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I. Principles of lon-Beam Inertial-Confinement Fusion

I.A. Inertial - Confinement Fusion: Introduction

Generation of useful power from nuclear fusion reactions is now
regarded as technically realizable. There are basically two paths,
differing in their methods of confining the fusion fuel during thermo-
nuclear burn.

Magnetic confinement fusion (MCF) requires a low density plasma
to be contained in a magnefic field while essentially steady-state
thermonuclear reaction conditions are maintained; fuel densities are of
order 1014 ions/cms. Inertial confinement fusion (ICF) utilizes instead
a fast, propagating bur‘n' wave in highly compressed fusion fuel;
densities are of order 1025 ions/cms. Heavy-ion driven inertial fusion
(HIF) is a method for achieving ICF.

To produce sufficiently high fuel densities and temperatures for
ignition (of order 5 keV per ion) at the centre of the fuel, a mass of
fuel of about a milligram of DT needs to be compressed in a few nano-
seconds (10_95) to densities of order 103 times that of normal solid
hydrogen. This compression is achieved by means of heat deposited by
intense beams striking an external region of the fuel-containing pellet.
Instantaneous power of order 1014 W must be deposited in a shell whose
volume is of order 'IO-2 cm3. The heat thus generated is used to com-
press the fuel core and to ignite the burn through shock implosion. For
power production, fuel pellets would be imploded at a rate of a few per
second. The fusion energy is released largely in the neutrons, ab-
sorbed by a surrounding "blanket" around the reaction chamber and
transformed into heat, which would drive electrical generators.

The instrument producing the beams is called the driver. There
are several possibilities in principle for the technology of drivers;
lasers, pulsed-power charged particle sources, and heavy-ion drivers
have been widely studied. Each has advantages and disadvantages for
research programmes in ICF.

A few driver types are expected to be efficient enough for com-
mercial power production. The heavy-ion driver is regarded by many as

the leading candidate for such an application if a conservative path is



desired, as it is not only efficient and has high repetition rate, but the
technology requires relatively little development for high pulse powers
such as those required in a reactor driver.

A pedagogical presentation of ICF concepts can be found in the
book of Duderstadt and Moses (1982).

1.B. Driver-Technologies

Lasers using Nd-doped glr;iss, C02 gas, lodine, and a few other
media have been used in ICF research. Most of the current data on the
implosions of ICF targets has come from glass laser experiments with
pulse energies of around 10 kJ. That is about a factor of 100 smaller
than the pulse energy which will be required for energy production,
according to current estimates based on computer simulation of the
plasma hydrodynamics in the pellets. A thorough discussion of the laser
option has been presented by Johnson (1984).

Charged-particle beam drivers (using either light or heavy ions)
are expected to offer great advantages in electrical efficiency (beam
energy/electrical energy supplied to the driver) compared to lasers.
Light-ion drivers use capacitor accumulation of the electrical input
energy, followed by stages of power flow conditioning to increase the
beam power on target to reach thermonuclear burn conditions in the
target. Capacitors and other passive storage devices can supply at best
a few megavolts of potentials; thus the beam currents must reach
several megamperes to deliver the instantaneous pulse power required.
Such high currents require in turn neutralization of their space charge
and collective plasma phenomena are intrinsic in the transport and
focussing of the beams. Experiments are currently under way to de-
termine the technical limitations of this approach, described by Yonas
(1978 and 1982).

High energy beams of heavy ions can deposit the same power in
comparable volumes of target material using 103 times more Kkinetic
energy, as their range is short compared to light ions. This enables
103 times less beam current to be used, and it is possible to avoid col-
lective plasma phenomena in the beam even in the final stage which are

difficult to predict theoretically.



The energy accumulation in a heavy ion driver is by increasing
the kinetic energy of the ion beam in many small steps and by multi=
turn injection into storage rings. These methods of accumulation are
qualitatively different from the methods used in lasers or pulsed pawer
accelerators. The characteristics of heavy-ion drivers can be reliably
estimated through experience with high-energy research accelerators.

