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I. Introduction

A. Inertial Confinement Fusion

Generation of useful power from nuclear fusion reactions is generally
regarded as a technically realizable goal. There are basically two paths
to this end, differing in their fundamental methods of confining the fusion

fuel during thermonuclear burn.

Magnetic confinement fusion (MCF) requires a low density plasma to be
contained in a suitable magnetic field configuration while essentially
steady-state thermonuclear reaction conditions are maintained: fuel densities
are of order 1014 ions/cm®. Inertial confinement fusion (ICF) utilizes in-
stead a fast, nonequilibrium propagating burn wave in highly compressed
fusion fuel; densities are of order lO24 ions/cm3. Heavy-ion driven inertial

fusion (HIF) is a method for achieving ICF.

To produce sufficiently high fuel densities and temperature for ignition
(of order 5 keV per ion) at the centre of the fuel, a solid mass of fuel
about a millimetre in radius needs to be compressed in a few nanoseconds
(10-9 s) 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 l. Instantaneous
power of order 1014 W must be deposited in a small volume of order 10_2 cm3.
The heat thus generated is used to compress the fuel core, and ignite the
burn through shock implosion. For power production, fuel pellets would be

imploded at a rate of a few per second.

The instrument producing the beams is called the driver. There are
several possibilities in principle for the technology of drivers; laser?,
pulsed power charged particle sources, and heavy-ion drivers have been
widely studied?’3. Each has advantages and disadvantages for research

programmes in ICF.

A few driver types are expected to be efficient enough for commercial
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 of high repetition rate, but the technology re-
quires relatively little development for high pulse powers such as those

required in a reactor driver.



From a commercial perspective, ICF presents several advantages over MCF:
to deliver the instantaneous pulse power required. Such high currents require

1. The reactor design can be simplified in important ways because the highly in turn neutralization of their space charge, and collective plasma phenomena
sensitive part of the system (the driver) can be physically isolated from are intrinsic in the transport and focussing of the beams. Experiments are

2 ; ; currently under way to determine the technical limitations of this approach?.
the region of fusion power generation (the reactor chamber).

, igh b £ h i deposit ; 1
2. An important specialized technology, the large-aperture superconducting High energy beams of heavy ions can deposit the same power in comparable

volumes of target material using 103 times more kinetic energy, as their
magnets needed for plasma confinement in MCF, does not necessarily need ’

o be St d 1 d range is short compared to light ions. This enables 103 times less beam
o be further developed.
current to be used, and it is possible to avoid collective plasma phenomena

3. In the case of HIF, the highest technology driver components are similar even in the final stage. In estimating the behavior of the driver systems

. ; ; suitable for a power reactor, it is a definite advantage to be able to
in design to that of existing high-energy-physics research accelerators, 2 ’ g

. ; G g avoid difficult theoretical questions concerning beam transport to the
so that little extrapolation is required for reactor-driver feasibility q ing p

target.
studies compared to MCF. 8
The energy accumulation in a heavy ion driver is primarily in the

. . kinetic energy of the ion beam which receives a series of small impulses
B. Driver Technologies

over a time during which the beam is accelerated and stored (in the RF

Lasers using Nd-doped glass, COZ gas, Iodine, and a few other media systems). This method of accumulation is qualitatively different from the

have been used in ICF research. Most of the current data on the implosions methods used in lasers or pulsed power accelerators, and is expected to

of ICF targets has come from glass laser experiments with pulse energies be reliably estimated through experience with many high-energy research

of 10 kJ or less. That is about a factor of 100 smaller than the pulse accelerators. Figure 1 shows a conceptual design for a HIF reactor.

energy which will be required for energy production, according to current

estimates based on computer simulation of the plasma hydrodynamics in the In this article we will discuss the heavy-ion driver approach to ICF.

