (E), We = Wa by a 
dotted line (C) and WR = Wa by a solid line (R) . 

pR = 0.4 g/cm2 near T = 10 keY. In a more general form it can be concluded that 
as a minimum 

(pR)3 T ~ 0.1-0.5 

is required for substantial fuel ignition. 
Figure 2.20 also shows a balance relation defined by We + WR = Wa 

(neglecting the expansion loss) (thin solid line (CR)), along with the relations 
WE = Wa (dotted line (E)), We = Wa (dotted line (C)) and WR = Wa (solid line 
(R)). From the figure it is seen that in the range T < 4 keY radiation cooling is 
significant, but in the range T > 5 keY expansion is the dominant loss mechanism. 
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FIG. 2.21. Numerical predictions of themwnuclear gain versus incident laser energy for 
(a, b) indirect and (c-e) direct drive laser capsule implosions. (a) ILNL gain predictions for 
351 nm laser driver and two implosion velocities. (b) CEL-V gain predictionsfor 351 nm laser 
driver and two implosion velocities. (c) ILE gain predictions for 351 nm laser driver. (d) UE 
gain predictions for 249 nm laser driver. The upper boundary of the region displayed cor
responds to Fermi-degenerate (a= 1) implosions and the lower boundary to a = 4 implo
sions. (e) FIAN gain predictions for 249 nm and 1054 nm laser drivers. 
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2.3.8. Thermonuclear Gain 

One and two dimensional numerical simulation codes are used to calculate 
gains for capsules at the incident energy levels for IFE reactors (Ed ~ 1 MJ). 
These simulation codes include complex mathematical models which include 
algorithnis for computing all of the most important processes associated with ICF 
implosions. These codes are based on solving the equations of hydrodynamics with 
electron and ion heat conductivities, viscosity, energy sources due to incident energy 
deposition and fusion reaction products, and various energy transfer mechanisms, 
including radiat~on and fast electrons. Numerical calculations of the gain perfor
mance of ICF capsule implosions have been carried out by many laboratori~: 
LLNL, Los Alamos National Laboratory (LANL) and LLE in the USA, the 
P.N. Lebedev Physics Institute (FIAN), the Institute for Mathematical Modelling 
(lMM), the Russian Institute for Experimental Physics (VNllEF) and the Russian 
Institute for Technical Physics (VNllTF) in the Russian Federation, ILE in Japan, 
CEL-V in France and the Instituto de Fusi6n Nuclear (DENIM) in Spain. 
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FIG. 2.22. Numerical predictions of thermonuclear gain versus incident heavy ion driver 
energy for indirect drive capsule implosions. (a) ILNL simulations for ion ranges of0.05 and 
0.1 g/cm2 (top and bottom of grey bands, respectively) and for the spot radii identified 
(1.0-5.0 mm). (b) ILE calculated gain curves for indirect drive heavy ion fusion targets as 
a junction of driver energy. The solid curves are model results corresponding to a pressure 
of 0.2 Thar (2 X /016 Pa), an isentrope parameter of 3.5 and different values of 
r3/2R = 0'()05 (A), 0.01 (B), 0.02 (C) and 0.04 (D), where r is the radius of a cylindrical 
X ray converter (em) and R is the stopping range of the ion beam (g/cm2). The broken line 
corresponds to an ideal converter with 100% efficiency. 
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Figures 2.21 and 2.22 display the target gain predictions for laser driven and 
ion driven ICF capsule implosions, respectively, as computed by a number of ICF 
laboratories throughout the world. Figures 2.21(a) and (b) represent indirect drive 
predictions from LLNL [2.51] and CEL-V [2.52], respectively. Figures 2.21(c), (d) 
and (e) show the results of direct drive simulations from ILE [2.53], LLE [2.51, 
2.54], and FIAN [2.55], respectively. 

