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HEAW ION FUSION ACCELERATOR RESEARCH IN THE U.S.* 

Abstract 

In October 1983, a Heavy Ion Fusion 
Accelerator Research program (HIFAR) was 
established under the Office of Energy 
Research of the United States Department of 
Energy. The program goal over the next 
several years is to establish a data base in 
accelerator physics and technology that can 
allow the potential of heavy ion fusion to 
be accurately assessed. 

Three new developments have taken 
placa in the HIFAR program. First, a 
decision has been made to concentrate the 
experimental program on the development of 
multiple-beam induction linacs. Second, new 
beam transport experiments over a large 
number of quadrupole elements show that 
stable beam propagation occurs for 
significantly higher beam currents than had 
been believed possible a few years ago. 
Third, design calculations now shew that a 
test accelerator of modest size and cost can 
come within a factor of three of testing 
almost all of the physics and technical 
issues appropriate to a power-plant driver. 

INTRODUCTION 
The economics of power production place important 

constraints on drivers for inertial confinement fusion (ICF). 
The requirements include high efficiency {£ 10%), long life 
time Cfc 10 9 pulses), high pulse repetition rate (1-100 Hz), 
and good reliability. The driver must also deliver adequate 
energy (1-10 MJ) and power (£ 10' 4 watts) to ignite a small 
(few millimeter) target. 

*'.iork performed under the auspices of the U. S. Department of 
Energy by the Lawrence Livermore National Laboratory under 
contract number W-7405-ENG-48. 
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For several years it has appeared that high-energy 
heavy-ion accelerators can meet all of these requirements. 
Nevertheless there have been some problems that have prevented 
the rapid development of high-energy accelerator technology for 
ICF. The first problem has been organizational. In the United 
States, ICF has been funded through the Assistant Secretary for 
Defense Programs of the Department of Energy. The features of 
high-energy accelerators that qualify them for power production 
are unimportant for many of the near-term defense applications 
of ICF. Therefore, it has been difficult for the new heavy-ion 
fusion (HIF) program to compete with the established laser and 
light-ion fusion programs. This organizational problem was 
partially solved In October 1983 by the creation of a HIF 
Accelerator Research Program (HIFAR) under the Department of 
Energy's Office of Energy Research. The HIFAR goal over the 
next several years is to establish a data base •'n accelerator 
physics and technology that can allow an accurate assessment of 
the potential of HIF. Specifically the new program must 
address those features of HIF net addressed by the ICF program 
funded by Defense Programs. These features are accelerator 
physics and technology, beam focusing, and the beam-target 
interaction. Other issues are common to all ICF drivers. 

The HIFAR program faced three perennial HIF problems. The 
first problem is choice of technology. For several years both 
r.f. and induction linacs have been studied as HIF drivers, but 
anticipated funding 1s only sufficient to pursue a single 
approach. The second problem 1s a lack of experimental data on 
space-charge dominated ion beams, and the third problem 1s cost 
scaling. The cost of laser and light-ion drivers scales 
roughly linearly with output energy. By contrast the cost of 
an accelerator appears to scale roughly as the 0.4 power of 
energy. This accelerator scaling results in favorable costs 
for power-plant drivers, but unfavorable costs for small 
experimental facilities. Three new developments in HIF appear 
to provide solutions to these three outstanding problems. 
First, a choice of technology has been made. The experimental 
program is now concentrated on the development of multiple-beam 
induction linacs. Second, new beam transport experiments over 
a large number of quadrupole focusing elements have been 
performed. These experiments show that stable, space-charge-
dominated beam transport is possible for significantly higher 
beam currents that had been believed possible a few years ago. 
Third, it has been possible, at modest cost and size, to design 
a test accelerator that can come within a factor of three of 
testing almost all of the physics and technical issues 
appropriate to a driver. 
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CHOICE OF TECHNOLOGY 
A multiple-beam induction Unac has Intrinsic 

characteristics that make 1t attractive as an ICF driver. 
It 1s conceptually simple. A multiple-beam Induction Unac 

consists of a number of Independently focused beams threading 
common induction cores. It nay be possible to maintain a 
constant number of beams from ion source to target eliminating 
complicated beam manipulations such as merging, splitting, 
stacking, injection, and extraction. This conceptual 
simplicity has Important consequences. Beam manipulations 
almost inevitably result in some Increase in the 6-D 
phase-space volume occupied by the beam, but a small 6-D volume 
is required if the beam Is to be focused onto a small fusion 
target. The 6-D volume produced by accelerators with a large 
number of beam manipulations is uncomfortably close to the 
upper limit allowed by focusing. 

