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A more acceptable version of this concept, very much in the
modern gpirit, was then put forward. We hear from time to time that
"small is beautiful", so miniaturize it! For example, one ton per
second, or a tenth of a ton ten times a second, will drive the same
1000 MWe power plant and the explosions can be contained within a
man-made reactor vessel of practical size and strength. From this
idea the present inertial-fusion program has evolved. This approach
has the practical advantage relative to magnetic-confinement fusion
that the reactor vessel is vastly simpler. There is also a conceptual
advantage; the "convergence proof" that the technology of larger
explosions is well understood gives confidence in calculations of the
ignition requirements for small pellet targets.

To ignite such a thermonuclear microexplosion requires a source
of energy highly localized in space and time. The needed combination
of well~-controlled energy, power, and density of energy deposition
lies far beyond all previous experience. A stepwise approach toward
their ultimate attainment by massive arrays of high power pulsed
laser systems has been pursued for several years. In addition, efforts
have been made over a comparable period to gradually extend the
capability of high power pulsed-diode electron beam technology
originally developed for other applications, and more recently
(by changing the polarity) of proton beams, toward the relevant power
and energy ranges. It is probable that some aspects of the physics of
pellet targets will be studied experimentally on a single-shot basis
by these methods within a few years, but the capability to ignite a

single high~-gain pellet in these ways lies farther in the future.

I

Attainment of the repetition rate capability to run a significant
power plant is even more uncertain and depends on future research
and development programs followed by the elaboration of technologies
besed on them.

However, there exists a mature well-developed technology, that
of high-energy accelerators, which, when applied to heavy ions in
low charge states, could meet all requirements for a power plant.

It appears possible to do this largely within the bounds of known
systems and techniques and their straightforward engineering extra-
polations, and without need for a long sequence of construction pro-
Jects escalating through several orders of magnitude toward the final
goal. The organized national program to develop heavy-ion ignition
systems is new and therefore small. Following conceptual studies by
a few individuals, a two-week summer study was sponsored by ERDA in
California in July 1976. Some sixty experts, familiar with a wide
range of accelerator and other relevant science and technology,
focused attention entirely on full-scale power plant requirements
rather than neutron production or "scientific break-even" experiments.
The central result was that the approach merited serious attention.

No fundamental flaws were found, but system design studies, some
physics experiments and calculations, and certein hardware development
and construction were found needed to establish technical feasibility.
Formal ERDA funding began about eight months ago for programs at
Argonne, Brookhaven, Lawrence Berkeley, and Lawrence Livermore
Laboratories and smaller special efforts elsewhere at a start-up

rate of order $2 million per year.
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heavy ions (mass number A ~ 200) . For this reason a high energy
accelerator is required. The corresponding peak electric currents
lie in the range of a few thousand amperes for such ions in a singly
charged state (g = 1). Kinetic energies are a little lower and cur-
rents a little higher for ions with A as low as ~ 100 , so that
the potential condidates include a wide range of ions. Methods for
the multiplication of conventional accelerator currents, contained
and controlled by well-understood methods, into the few thousand
ampere range will be described below.

These parameters are in strong contrast to those for light
ions. Protons of the same range have an energy of order 10 MeV,
corresponding to a required current of order ten million amperes.
Current multiplication and space charge conteinment into the million
ampere range are impractical in conventional accelerators.

For heavy ions the electric current is proportional to the
charge state q , and sgpace charge problems increagse with various
powers of q . For higher charge states (q >5 ?) designs that

~cope with these problems become increasingly unattractive.
L. CAPABILITIES OF ACCELERATOR TECHNOLOGY

The design, construction, and utilization of large high-energy
particle accelerators is based on a mature and versatile technology.
Since the end of World War II it has developed at an increasing rate
in the United States, western Europe, and the Soviet Union. This
activity, motivated almost entirely by an intense desire to understand
the fundamental nature of matter, represents the largest commitment of
men, money, and material ever made to the pursuit of basic knowledge

in pure science. Included among these machines are both linear and

circular systems of several kinds for accelerating electrons, protors,

8-
and both light and heavy ions; systems for maintaining circulating
beams for times ranging from seconds to hours; and devices for
performing a wide variety of operations on particle beams. Although
the properties of machines actually constructed have been dictated for
the most part by the goals of high energy physics, many insights have
been gained into possible extensions for which motivations were
lacking in the past.

The performance record is excellent. It is hard to find a
single example of an accelerator construction project in which the
machine failed to operate well or to produce valuable results in
research. All the larger ones have worked well and most of them are
still working.