Each laboratory has computed its gain curves independently using its best theo
retical modelling and understanding of experimental results to date. The physics used 
and the degree of optimism about the outcome of important physics issues introduced 
in this chapter play an important role in the generation of these curves. For example, 
the curves in Fig. 2.21(a) are all calculated under the assumption of a fIxed hohlraum 
coupling efficiency of 15 % (Le. 15 % of the laser energy is ultimately absorbed by 
the capsule as X rays). The right hand band corresponds to a radiation temperature 
of 225 e V, the left to 300 e V. As can be seen, ignition can be achieved at lower 
driver energy by operating at a higher hohlraum temperature, but LLNL currently 
believes that laser-plasma interactions inside ICF hohlraums with capsules will limit 
the temperatures to less than 325-350 eV, and therefore implosion velocities will be 
limited to less than about 4.5 x .107 cm/s. A temperature of 300 eV has been 
achieved in Nova experiments. The width of each shaded band corresponds to the 
uncertainty in the achievable capsule surface fmish. The far left hand edge cor
responds to the gain achievable for perfectly uniform implosions. The right hand 
edge of the band corresponds to the gain for targets with surface non-uniformities 
of 50-100 nm. Capsules with such surface fInishes are used in ICF experiments 
today. 

As the driver energy increases, the minimum implosion velocity required to 
ignite a capsule decreases. If the minimum velocity at any driver size is exceeded, 
the capsule will still ignite. However, there is a performance penalty for operating 
above the minimum velocity. The gain will drop because less mass will implode and 
there will be less yield for a given energy. Hence, the optimum strategy implies oper
ation at the minimum implosion velocity consistent with the desired yield or driver 
size. For a fIxed capsule surface finish, this optimum is given by the dashed line 
through the two curves in Fig. 2.21(a). This line approximately follows the scaling 
given by the relation G ::::: E1'4. 

When the capsules are limited to a similar degree of hydrodynamic instability, 
detailed numerical calculations by LLE (and LLNL) predict comparable gains for 
laser driven direct drive capsule implosions, as shown in Fig. 2.21(d). The higher 
coupling efficiency of direct drive essentially balances the greater sensitivity to 
hydrodynamic instability. 

All of these calculations assume that both direct and indirect drive will be able 
to produce adequate implosion symmetry. Gains for indirect drive can be a factor 
of 2 or more above those of Fig. 2.21(a) if the hohlraum coupling efficiency can be 
improved, and direct drive gains can be a factor of 2 or more higher if the 
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hydrodynamic instability constraints are relaxed by improvements in capsule fabrica
tion techniques and irradiation uniformity. 

Results ofLLNL simulations [2.S6] and ILE calculations [2.S7] for gains using 
heavy ion drivers are shown in Figs2.22(a) and (b), respectively. In Fig. 2.22(a) 
the capsules used for the heavy ion target gain curves are the same as those assumed 
in the laser driven indirect drive targets, and the hohlraums are similar to those 
shown in Fig. 2.S(c). The coupling of ion beam energy to absorbed capsule energy 
is simply recalculated. The capsule implosion velocities are varied with capsule size 
in the same way as for the laser driven indirect drive targets discussed above. The 
heavy ion target gains are sensitive to the ion range and the focal spot size. This 
sensitivity arises from the energy required to heat the material in the Xray con
verters to a temperature at which the converter material will radiate efficiently. As 
the ion range or spot size is reduced, less mass is heated. Because of this, as the ion 
range is reduced, calculations predict a higher gain for a given spot size or a larger 
tolerable spot size for a given gain. 

The optimal choice of focal spot size and ion range is largely an accelerator 
issue since targets with adequate gain are feasible for a wide selection of values of 
these parameters. In the target designs with larger spot size, lower intensity and 
shorter range, the accelerator must be able to transport more current, and the focus
ing system must be able to focus more current or the beams must be partially charge 
neutralized. Target designs using ions with a range of about 0.1 g/cm2 and a spot 
size of 2.S-3.0 mm radius are the current baseline heavy ion designs because the 
longer range ions, which have lower beam current for a given driver energy, can 
be ballistically focused without current or charge neutralization. This method of 
focusing is well understood theoretically and provides heavy ion target point designs 
with a high confidence focusing approach. This is viewed as important because of 
the present lack ofdata to conclusively support the feasibility of charge neutralization 
schemes for focusing (Section 3.4). 

This situation could change because of work being done in the US light ion 
programme. Beams being produced by the pulsed power machines used in this 
programme are inherently high current and must rely on current and charge neutral
ized focusing schemes. The theoretical understanding being developed in the light 
ion programme, and the experiments currently being carried out and planned, can 
provide the information required to base heavy ion designs on neutralized focusing 
schemes. To within a factor of - 2, SNL predictions for light ion gain results are 
in agreement with those shown in Fig. 2.22(a). As shown in Fig. 2.22(a), higher 
gain can be achieved, particularly for smaller driver sizes, if spot sizes of 1 mm 
radius can be achieved. If spot sizes of no smaller than S mm radius can be obtained, 
high gain is still possible but the minimum driver size increases by about a factor 
of2. 