1let Although no demonstration heavy-ion drivers have yet been constructed,
pellets.
there is high confidence among the community of accelerator designers that

such a driver is feasible. This confidence has been expressed through the

Charged-particle beam drivers (using either light or heavy ions) are
large workshops which were held in the US in 1976%, 19775, 19787 and 19798,

expected to offer great advantages in electrical efficiency compared to
lasers. For ion beams, energy deposition in the target is expected to be in Germany in 1982°, and other technical reviewsl.
reliably estimated with classical concepts. These factors motivated the
development of both pulsed-power light ion ICF drivers and heavy-ion

23314 C. Power Production Requirements

accelerator drivers

Light ion drivers use capacitor accumulation of the electrical input In order that ICF power production be commercially feasible an ICF

e . h 1 ical th is required by the
energy, followed by stages of power flow conditioning to increase the beam reactor must produce much more electrical energy than qui y

power on target to reach thermonuclear burn conditions in the target. driver to compress and ignite the fuel. This requirement constrains the
Capacitors and other passive storage devices can supply at best a few mega- electrical efficiency of the driver and the thermonuclear gain of the

volts of potentials; thus the beam currents must reach several megamperes 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 I, be the electrical efficiency of the driver, the
ratio of beam pulse energy to electrical energy efficiency of 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 = neGW. Let the recirculating power fraction in the power

plant be denoted by r = W/neQ. Then we have:
_ -1
£ = One)

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 10,

For nc = 0.3 (a reasonable thermal efficiency) and ne = 0.4 (possible

for ion drivers), with r £ 0.15 we obtain the constraint
62 (nn) !t = so.
- e 'c

Such a large gain requires a high burn efficiency. Detailed conservative
theoretical estimates for several types of HIF targets 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 reasonable, especially
if a single accelerator can drive several reactor chambers making up a
relatively large energy generating complex. Smaller systems may also be
feasible, however; there has been little work to date on optimization of
unusual target-driver combinations which might provide lower driver costs.

We will further examine cost scaling in a later section.

Thermonuclear mixtures containing tritium 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 technologically demanding, requir-
ing higher ignition temperatures. However, neither of these reactions
require nuclear fuel processing, and both use highly abundant raw ma-
terials. In addition, the pB reaction produces three alpha-particles
instead of neutrons. This would allow more compact shielding and great-
ly reduced structure activation. Thus an ultimate fusion power scenario
might include burning only D or B, although no specific economically

feasible reactor has yet been designed for these fuels.

Electrical power production is not the only possible commercial use
of ICF. Three other possibilities have been studied to some extend:

synthetic 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 if a suitable reactor chamber
blanket is engineered. This possibility has been studied in the MCF con-

text, but most of the basic concepts can aso be applied to ICF.

Fissile fuels to supply conventional nuclear power plants can be bred
with fusion neutrons of a chamber blanket containing fertile material is

used. Again, studies have been done primarily for MCF.
Impulse propulsion of very large spacecraft appears possible with

ICF. The use of fusion power for smaller vehicles appear uneconomical or

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

IT. Heavy-Ion Drivers

A. Basic Concepts

Two different approaches to the design of high energy heavy ion
drivers have been pursued to date. The first (chronologically) uses
circular storage rings loaded by RF linear accelerators and/or synchro-
trons. It is modeled after conventional designs used in high-energy
physics research. The second, less highly developed, uses a linear

induction accelerator for single-pass acceleration of a single bunch



of ions. In this discussion we will treat the RF approach in more detail,

as it is closer to existing accelerator technology”’.

In each case, ions of mass number A equal to or greater than 100 are
generated in a singly charged state by an intense ion source. Acceleration
by DC potentials is used to achieve a kinetic energy around one megavolt.
Then, in some designs also stripping to a somewhat higher charge state (2-4),
a repetitive (RF or pulsed cavity) accelerator structure is used to increase

the ion energy to 10 Gigavolts or more.

RF designs accelerate a few tenths of an ampere of current, and use
storage rings at the full energy to accumulate circulating currents of

order 20-30 Amperes in each ring. When fully loaded, the circulating beams

are compressed in time to a pulse length of order 10 nanoseconds and exXtracted,

and focussed on a target spot with radius of order one millimetre.

The linear induction design uses about 103 ferromagnetic induction

modules, each giving one longitudinal accelerating and/or bunching
impulse to the single bunch of ions passing through. The final pulse
length is adjusted to reach the value required by the target (again

of order 10 ns.) and focussed on the target spot (of order 1 mm).