As & result of this experience it is possible reliably to
estimate construction cost and time and operating cost of a large
accelerator system when its design has been specified. Thus far
each of them has been designed and built as one of & kind on &
custom basgis, but even the largest have cost less than & modern power
plant.

The following specific capabilities are directly relevant
to the suitability of a heavy-ion accelerator system as the igniter
for a commercial-scale power plant.

(a) stored Energy

Circulasting beams of relativistic protons containing stored
energies of several magajoules are routinely produced at the
CERN Laboratory in Geneva and at the Fermi National
Accelerator Leboratory in Illinois. It was in part the
reslization that such stored energies existed which led to

some early conceptual studies of heavy-ion igniters.
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much heavier than protons at modest currents and energies both

in linear accelerators and in cyclotrons. In addition, heavy

ions are routinely accelerated to very high energies (hundreds
of GeV) at Berkeley in the combined Superhilac-Bevatron system
known as the Bevalac.

The requirement farthest beyond present accelerator experience
is the large final beam power and corresponding high final current.
Several methods are availasble to achieve "current multiplication",
and they can be combined in many ways.

() Acceleration at Constant Bunch Length

Here the current is proportional to velocity, which increases
by a factor of order 100 in going from 1 MeV to 10 GeV;
the multiplication factor F, = <W\<H .

(b) Multi-turn Injection and Single-turn Extraction

This method can be used with a synchrotron or a storage-
accumulator dc ring magnet. The multiplication factor MB
is the number of turns injected. There is experience with

~ ten turns, and fifty turns are thought to be possible.

(¢} longitudinal Compression of a Beam Bunch

Here the current increases inversely with bunch length. The
factor F, = Hw\ﬁw . The process is familiar in synchrotrons,
in which the factor may be substantially increased over
conventional values of order 10 by a special rf system; the
same technique mey be applied to bunches stored in an
accumulator ring. Gradual bunch compression will take place
normally in a properly designed induction linec for heavy ions

and can be greatly increased in a supplementary compression

-12-

line following acceleration; overall compressions by a factor
of order 100 are possible.

(d) Tongitudinal Chopping

If a beam traversing either a circular or straight-line orbit
is chopped lengthwise into n pieces which then follow paths
adjusted to bring them to the target together, the current
on target is increased by the factor Mﬂ =n . Values of n
in the range 2 to 100 have been considered.
It is confidently expected that ion sources can be developed
by adaptation of known designs to produce 50 to 100 milliamperes
of the desired ion species. These may be operated in parallel and
their beams combined, with further paralleling of low-velocity accel-
erating elements, if required, providing a factor ﬁu . The final

current is then the product of all factors times the source current.

Y to 107 ana

The totel multiplication required is in the range 10
it is apparent that there are many ways by which to achieve it.

Although it might be thought that there is no experience with
heavy-ion sources, it is of historical interest that the greatest array
of ion sources ever constructed produced singly charged uranium ions
for the electromagnetic separation plant at Oak Ridge, Tennesee during
World war II.

Heavy ions in a low charge state emerge from the usual 1 MV
high-voltage column following the ion source with a very much smaller
velocity than protons or other light ions. Special systems for their
low-velocity acceleration must be designed, constructed, and tested,
but several known types of structures appear capable of meeting this

need. It is & general property of high-current accelerators that most

of the developmental problems arising in their design relate to their
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differences; among these are cost, ion regidence time, and features of
the pre=-injection components and injection regime.

synchrotron Systems

The synchrotron is much less costly, with large total energy
gain per meter of structure. Its focusing and accelerating components
are re-used repetitively over & very large number of turns, while
ions traverse a linac structure only once. Associated with this
feature is the large difference in acceleration times mentioned
earlier in connection with beam loss by charge-exchange collisions.

To avoid this loss a synchrotron will have to cycle rapidly and handle
the Hmummmd possible beam per cycle. These requirements favor
choosing a relatively high injection energy, which increases the
length and cost of the needed rf linac injector and thereby somewhat
diminishes the high cost-effectiveness of the synchrotron. Multi=-turn
Hbuoowwoa with a number of turns beyond present experience may also

be advantageous. Because the synchrotron aperture is fixed by the
size needed at injection, the whole space must be filled with the
highest magnetic field at w:HH energy when the usefully occupied
fraction of it is smallest. The cost of power supplies to provide this
field can be significant for fast-cycling synchrotrons.