In this article we will discuss the heavy-ion driver approach to
ICF. Although no demonstr‘ation_ heavy-ion drivers have yet been con-
structed, there is high confidence among the community of accelerator
designers that such a driver is feasible. This confidence has been ex-
pressed through the large workshops held in the US, Germany, and
Japan (Bangerter R.O., He'f'rmannsfeldt W.B., Judd D.L. and Smith L.
(ed's.) 1976; Smith L.W.(ed.) 1977; Arnold R. (ed.) 1979; Herrmanns-
feldt W. (ed.) 1980; Bdhne D. (ed.) 1982; Hirao Y., Katayama T. and
Tokuda N. (ed.'s) 1984.) HIF has been reviewed many times over the
last decade (Arnold 1978, 1985; Arnold and Yonas 1982; Keefe 1982;
Beynon 1981, 1982 and 1985; Bock et al. 1984; Lawson 1986; Deutsch
1986) but only in the last few years have concrete programs taken
shape. In the present review we emphasize the target physics relevant

to HIF and the planned experiments.

Il Power Production Requirements

In order that ICF power production be commercially feasible an ICF
reactor must produce much more electrical energy than is required by
the driver to compress and ignite the fuel. This requires both the elec-
trical efficiency of the driver and the thermonuclear gain of the pellet
to be high.

Let G be the target gain, defined as the ratio of thermonuclear
fusion energy released (when a pellet ignites) to the driver beam
energy incident upon the pellet. Let Ne be the electrical efficiency of
the driver , i.e. the ratio of beam pulse energy to electrical energy
input. Let A be the efficiency of converting thermonuclear burn energy
into electrical energy including heat-exchanger losses as well as Carnot

efficiency of the electrical generators in the power plant.



If W is the beam energy per pulse, then the output electrical
energy per pellet is Q = nCGW. Let the recirculating power fraction in

the power plant be denoted by r = W/r]eQ. Then we have:
r=(nn6)"
e'c :

For commercial power plants we must have a small value of r; otherwise
the operating cost will be excessive, since the recirculated power is not
available for sale. Conventional planning criteria specify r to be equal
to (or less than) 0.15. )

For n. = 0.3 ( a reasonable thermal efficiency) and M, &= 0.4 (pos-
sible for ion drivers), with r £ 0.15 we obtain the constraint

=i}
G 2 (r‘r}enc) ~ 50.

Detailed conservative theoretical estimates for several types of HIF tar-
gets indicate a driving energy of order 5 MJ could be required to
achieve such a gain.

Overall power plant systems studies based on heavy-ion drivers
have been carried out. Capital costs are estimated to be of the same
order as for magnetic fusion reactors, especially if a single accelerator
can drive several reactor chambers making up a relatively large energy
generating complex (Badger et al. 1985).

Thermonuclear fuel mixtures containing 50% tritium and 50% deu-
terium are easiest to ignite but require breeding the tritium, e.g. from
lithium. Other fuel cycles are possible, including pure deuterium burn
(DD reaction) or the proton-boron (pB) reaction. These are more tech-
nologically demanding, requiring higher ignition temperatures. However,
neither of these reactions require nuclear fuel processing, and both use
highly abundant raw materials. In addition, the pB reaction produces
three alpha-particles instead of neutrons. This would allow more com-
pact shielding and greatly reduced structure activation. Thus an ul-
timate fusion power scenario might include burning only D or B, al-
though no specific economically feasible reactor has yet been designed

for these fuels.
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Electrical power production is not the only possible commercial use
of ICF. Three other possibilities have been studied to some extent: synt-
hetic fuel production, fissile fuel breeding, and vehicle propulsion.

Synthetic fuel processes, such as hydrogen production from water
or methane production from coal, can be driven with any intense source
of energy. ICF could provide such a source with a suitable reactor
chamber blanket. (Hovingh, 1983). This possibility has been more ex-
tensively studied in the MCF context, but the basic. concepts can also
be applied to ICF.