RF driver technology would be based on adaptation of technology

used in existing high-energy accelerator designs. The technical issues
which arise have been thoroughly discussed in the workshops. The following
key areas, which have a larger influence on driver feasibility, were deemed

worthy of further R&D efforts:

1 Ballistic transport physics in the reactor chamber

2. Final focussing aberrations

3 Bunching limitations

4. Storage ring tolerances and beam loss mechanisms

5= Low-velocity acceleration and preservation of beam quality in the

accelerator

The beam quality in a pulse is characterized by the longitudinal momentum
spread, Ap/p, and the transverse emittances €, and sy which are a measure
of the volume in 4-dimensional transverse phase space occupied by the beam

pulse.

Each of the five areas above influence in some way the number of storage
rings and beamlines necessary for a given target requirement, and hence is
important in estimating the cost and complexity of the driver. The state of
the art appears adequate to insure that a driver is quite feasible, both
technically and economically, for delivering 5 MJ pulses of 10-20 GeV ions
of A 2 200 onto a spot of radius 2 mm. Conceptual designs will be outlined

in the next section.

B. Reference Designs

Detailed prototype design concepts for RF linac, synchrotron,
and linear induction ion drivers for power reactors were presented at
the 1978 HIF workshop. Other reference designs have been proposed since
then, taking advantage of accelerator community suggestions and some

refined design consideration.

In addition, designs and proposals for smaller accelerator systems
for research were presented in 1979 and 1980 by Argonne and Berkeley
groups. Balance between cost and capability is difficult to define for
research systems which would require $50M or less for construction. Some
target experiments appear feasible in that regime, but the same cost scaling
which is favorable for large pulse energy is definitely unfavorable for
small energies. It is this circumstance which may shift the emphasis in
HIF planning to emphasize modification of existing or planned accelerators
to allow beam and target experiments, rather than building specialized small

ICF drivers.

The latter path has been followed by the German HIF program, which proposes

utilization of nuclear research accelerators planned at GSI for beam-target

interaction experiments at comparatively low power densities 11’12,



We will review here design concepts for multi-megajoule ion drivers.
A heavy-ion driver system of each type can be conceptually divided into

several stages to facilitate discussion of the technical issues:

Ion sources and preaccelerator
. Low-velocity linac

Main accelerator system
Bunching/accumulation stage

Beam transport to reaction chamber

S L~ WwN

Final focus lens arrays

We will sketch 3 reference driver designs spanning the range of

options for RF accelerators, and one linear induction design example.

The RF accelerator system options discussed are:

A. RF linac with accumulator ring
B. Single-pulse synchrotron with RF linac injector
C. Single-pulse synchrotron with rapid cycling synchrotron

injector

Each of these examples describes a system to accelerate Hg ions, and
delivers 5 MJ in a 25 ns pulse to a target spot of radius 2 mm, with a
specific energy deposition of 20 MJ/gram. The minimum pulse repetition
rate is 2 seconds for case C, of order one second for case B, and of order
0.1 second for case A. Because of the superior repetition rate and electrical
efficiency of a linac, case A is a plausible candidate for a power plant
driver. The other two circular accelerators should be more appropriate to

a high-gain research facility.

The parameters given are not necessarily accurately determined, but
rather serve as typical values for such driver designs. These design para-
meters have not been constrained to eliminate the longitudinal microwave
instability (See section II.C). If damping of that instability is not

feasible, more rings and beamlines may be necessary.

The driver architecture and parameters are shown in Figure 2, which is

not to scale. Case D, a linear induction scenario, is also shown.

Analysis at Argonne '3 of the comparative capital costs of the RF drivers
showned that C was least expensive, and A was the most expensive. However, the
synchrotron systems (B and C) would not be feasible if the ion-ion charge-
changing cross-sections were pessimisticaly estimated using geometric ion
sizes. Measurement of such cross-sections would be essential before further

substantial effort on these systems would be warranted.

C. Feasibility Constraints

There is widespread agreement °’%’7 that accelerator systems can be
designed which meet the presently understood requirements for driving high
gain targets. However, with limited resources for research and lack of
unanimity on priorities, costs are an important issues. To some extent
it is possible to trade off cost issues against conservative design prin-
ciples if the margin for error were to be better kmown in all parts of
the system. Several technical uncertainties lead to constraints in design
which could have a substantial influence on the cost or technical margin

for error in operation of such a driver.

This areas of these uncertainties include: focussing constraints,
beam transport in a gas-filled chamber, current limits on beam transport
in beamlines, storage ring instability control (RF system) or longitudinal
beam bunch control (linear induction system), and ion-ion charge-changing
cross-sections (in synchrotron systems). In each case, there exists knowledge
adequate for a conservative design (at least with an RF linac), but optimizing

the driver design may require additional information.