There continues to be an interest in determining the minimum driver energy 
to ignite an ICF capsule. As presently understood, ignition at lower driver energies 

Advanced Fusion Fuels 

can theoretically be achieved by increasing the implosion velocity. The present 
understanding associated with laser driven hohlraum physics and hydrodynamic 
stability constraints indicates that -4 x 107 cmJs is the maximum implosion 
velocity that can be achieved for laser driven indirect drive capsule implosions. 
Therefore, as shown in Figs 2.21(a) and (b), approximately Soo-6oo kJ of laser 
energy would be required to ignite an indirectly driven capsule implosion. Similar 
studies have been performed for laser driven direct drive capsule implosions. These 
studies have shown that for implosion velocities limited by plasma physics con
straints, approximately 200-Soo kJ of laser energy would be required to ignite a 
direct drive capsule implosion (Figs 2.21(c)-(e». It is important to note, however, 
that at these smaller energies both directly and indirectly driven capsule implosion 
would require a much more optimistic outcome associated with the effects of 
hydrodynamic instabilities on capsule implosions than presently assumed possible. 
Additionally, the studies show that these designs represent capsules at the limits of 
performance and therefore would have little margin for error. 

2.4. ADVANCED FUSION FUELS 

As previously stated, considering the values of <ov> in the temperatUre range 
of interest, the first IFE reactor designs will be based on a DT fuel cycle. However, 
properties of some of the other fusion reactions (Fig. 2.1) are of interest for future 
reactor systems since the reaction products involve predominantly charged particles 
and not neutrons. It has been suggested that this offers the potential of minimizing 
radioactivity and shielding issues associated with IFE power plants. 

There are two important issues that make the use of advanced fusion fuels of 
marginal interest to IFE power plants. The first is that the internal blanket in many 
IFE reactor designs moderates and absorbs the 14 MeV neutrons produced by the 
DT reaction and thereby reduces the activation and damage to structural materials 
automatically (Section 3.4). The only advantage of the advanced fuel systems, then, 
would be the reduced tritium inventory. While some of the other fusion reactions 
being considered do not require tritium, they all will produce some, at leastin secon
dary reactions. Furthermore, the ignition temperatures (and consequently the 
required driver energy) are much higher than for DT. Therefore, an IFE target using 
advanced fuels would probably be designed with a small core (called the spark plug) 
region of DT so that ignition can take place at lower temperatures. Therefore, some 
tritium would be present in any event. However, the tritium inventory with advanced 
fuels will be much smaller than with DT. The second, and perhaps more important, 
issue is that the temperatures and fuel areal densities required for efficient burnup 
of these advanced fusion fuels are much higher than for DT. Advanced fuel 
ICF would require a much larger laser system than for a DT cycle or a more opti
mistic outcome associated with symmetry and stability issues than presently believed 
possible. Therefore, this book will concentrate on the DT cycle. 
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2.5. CONCLUSION 

This chapter has covered the various physical processes that take place during 
an ICF capsule implosion. These processes ultimately define the reliability of the 
prediction of the thermonuclear yield for future ICF high gain capsule designs at a 
given driver energy. 

The understanding of the physics of ICF hoWraums and capsule implosions has 
made significant progress over recent years. These advances have been due to sub
stantial improvements in experimental diagnostics and the quality of the laser drivers 
used to conduct the experiments as well as improved theoretical models. One method 
to measure the advances made in recent ICF experiments is to show the results in 
terms of a Lawson plot. The results from ICF experiments conducted around the 
world are shown in Fig. 2.23. Target gains of 10-3 have already been achieved. 
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FIG. 2.23. Recent progress in ICF research as measured using the product fiT as a function 
of the central ion temperature. Also included in this figure are projections for the Omega 
Upgrade laser system (UE), presently under construction, and the proposed US National 
Ignition Facility . .Several machines have experimented with two or more distinctly different 
target configurations. These are shown in the figure as separate areas for the same machine. 
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2. Inertial Confinement Target Physics 

The ICF programme will continue to use experimental data from ongoing 
laboratory experiments for both direct and indirect drive capsule implosions to refine 

the theoretical understanding of the important processes associated with ICF capsule 
implosions. It is generally agreed within the world ICF community that the next 
important step for ICF is the demonstration of ignition and propagating bum in the 
laboratory. The US ICF programme has this as its next major goal (to demonstrate 
ignition in the laboratory using a glass laser driver). Previous indirect drive experi
ments conducted on Nova and results from H/C form the basis for that decision. At 
the time this book was being drafted, the conceptual design for the proposed US 
facility, referred to as the National Ignition Facility (NIF), had just been completed. 