Fissile fuels to supply coleventional nuclear power plants can be
bred with fusion neutrons if a chamber blanket containing fertile ma-
terial is used. Again, studies have been done primarily for MCF (Land
and Parish, 1983). )

Impulse propulsion of very large spacecraft appears possible with
ICF. (Boyer and Balcomb, 1971; Heppenheimer, 1984). The use of

fusion power for smaller vehicles appear uneconomical or impractical

because the drivers are expected to be of such large scale.

Il. Targets
I1.A. Thermonuclear Target Design
1.A.1. General Principles and HIBALL Example

The Concept of Pellet Fusion

The goal of inertial confinement fusion (ICF) is to achieve controlled

thermonuclear burn for power generation. The fusion reaction

D+ T>a+n + 17.6 MeV (2.1)

has a specific energy release of

_ 11
qgpr = 3-37 - 10 J/g (2.2)



The plasma density n and the confinement time 1t envisioned for ICF
are very different from those for magnetic confinement fusion (11

orders of magnitude):

confinement n(cm_B) t(sec) n-t(sec/cms)
magnetic 1014 10 1015
inertial 1025 10_10 1015

In both cases, however, the product n-t has to satisfy the Lawson
criterion (n-t 2 1015 sec/cms) which is set by the DT-reaction rate
<ov>. Instead of n-t, the product p-R is more commonly used as the
confinement parameter in ICF; a spherical configuration of the
burning DT fuel is assumed with a mass density p and a radius R.
The confinement time is given by the time of rarefaction 1 = R/cs
which spreads with the sound velocity Cg- The fuel fraction burned

during this time is obtained as

¢ = pR /(Hg + pR) (2.3)
with
HB = 4cs(mD+mT)/<crv> (2.4)

where My is the deuteron mass and m- the triton mass. Eq. (2.3) takes

into account burn depletion, i.e. ¢ > 1 for pR >> H The burn para-

meter is approximately ®

Hy =7 g/cm® (2.5)
for DT burning at 20-50 keV. For 30 % burn-up, one therefore needs
pR = 3 g/cmz. In the case of 1 mg fuel, this requires a fuel density of
300 g/cm3 or 1500 times compression of solid DT, and it leads to a
thermonuclear energy release of 100 MJ. Since the micro-explosion has
to be contained in a reactor cavity, probably not more than 10 mg of
DT fuel can be considered. This means that high fuel compression is an
essential condition to make ICF work.

The key idea of how to achieve such high fuel compression was first

published by Nuckolls et al. (1972). They proposed spherical implosion
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of a microsphere (pellet) driven by high power laser beams. Time-
shaped laser pulses were required to achieve isentropic compression.
This concept was then refined by considering multi-layered hollow
spheres with the innermost layer made of cryogenic DT (Mason and
Morse, 1975; Nuckolls et al., 1974; Afanase'v et al., 1975). Instead of
lasers also electron beams, ion beams, and thermal x-rays generated
from such beams have been considered as the source of driving energy.
The simulation of a heavy ion beam driven implosion' will be shown ex-
plicitly below to make the standard scheme more transparent. An essen-
tial point is that the driver ene}'gy is not used to heat the fuel directly
to fusion conditions, but to convert it first into kinetic energy of an
imploding shell which is then transformed into internal energy of highly

compressed fuel after central collapse.

Fabrication technology for ICF targets is a separate complex subject

(Mah et al. 1985) which we will not discuss here.

Central ignition and propagating burn

Beside compression, the second condition is to heat the fuel to the
ignition temperature of Ts > 5 keV. The specific energy of a plasma

with equal amounts of D and T ions at a temperature of 5 keV is

e, = 4 - 3/2 - TS/(mD + m_r) = 600 MJ/g (2.6)
From this, a naive energy gain can be calculated by dividing the maxi-
mum energy output doT by the minimum energy investment Es' One

obtains from Eqgs. (2.2) and (2.6)

Gnaive - qDT/as = B0

However, this gain is strongly reduced by the various losses occuring
in the process of driving the DT fuel to ignition and is too low for a
power reactor.