1. Final Focus

Aberrations are important in focussing the ion beams on small target
spots of order 0.1 cm? area or less, with magnetic quadrupole lens arrays.
These aberrations can depend both on beam size (geometric aberrations) and
on longitudinal momentum spread (chromatic aberrations). Both types increase
with beam emittance, and can be reduced at small &. However, very small
emittances of beams in the accelerator system are difficult to maintain
and may lead to costly drivers. Accurate estimates of the spot sizes achiev-

able with given £ and Ap/p are therefore valuable in the planning of a system.



Arrays of correction elements (sextupole and octupole magnets) can be
placed in the beamlines to decrease the aberrations. Analysis of the
feasibility of such correction arrays is required in each driver design
if optimum € is to be obtained; but this process is not yet well systema-

tized, and a comprehensive method is needed.

2. Transport in Gas

If the reaction chamber contains a gas pressure of 10_4 Torr or higher,
calculations show that plasma effects on the ballistic beam transport may be
important. Such a gas may arise from a variety of sources; pellet debris,
wall or protective layer evaporation, or an external source of gas fill. The
latter has been proposed as one mechanism for partially protecting the inner
wall of the reaction vessel against X-ray damage from the pellet burn, and
also for partially charge-neutralizing the ion beam to reduce space-charge

defocussing effects.

Reactor concepts with chamber pressures below 10_4 Torr have been in-
vestigated; both HIBALL and the Westinghouse HIF study conservatively adopted
such a scheme. The introduction of a gas fill could however increase the range
of reactor and driver design options and perhaps lead to a more reliable and/or
less costly system. There is therefore a need for reliable prediction of ion

beam propagation in gases.

3. Beam Line Transport

The number of beamlines and their cost depends in many cases upon the
maximum current which can be transported in each without excessive emittance
growth. In a perfectly matched periodic line, the transverse emittance does not
grow. However, space charge effects prevent perfect matching uniformly through
the volume in the beamlines. In addition, instabilities can be shown to develop
at sufficently high currents. Some of the linear instability problems have been
investigated theoretically, and conservative estimates have been achieved which
constrian the beam currents. Experimental verification of these results is
needed. In addition, experimental investigation in parameter regimes in which

strong emittance growth is predicted would be valuable to find out if the ex-

pected emittance growths are realistic or whether the theory is too conservative.

4. Storage Ring Instabilities

The RF reference designs discussed earlier, as well as those in the
1979 workshop, have been checked for possibly troublesome instabilities
affecting the accumulated beam of ions in the storage rings. Most possibi-
lities have been ruled out on theoretical grounds. However, one instability
appears to be a strong constraint on the current which can be accumulated
in a ring. This is the "longitudinal microwave instability', which arises
from high frequency beam-wall interactions and has a disruptive effect on
the longitudinal momentum spread in a bunch. The predicted thresholds and
growth rates for this instability show it to appear in HIF circular machines8.

The effect has been seen experimentally in proton machines.

This instability can be avoided in principle by using a larger number of
storage rings, each with a beam of smaller emittance and lower current com-
pared to a system with a minimal number of rings. A larger number of beamlines
would be expected also. Such a solution would lead to a somewhat more ex-
pensive driver; however, the cost differential is not well established at

present.

Experiments on this instability can be carried out on some intense
circular proton machines, such as the SNS at the UK Rutherford Laboratory?®.
The linear theory should be verified and possible damping mechanisms (intrinsic
or extrinsic) should be explored. Theoretical simulations of the nonlinear
development have suggested parameter regimes in which growth is strongly

inhibited compared to simple early estimatesl?.

5. Longitudinal Control in Induction Accelerators

A linear induction accelerator for high energy heavy ions would be

: to 104) of induction modules, each driven

composed of a large number (10
with a shaped electrical impulse to accelerate and/or shorten the beam pulse.
If the beam pulse is not to suffer dilution in longitudinal phase space

the phasing and pulse shape of each impulse must be precisely controlled

and precisely induced into the ion bunch. There is as yet no operating

experience with more than a few modules, and there only with relativistic

electrons which do not require such precise pulse control. Some theoretical
















