This facility would have a solid state laser capable of delivering 1.8 MJ of 351 nm 
wavelength laser energy to the target using 192 square (40 cm on a side) beams. For 
indirect drive targets, the beams will be arranged in four axisymmetric cones, two 
coming in from the top of the chamber and two from the bottom. (Chapter 5 contains 
a more complete description.) The indirect drive target design under consideration 
for achieving ignition and modest gain in the NIP is shown in Fig. 2.24. The cones 
coming in from the top and those coming in from the bottom are distinguished as 
'inner' and 'outer' cones, respectively, and will be used to provide better control of 
symmetry <;luring the implosion. The capsule in Fig. 2.24(b) is a cryogenic fuel 
design with a polythene ablator doped with oxygen and bromine. This indirect drive 
target is expected to ignite and give a gain of 1-10 with a drive temperature of 
300 eV. The NIF can be reconfigured to do experiments with direct drive targets 
either by adding a second target area or by reconfiguring the beams within the 

indirect drive target area. A review of LLNL's past and.near term experimental and 
theoretical results is being used in determining whether the US programme proceeds 
along this path in the near future and builds the NIF. 

The demonstration of ignition and bum propagation in the laboratory would 
complete the basic capsule physics objectives of the ICF programme. Such a demon
stration would set the stage for high confidence development of IFE. 
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3. IFE Power Plant Design Principles 
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FIG. 3.2.4.1. Ion range in hot material as a function ofkinetic energy for a variety of ions. 
The range appropriate for inertial fusion is about 0.02-0.2 g/cm2

• This range allows ion 
kinetic energies on the order of 10 GeV for the heavier ions . 

an accelerator can be focused by magnetic fields. The conductors that produce the 
fields can be shielded from the neutrons, X rays and debris produced by the target. 
Thus, it may be possible to build a robust, durable focusing system to direct the 
beams towards the target. The long life and high pulse rate of accelerators are attrac
tive features for the development of fusion energy in that a single driver could be 
used for a number of development facilities. In summary, high energy accelerator 
technology is, in many ways, well suited to IFE power production. However, there 
is one critical requirement that has not been demonstrated, namely the high peak 
power of several hundred terawatts. Since accelerators, from a technical standpoint, 
can readily deliver hig~ kinetic energy, high power is really a new requirement on 
beam current. This requirement pushes accelerators into a hitherto unexplored 
regime ofbeam physics and leads to significant departures from standard accelerator 
design. Nevertheless, much of the technology that has been developed for other 
applications remains applicable for IFE. The accelerator considerations specifically 
relevant to IFE power plants will now be discussed. 

To drive an ICF target, the ions from an acceh~rator must have the correct 
penetration depth~ Target calculations show that the penetration depth, or ion range, 
in terms ofareal density should be between about 0.02 and 0.2 g/cm2 in order to 
heat properly the radiating material in an i~direct drive tar~ (Fig. 2.5). This 
constraint on ion range has important consequences for accelerator design. The range 
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FIG. 3.2.4.5. HIBAU driver concept. 
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Target Fabrication and Positioning 