It is possible to produce some bunch compression in a synchro-
tron; if this is done the space charge limit may also be encountered
at full energy.

Rf Linac Systems

In contrast, the rf linac structure has a high cost due to
a smaller energy gain per meter of structure, and a very short time

of acceleration. It can be pulsed at a high enough repetition rate

~16-

to fill the accumulator rings so quickly that the charge~exchange
loss is negligible. In return for its high cost, such an accelerator
could provide the ignition power for two or even several separate
reactor vessels by filling additional sets of rings during the time
it would be idle in a single-vessel system.

Because of the low space charge limit at low velocity it
appears necessary to divide the very lowest velocity part of the
system into a serieg-parallel "tree" with the output of many separate
ion sources combined, e. g. in pairs feeding half as many short pre-
accelerators with outputs paired again, etc., for a few stages until
all have been combined into & single beam while still at a relatively
Jow energy, for injection into the main linac.

>anmwmwmdwon is at constant current in an rf linac so that
the required current multiplication must be accomplished in the source
"tree" and (by the other methods described earlier) within and
following the accumulator rings.

The Induction Linac

Induction linear accelerators are not widely known among
those with experience in high energy machines for physics research
because thus far they have been built only for the monmwmmmwwos of
electrons up to 30 MeV . However, they are well suited to the direct
acceleration of currents of several thousand amperes or more in very
short pulses from a few microseconds down to a few nanoseconds,
matching the igniter requirements. An induction linac consists of a
lineer array of singly-pulsed nonresonant structures containing

annular gaps through which the beam passes and across which the
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are concentrated at the Argonne and Brookhaven Natiorl Lstoratories and
the Lawrence Berkeley Laboratory. Only a few activities represent-
ative of this work will be mentioned here. As emphasized above,
many of the developmental tasks involve hardware at the very low
velocity end. At Brookhaven systems for very low velocity acceler-
ation of Xenon ions are being worked on. At Argonne an existing
type of heavy ion source is being upgraded, with a goal of 100 mA ,
and will be coupled to an existing dynamitron being modified to
produce 1.5 MV . At Berkeley a large-aperture high-current

cesium source and high~voltage column and a medeHn "test stand"”
for further acceleration and study of ozuwmaanwwsuwwn transport

in solenoid and quadrupole focusing are being constructed.

Experiments have been conducted at Brookhaven, using the
large proton synchrotron there, which show that the conventional
space charge limit in a ring can be exceeded by a substantial factor
during transient longitudinal "implesion” of & bunch just before
extracting it. In addition, some methods of providing space charge
neutralization within an ion beam are being investigated. If
successful, such techniques could be of great significance by easing
the design of final compression and transport, accumulation in
a ring, and low-velocity acceleration.

At Argonne low-velocity linac designs are under study and a
general computer analysis of different accelerator parameters and
configurations is in progress.

The Berkeley program includes theoretical and computational
studies of transport limits, a comprehensive examination of complete
induction linac systems, and analyses of final bunch compression and

of synchrotron parameters.

=20~

During recent months there has been much discussion of an appro-
priate intermediate-size accelerator construction project to demonstrate
significant technical capability and achievement, particularly of cer-
tain features lying beyond those already reduced to practice. A one=~
week workshop attended by about 70 accelerator experts was held at
Brookhaven in Qctober 1977 to study this question and review progress
since the 1976 summer study. As mentioned earlier, some study of pellet
target physics with target gains less than unity will have been con-
ducted using other igniter systems by the time an accelerator could be
brought on line; therefore a possible objective of & heavy-ion demon=-
stration project might be to explode a target with a gain of order
unity. This requires an energy of only e&bout & hundred kilojoules to
be delivered, and produces a rather small bang, like an ounce of
dynamite. However, it requires an igniter power in the 50 terawatt
range, only about half that for & moderate-confidence peliet having a
galn of order 100. Because the scale and cost of a heavy-ion igniter
system are determined primarily by the power required, rather than the
energy, it is not possible to construct an w:mxumum»<m small-scale
pilot model plant.

Therefore it appears that the goals of the first construction
project should be selected to prove out techniques likely to be re-
quired by all or several of the presently plausible accelerator
scenarios, and that the usefulness of the resulting ion beams for
bombarding targets should be given 1little weight. Such a project might,
for example, include an ion source, low~velocity section, and rf
linac to an energy of order 1 GeV, feeding a& dc accumulator ring
by about 50 turn injection. The ring would contaln an rf system to

shorten the bunch, which after extraction would pass through a
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