Induction linacs are expected to have favorable pulse 
repetition rates (30-100 Hz) and efficiency (15-25*). In fact 
the ATA electron Induction linac at Lawrence Livermore National 
Laboratory is designed for 1 kHz operation In a burst mode.' 
The combination of high efficiency and high pulse repetition 
rate may be very Important. Most calculations of ICF target 
gain give results similar to those Illustrated in Fig. 1.' 
In order for fusion to make economic sense it 1s commonly 
assumed that the fusion energy gain Q • nG, where n 1s 
driver efficiency and G is target gain, must exceed some lower 
limit of order 10. As an example assume that Q * 10 is 
required for a power plant designed to give 4 GW thermal 
(~1 GWe). If n * 5% (typical of some laser systems) the 
driver energy (See Fig. 1) must exceed 20 MO. The target yield 
is more than 4000 MJ and the required pulse repetition rate Is 
about 1 Hz. However for x\ • 25% (high-energy accelerator) 
the required driver energy is only 2 MJ. The target yield is 
80 MJ and the required pulse repetition rate is 50 Hz. For any 
driver technology it Is certainly less expensive to build a 
2 MJ driver rather than a 20 MJ driver. Moreover a reaction 
chamber designed for an 80 MJ yield is almost certainly smaller 
and less expensive than a chamber designed for a 4000 MJ 
yield. Thus high efficiency is very advantageous, particularly 
if the driver and reaction chamber have a repetition rate 
capable of fully exploiting this advantage. 
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Considerable experience exists with kilo ampere electron 
beams In Induction Unacs (10 kA at ATA). The anticipated 
kinetic energy of heavy Ions for ICF 1s about 10 GeV requiring 
—10 kA to achieve the 10' 4 watts required for target Igni
tion. Thus present electron Induction Unac experience is 1n 
precisely the correct regime. 

The most serious technical Issues of an 1on Induction llnac 
can be demonstrated 1n a small-to-med1um-s1ze accelerator. 
This feature results from the fact that an induction linac 
consists of a string of similar components from ion source to 
target. 

Finally 1t makes good international sense for the U.S. to 
pursue Induction Unacs since r.f. Hnacs for HIF are being 
studied In Europe and Japan. 

EXPERIMENTS 
While induction Unacs are well suited to the acceleration 

of the high beam current needed for ICF, conventional transport 
systems are severely limited In their capacity to handle high 
currents and, at the same time, maintain high optical quality 
in the beam. Since both the capital cost and the electrical 
efficiency of a driver depend sensitively on exactly where 
these limits H e , this subject has received a large amount of 
theoretical attention in recent years. In the presence of the 
defocusing space charge of an intense beam the transverse 
periodic motion of the ions has a depressed frequency, u, 
where or * u>& - wj|/2 with mp denoting the beam plasma 
frequency and u>0, the single particle frequency. Recent 
experiments' with a long alternating gradient transport 
lattice (87 ^uadrupoles) have demonstrated that a cesium ion 
beam can be propagated stably. I.e., no current loss and no 
emittance degradation, for a value of a>/u>0 as low as 
0.15. Attempts to push this limit further are under way. The 
results are Illustrated in F1g. 2. The kinetic energy of the 
cesium ions ranges from 80-160 keV. Analytic theory shows 
instability in the regions indicated. The experiments show 
that the analytic instabilities are not damaging. Particle 
simulation codes, using realistic particle distribution 
functions, are in agreement with the experiments. 

The experimental results are Important because, in the 
limit w/u 0 « 1, the transportable beam current, I, 
varies as 1/u. Thus we now believe that currents three (or 
rare} times greater ire possible than seemed prudent to assume 
in earlier studies. This can greatly reduce cost and improve 
performance of an induction Hnac driver. 
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THE HIGH TEMPERATURE EXPERIMENT 
The third important development in HIF 1s the emergence of 

a concept using medium-weight ions (e.g. Na) and a relatively 
low-energy Induction llnac to test. In a scaled way, the 
Important issues of a full-scale driver. 

The use of low kinetic energy (~100 HeV or 1< of a full 
scale driver) significantly lowers the size and cost of an 
accelerator, partially circumventing the cost scaling described 
1n the Introduction. However, 1t is necessary to show that a 
low-energy accelerator can supply an adequate data base for 
proceeding with confidence to a larger-scale application of 
accelerator technology to ICF. This data base must address the 
three areas discussed in the Introduction -<- accelerator 
physics and engineering, beam focusing, and the beam-target 
interaction. We identify six key properties that must approach 
in scale the corresponding properties for a fusion drivtr. 
Exactly how close an approach is needed is a matter of judgment 
and depends on a trade-off between cost and confidence. To be 
definite in what follows, we adopt a factor of three as a 
reasonable quantitative scale factor between the needs for a 
driver and the required performance of a test accelerator. The 
six desired conditions are given below. The first three are 
necessary to test accelerator physics and engineering. The 
fourth condition 1s necessary to test beam focusing and the 
fifth and sixth are necessary to test the beam-target 
Interaction: 

(1) Number of Independent Components: As explained above, 
it is important to show that the 6-D phase-space volume 
occupied by the beam 1s not excessively large. 