The way out of this difficulty is to ignite only a small portion of the
fuel (the spark region) and then let the thermonuclear energy of the
spark propagate and ignite a larger fuel reservoir. This concept is
known as central ignition and propagating burn. It is now generally
accepted as a necessary step for ICF. An analysis of the gain which

can be obtained on this basis will be given in section II.A.3.
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An Implosion Simulation (HIBALL)

The numerical simulation of a hollow-sphere target implosion driven by a
heavy ion beam (Metzler and Meyer-ter-Vehn, 1984) is shown in Fig. 1.
It was performed as part of the HIBALL reactor study (Bdhne et al.,
1982); here, it is reproduced as an example to display some typical
features of the target dynamics.

A 5 MJ, 500 TW beam pulse is spherically incident on the target
sphere (see target sector at the left side of Fig. 1) and heats the outer
absorber layer. The radius-time diagram shows the explosive response
of the deposition layer pushing at its inner front the payload towards
the centre. The payload consists of an initially cryogenic DT layer (4
mg) and a pusher layer (20 mg) screening the fuel from the hot de-
position region. The solid lines mark the interfaces between the dif-
ferent layers. The fuel reaches an implosion wvelocity of about
3 - 107 cm/s. At 18.3 ns, its inner front arrives at the centre (void
closure). The pusher then further compresses the fuel, and ignition
conditions are reached at 20.4 ns.

Profiles of density, temperature and pressure at different times are
shown in Fig. 2. The beam deposition layer is characterized by tempera-
tures of 200-300 eV and a pressure of 100 Mbar. The density profiles
show the payload as a thin high-density layer at the inner front. This
layer is Rayleigh-Taylor unstable, and its survival during implosion is
one of the most severe problems for ICF. The instability problem is
discussed in section II.C.2. After void closure the central wvalues of
the hydrodynamic wvariables jump by several orders of magnitude to
truly astrophysical levels. It is the final convergence which leads to
fuel ignition and burn. The energy gain calculated for this simulation

was 165.

1H.A.2. Survey of Published Target Calculations

In this section we briefly review the published specific case studies of
targets relevant to ion-driven ICF.

Most of the results of ICF target calculations which have been
published refer to laser-driven pellets. Many of the basic concepts are

similar to ion-driven pellets (compression, spark formation, propagating
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burn, Rayleigh-Taylor instability); but in ion-driven targets the details
are somewhat different especially concerning energy deposition, abla-
tion, and the role of heat conduction.

At first, solid DT spheres were analyzed (Nuckolls et al., 1972;
Brueckner and Jorna, 1974a; Fraley et al., 1974a) but the advantage of
lower driving power for hollow shell targets was also soon discussed
(Clarke et al., 1972; Kidder 1974a,b; Nuckolls et al., 1974; Mason and
Morse, 1975; Ashby 1976). Ma'ny of these calculafions made use of
sharply time-varying laser power pulses to enhance the compression
and gain, by achieving nearly akdiabatic compression.

The importance of Rayleigh-Taylor instability (RTI) in limiting the
advantages of thin shells was also discussed beginning in 1974 (see
discussion on RTI later; Nuckolls et al. 1974, Fraley et al. 1974b).
Achievement of high gains (> 100) with structured pellets driven by
lasers with energies of 1 MJ or less without strong pulse shaping was
analyzed by Afanas'yev et al. (1975). Less compression, but more fuel,
was used in these pellet designs.

The first publication describing use of charged-particle-beam
drivers for fusion was by Winterberg (1968), who discussed the use of
intense electron beams. However, the concept of compressing the fuel
and obtaining a propagating burn was not discussed at that time. Re-
sults of detailed calculations on e-beam-driven pellets were published by
Rudakov and Samarsky (1973), by Clauser (1974), and by Yonas et al.
(1974).