TABLE 3.3.1. SOME REQUIREMENTS OF TARGET PRODUCTION AND 
POSITIONING 

Production rate 

Production at 70 % duty factor 

Polymer shell 

Outer diameter 

Thickness 

DT fuel per target 

DT fuel layer thickness 

Capsule roundness defect 

Capsule non-concentricity 

Accuracy of layer thicknesses 

Surface roughness goal, plastic or fuel layers 

Accuracy of beam placement from capsule centre 

Direct drive laser 


Indirect drive heavy ion beam 


Hohlraum dimensions 

Diameter 

Thickness of high Z material 

5-10 Hz 

(1-2) X 108 targets/year 

5.5-6.0 mm 

300-500 ~m 

2.5-5.0 mg 

200-300 ~m 

:51% 

:51% 

0.1 ~m 

:5100 run 

20-30 ~m 

40-60 ~m 

0.5-1.0cm 

-30 ~m 

is absorbed by the fuel capsule, driving the implosion. The fuel capsule is held in 
the centre of the hohlraum by a sandwich of thin polymer films (called tenting) or 
by a very low density foam. Hohlraums driven by lasers have laser entrance holes 
to admit the focused laser beams; hohlraums driven by ions are fully enclosed 
because the ion energy can be deposited inside through the hohlraum wall. The thick
ness of the hohlraum wall is not critical, but the wall must be thick enough to stay 
together and contain the radiation during the implosion, and as thin as possible to 
minimize the recycling of activated heavy metal. 

The requirements or restrictions placed on the manufacture and positioning of 
these targets are determined both by target physics constraints to ensure high gain, 
and by the system performance and economics of the reactor. These are summarized 
in Table 3.3.1. Since there is no one universally accepted target design, because 
there are a wide range of acceptable yield-pulse rate combinations that require 
different target sizes, we give a representative range of acceptable parameter values. 
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FIG. 3.3.4. Schematic of the automated hohlraum assembly process. 
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Reaction Chamber Systems 

is bonded to an HT -9 ferritic steel tube containing liquid lithium. At a surface energy 
flux of -10 J/cm2 of X rays and debris, there is no vaporization of the first wall. 
However, condensation of target material on the first wall may require periodic 
cleaning to prevent a detrimental buildup. Other reactor designs, such as Saturn 
[3.4.3], the dry wall design by Lawrence Livermore National Laboratory [3.4.6] and 
the hybrid [3.4.11], are also representative of the dry wall approach. 

The use of a cavity fill gas to reduce the high power flux to the structural wall 
was first pioneered in Solase [3.4.8]. The function of the gas (-1 torr (130 Pa» is 
to absorb the X ray and charged particle energy which is emitted in a short burst and 
reradiate it over a much longer time period. One example of this approach is shown 
in Fig. 3.4,10, from the SIRIUS-P study [3.4.38]. This is similar to the route taken 
by previous SIRIUS designs [3.4 .24] and the Sombrero reactor [3.4.31]. 

An example of the wetted wall approach is shown in Fig. 3.4.11, from the wet
ted wall concept developed by Los Alamos National LabOratory [3.4.2]. A thin fIlm 
of liquid metal is allow~ to coat the first wall and absorb the kinetic energy of the 
target debris as well as a large fraction of the X ray energy. The liquid metal then 

2m 

Target 
injection 

Porous, wetted wall 
Main pressure vessel 

Inner structural 
wall and flOw baffle 

Condensate 
pump 

FIG. 3.4.11. The lithium wetted wall concept utilizes a thin. renewable layer ofliquid lithium 
on the metallic first wall to absorb the target debris and photons [3.4.2J. 
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3. /FE Power Plant Design Principles 
Reaction Chamber Systems 
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3. IFE Power Plant Design Principles 

absorbs the extremely high heat fluxes in a small volume as latent heat. The evapo
rated material fIlls the cavity and is pumped out to condense outside the reaction 
zone. One of the problems with this design is the shock impulse imparted to the first 
wall by the evaporating liquid metal. 

The use of a thick liquid metal stream to protect the structural wall from neu
trons was first proposed by Burke [3.4.55] at Argonne National Laboratory. This 
was followed by the BAM (boiler and moderator) concept from Brookhaven National 
Laboratory [3.4.9]. However, the most detailed analysis of this concept was done 
in the HYLIFE study which started in 1979 [3.4.12] (Fig. 3.4.12) and continues in 

Beam tube 
INPORT units 
Wetted roof 
Target 
Pool 
Seepage of LiPb 
Bulk of LiPb flow 
SiC fibre orthogonal braid 
LiPb film 

FIG. 3.4.14. The containment of liquid metal in INPORT units allows the coolant to absorb 
the energy ofseveral pulses during its transit in the reaction chamber ofUBRA [3.4. 28}. The 
wetted sUrface on the outside of the INPORT unit (shown in the circular inset) mitigates the 
erosion and shock phenomena associated with dry solid walls. 
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