The phase-space volume 1s easily small enough at the ion 
source, but the volume can grow in the accelerator. The growth 
due to random errors should be proportional to the square root 
of the number of focusing elements ar.d accelerator pulsers; it 
cannot be observed In a very short accelerator. As an example, 
we consider an induction linac test accelerator with N e 

electric quadrupoles, N m magnetic quadrupoles, and N p 

accelerator pulsers. Because of the square-root relation, it 
is desirable to have: 

(Ng) test 2 0.1 ( M ICF driver 
C W test >0.1 ( M ICF driver 
( Np) test £0.1 CphCFdriver 
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(2) Betatron Wavelength: For partly related reasons, it 
is desirable to have the number of betatron wavelengths, 
Ng, along either the test or driver accelerator, not 
grossly different; hence: 

(Ns)test.i 0.3 (NB)ICF driver 
(3) Space Charge Limit: Since both a test accelerator and 

a driver would operate close to the space charge limit, the 
containment of high space charge density can be tested at full 
scale. 

(4) Generalized Perveance: For focusing experiments the 
important quantities are beam stiffness and space charge 
forces. A single parameter that measures beam stiffness 
relative to space charge forces 1s the perveance* K • 6.44 x 
10"° I O Z V I I B Y J ^ A ) where I 0, Z, and A are respectively particle 
current (amperes), ion charge, and atomic mass. As usual 6 1s 
ion speed divided by the speed of light and Y * (1-B 2)"'' 2. 
In order to perform meaningful beam focusing experiments, K for 
a test accelerator should not be much smaller than K for a 
fusion driver. We adopt the following specific criterion: 

Ktest£ °« 3 K ICF driver 
(5) Beam Plasma Frequency: For validation of the 

beam-target Interaction, both beam and target parameters should 
be appropriately chosen. The beam plasma frequency, oin, 1s 
important in determining the growth rates for potential 
beam-plasma instabilities. Thus it is desirable to have 

( up)test£ °- 3 (wp) ICF driver • 
(6) Temperature: All Important quantities of interest 

describing the target material are functions of temperature, 
density, and composition. The density and composition can be 
easily varied over a wide range. Therefore the matter 
temperature, T, becomes the critical quantity. ICF will 
probably require 150 < T < 300 eV in the beam deposition 
region. Thus it 1s desirable that 

Ttest ~ SO" 100 eV . 
The criteria listed above are not completely independent. 

In fact for typical induction linac scenarios the last 
criterion, T * 50-10T eV.is sufficiently stringent that all of 
the other criteria must be automatically satisfied. In 
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principle, therefore, all of the criteria can be combined Into 
a single milestone: 

Production of a temperature of 50-100 eV 
1n a dense (n e - 10"/cm 3) target 
material by Ion beams from a multi-modular 
accelerator: 

The accelerator to accomplish the above goals has been 
named the High Temperature Experiment (HTE) because all of the 
various tests of accelerator performance, the test of focusing, 
and the test of the beam-target Interaction, can be combined In 
one measurement, viz., the temperature of the dense plasma 
produced by focusing the accelerated ">eam Into a small spot on 
a plane slab target. Table 1 gives a comparison of example HTE 
parameters with conceptual design parameters for a full scale 
3 MJ reactor driver. 

CONCLUSIONS 
There 1s a new energy-oriented H1F accelerator research 

program under the auspices of the Office of Energy Research. 
This program has chosen to Investigate multi-beam induction 
Unacs. Encouraging experimental results are becoming 
available and a test accelerator concept has been developed 
that tests the Important Issues of HIF at moderate size and 
cost. 
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Table I. Example HTE and Driver Parameters 

Accelerator Parameters HTE Full Scale Driver 
Ion Type (Charge State) Na (+1) Hg (+1) 
Kinetic Energy 125 MeV 10 GeV 
Beam Charge 30 pC 300 uC 
Pulse Energy 4 kJ 3 MJ 
Number of Beamlets 8-20 4-20 

Parameters at Target Focus 
Beam Current 1-2 kA 15 kA 
Pulse Length -30 nsec ~30 nsec 
Beam Spot Radius ~1 mm ~2-3 mm 
Beam Plasma Frequency* ~£ x 10 /sec ~ 4 x 10 /sec 
Hatter Temperature ~50 eV ~ 200 eV 

•The ions are almost fully stripped in the target. 
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FIGURE CAPTIONS 

FIGURE 1. Typical curve of target gain as a function of 
energy. In reality the gain depends on ion range 
and focal spot size or on laser wavelength. For 
simplicity we ignore this dependence Other 
published curves may differ by a factor of two or 
more from this curve but for the purposes of this 
paper the exact value of gain is unimportant. 

FIGURE 2. Current density and w£ as a function of 
w/a>0. The shaded areas show experimentally 
measured stable and unstable regions. Analytically 
predicted stable (solid lines) and unstable modes 
(dotted lines) are shown for comparison. The 
quantity o 0 is the single-particle phase advance 
per lattice cell. In this experiment the 
cell length is I * 30.48 cm so that o 0 is related 
to w 0 by CJ 0 * a 0v/£ where v is ion speed. For a 
more complete discussion of this figure see 
Reference 3. 
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ii)/u0. The shaded areas show experimentally measured 
stable and unstable regions. Analytically predicted stable 
(solid lines) and unstable modes (dotted lines) are 
shown for comparison. The quantity o p is the single-particle 
phase advance per lattice cell. In this experiment the cell 
length is i » 30.48 cm so that cQ is related to U Q by u>0 = 
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