The first published ion-driven target calculations were reported by
Clauser (1975), who considered a single Au shell filled with gaseous DT
fuel. A relatively low gain was computed (~ 10) for these targets.
Further ion-driver target studies were published by Kindel and Lindman
(1979). Subsequent calculations by Gula and Magelssen (1981) confirmed
that low gains were expected with such a simple structure in all the
cases they studied. However, Ido et al. (1981) with similar target
designs (including bootstrap heating) were able to obtain theoretical
gains as high as 100 when 2.1 MJ of ions were used, with more fuel.
AR unconventional wvariation on this target using heavy-ion beams of
two different kinetic energies were studied by Magelssen (1984) who
was able to obtain gains in excess of 100 in this way.

A target design using more complex shells was simulated by Lindl

and Bangerter (1977). They were able to obtain gains of 80 by using a
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low-z deposition layer inside a high-z dense tamper shell, and cryogenic
DT fuel inside a preheat shield. This basic design was used in the
HIBALL study.

Systematic parameter studies of attainable gain for targets of this
type (and others) were published by Bangerter et al. (1982), using the
best available codes, EOS, etc., and also more realistically allowing for
imperfections which could spoil the exact spherical symmetry. They
have been used as a guide in most HIF reactor studies. Unfortunately,
the calculation details are unpublished, and it is not clear exactly what
assumptions were used. )

Many other groups have now carried out 1-D simulations of
ion-driven fusion targets, for comparative studies of efficiency, gain,
etc. For example, Okehara et al. (1981) and Ido et al. (1981) have ana-
lyzed fusion ignition and burn with radiation transport in an ion-driven
pellet, and found more complex burn dynamics when a gold pusher is
used. Evans (1983) has published a simple analytic hydrodynamic model.
Afanas'yev et al. (1981) have compared the corona physics in laser-
driven and ion-driven targets. Tamba et al. (1983) have given a more
detailed description of deposition and compression with proton beams.

Seveial detailed 1 D calculations for heavy-ion driven reactor
targets nave been published in connection with the HIBALL study,
including Tahir and Long (1982, 1983) and Metzler and Meyer-ter-Vehn
(1984). These groups used different codes but obtained similar results.
Another independent group, Velarde et al. (1985), has analyzed the
same targets. The role of suprathermal particles in the burn was
studied by Ligou and Tran Trach-Minh (1984).

Kawata and Niu (1984) have published one of the few quantitative
estimates using 3 D simulation of the effect of nonuniform implosion on
fusion burn.

Preliminary attempts have been published by Sacks, Arnold and
Magelssen (1982) and Beynon and Edwards (1984) to estimate the
uniformity of illumination required for simple HIF targets. The early
stages of compression of a target illuminated with only a few beams
were simulated in a 2-D calculation by Buchwald et al. (1982), as part
of the HIBALL study. It appears that a large number (> 32) of beams
would be required for adequate symmetry, unless heat transport (e.g.

by radiation) is effective in smoothing out the driving pressure within
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the deposition layer. Since such a large number of beams (symmetrically
placed) would lead to a complex and expensive reactor design, there is
considerable motivation to explore targets for HIF driven by a radiation-
smoothed heat distribution in the deposition layer. There are as yet no
detailed published calculations for such targets, with a finite number
of beams.

The first published discussions of fusion targets which rely on
thermal radiation as an intermediate step in transferring the driving
energy to the pusher were by Bogolyubskii et al. (1976). Experiments
on planar laser-irradiated targets with thermal radiation smoothing were
discussed by Bocher et al. (1983). However, the principal sources of
information to date on designs of targets which use confined radiation
to smooth and drive the im;’Jlosion are the publications of the Japanese
groups, both theoretical and experimental. Yabe et al. (1983) discuss
hydroefficiency advantages of laser-heated radiatively driven implosion
of microballons (glass and plastic). Mochizuki et al. (1983a) analyze the
geometric smoothing effect obtained with radiation transport. Experimen-
tal implosion results are reported by Mochizuki et al. (1983b) and by
Miyanaga et al. (1983). Scaling laws are presented by Nishiguchi
and Yabe (1984). Light ion-beam-driven pellets with confined thermal
radiation have been discussed by Imasaki et al. (1984). The physical
target they discuss is very similar to the HIBALL design, except for

choice of materials in the primary deposition region.

I11.A.3 A Model for Energy Gain

The target energy gain G(E m) as a function of beam pulse energy

Bea
is a key quantity for the assessment of inertial confinement

E

Beam
fusion for future power production. In this section, a simple model for
ICF energy gain is presented, based on the concept of central ignition
and propagating burn. It represents gain curves in terms of three

physically significant parameters:
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(1) the hydrodynamic efficiency which describes implicitly the con-

version of beam pulse energy into internal fuel energy at ignition;

(2) the isentrope parameter which measures the preheat entropy de-

posited in the cold fuel part during implosion by shocks and other
transport processes (e.g. hot electrons and radiation);

(3) the spark radius which is intimately related to the implosion

symmetry, a critical problem in target performance.

The model has been discussed in detail by one of the authors
(Meyer-ter-Vehn, 1982 and 19853.

It is assumed that the fuel configuration at ignition consists of a
hot central region (the ignition spark) and an outer region of highly
compressed fuel (the cold f’uel) as shown in Fig. 3. An essential point
is that the fuel region (hot and cold part) is characterized by uniform
pressure. In an earlier version of this model, ignition configurations
with uniform density had been considered (Kidder 1976, Bodner 1981).
However, approximately isobaric configurations are observed in code
calculations and are also found in selfsimilar solutions for shell implo-
sions (Meyer-ter-Vehn and Schalk, 1982). It turns out that this model
becomes much more realistic and leads to a consistent interpretation of
code calculations when considering an isobaric (rather than isochoric)
ignition configuration.

Within the model, the spark region is described as an ideal
hydrogen plasma p = 2 pSTS/pDT with the pressure p, the density Pe
and the temperature TS- The average DT atomic weight s
= 4.17 - 10_249. Multiplying p with the spark radius RS, one

v
DT
finds that the product is completely determined by the fusion physics:

p - Rs =2 HsTs/pDT = 15 Thbar « um (2.7)

Here, we have used TS = 5 keV for the ignition temperature and

Hs = pSRS = 0.4 g/cm’2 for the 'pR' of the spark. Atzeni and Caruso

(1981, 1983) have shown that it is in particular the product HS . Ts
which determines the bootstrap ignition of the fuel, and they derived
an ignition criterion which is consistent with the values used in Eq.

{2.7)
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The region of highly compressed, low entropy fuel is described as
a degenerate electron gas with the pressure
- _ . 12 5/3
P. = 2 aneaF/S = 2.3 10 ap (2.8)
in cgs units. The isentrope parameter « denotes the deviation from
complete degeneracy and measures the entropy. Obviously, one has
e =h2@ntn )%3/2 m ) with the

lect i = ;
electron mass me and the electr'o.n density n‘:J pc/“DT

a 2 1. The Fermi energy is given by &
By means of the target implosion, only a small fraction n of the
energy of the driving beam pulse EBeam is transferred into internal

energy of the fuel at ignition:

Ef =N EE’;eam (2.9)
The parameter n is called hydrodynamic efficiency. Typicall values are
0.05 < n < 0.15, depending on the target design and the type of
driver. lIgnition occurs when the available fuel energy is just sufficient
to form the spark: ES = Eqo If Egp > ES, the additional energy is used

f f

to build up the cold fuel reservoir: EC = Ef & Es. These energies are

connected with the uniform pressure p = P, = P, and the corresponding
volumes by Es/vs = Ec/vc = 3 p/2.
The target energy gain is defined as the ratio of thermonuclear

energy release E and absorbed beam energy:

TN

G(EBeam) - ETN/EBeam (2.70)
From Egs. (2.2) and (2.3), one has

ETN = qDT L Mf il CI) (2.11)
with the fuel mass Mf: Ms + Mc’ and the fractional burn-up ¢ =

Hf/(HB + Hf) with the burn parameter (2.5) HB = 7 g/c:m2 and the
confinement parameter

Hf = psRs + pc(Rf - RS) (2. 12)

































































































































































































































