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1. INTRODUCTION AND BACKGROUND 

I.I Panel Charge and Review Process 

The charge to FEAC Panel 7 on inertial fusion en- 
ergy (IFE) is encompassed in the four articles of corre- 
spondence (Appendix A). To briefly summarize, the 
scope of the panel's review and analysis adhered to the 
following guidelines: 

�9 Consistent with previous recommendations by 
the Fusion Policy Advisory Committee (FPAC) 
and the National Academy of Science (NAS) 
panel on inertial fusion, the principal focus of 
FEAC Panel 7's review and planning activities 
for next-generation experimental facilities in IFE 
was limited to heavy ions. 

�9 The panel considered the three budget cases: 
$5M, $10M, and $15M annual funding at con- 
stant level-of-effort (FY92 dollars), with a time 
horizon of about five years. 

�9 While limiting the analysis of next-generation 
experimental facilities to heavy ions, the panel 
assessed both the induction and rf linac ap- 
proaches, and factored European plans into its 
considerations as well. 

t This report presents the technical assessment, findings and recom- 
mendations on inertial fusion energy prepared by FEAC Panel 7. It 
is not a report by the Fusion Energy Advisory Committee. 

2 Princeton University Plasma Physics Laboratory, P.O. Box 451, 
Princeton, New Jersey 08543. 

�9 Finally, the panel identified high-priority areas in 
system studies and supporting IFE technologies, 
taking into account how IFE can benefit from 
related activities funded by the Office of Fusion 
Energy and by Defense Programs. 

It is also important to emphasize that the panel's 
technical assessment was limited to heavy ions and IFE, 
and the findings and recommendations were formulated 
in this isolated context. The panel did not evaluate the 
relative status and prospects for inertial fusion energy as 
compared with magnetic fusion energy, nor the relative 
technical merits of fusion by heavy ion drivers as com- 
pared with fusion in specific magnetic confinement ge- 
ometries such as tokamaks or stellarators. Nor did it 
reevaluate the relative merit of heavy ions as compared 
to other potential drivers, such as KrF, light ions, or 
diode-pumped lasers. 

The panel received extensive technical briefings 
from experts in the field, including a summary of the 
European heavy ion fusion program by Ingo Hofmann 
of the GSI Laboratory in Darmstadt. In addition, Dr. 
Marshall Sluyter, Acting Director, Office of Inertial 
Confinement Fusion (ICF) provided the panel with an 
update of the status and plans in the ICF program sup- 
ported by the Department of Energy's Defense Programs 
(DP). 

Finally, a subpanel consisting of Baldwin, David- 
son, Lindl, McCrory (Chair), Ripin, Rosenbluth and 
Shefffield was convened to assess the status of target de- 
sign and target physics issues pertaining to heavy ion 
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fusion. Research in this area is carried out under the 
auspices of DOE Defense Programs. 

The organization of this report is the following. In 
Sec. 1.2, for completeness, a short history of heavy ion 
fusion is provided. Panel findings and recommendations 
are summarized in Sec. 2, and these are based on an 
analysis of the technical status and requirements pre- 
sented in Sec. 3. Appendix B provides the response by 
the full FEAC to the DOE charge letter (Appendix A). 

1.2. A Brief History of Heavy Ion Fusion 

The heavy ion fusion approach to inertial fusion 
energy (IFE) is a synthesis of the progress in the science 
and technology of high energy particle accelerators and 
in the theory and experiments of inertial confinement 
fusion (ICF). The attraction of heavy ion fusion is that, 
by using low-charge-state heavy ions (e.g., singly- 
charged cesium), very high power levels can be deliv- 
ered to small fusion pellets from ions with ranges short 
enough to stop in the pellet. A 5 GeV cesium ion would 
have a range of about 0.1 g/cm 2 as would a 10 GeV lead 
ion. The required currents, while greater than have been 
accelerated before in high energy ion beams, are still 
within the range that can be accelerated and focussed by 
conventional accelerator techniques. 

Heavy ion fusion began with work at high energy 
physics laboratories including especially Brookhaven 
National Laboratory (AI Maschke), Argonne National 
Laboratory (Ron Martin), and Lawrence Berkeley Lab- 
oratory (Denis Keefe). The first intemational workshop 
in heavy ion fusion was held in Berkeley in 1976. Orig- 
inally, three accelerator systems were studied; rf syn- 
chrotrons, rf linacs with storage rings, and single-pass 
induction linacs. As the target requirements became bet- 
ter understood, the rf synchrotron approach was dropped 
because the kinetic energy required to inject sufficient 
current was essentially the same as the final beam cur- 
rent. 

The U.S. heavy ion fusion program concentrated on 
the induction linac because it requires a smaller initial 
investment to make meaningful demonstration experi- 
ments. Other reasons for favoring the induction linac 
included lower estimated construction costs, resulting in 
lower cost for commercial power, and a greater margin 
for achieving the necessary beam quality. European and 
Japanese laboratories are still pursuing the rf linac/stor- 
age ring approach in efforts that largely complement the 
U.S. program. 

In its early years, heavy ion fusion received funding 
from high energy physics in the Office of Energy Re- 
search and from inertial confinement fusion in Defense 
Programs. Beginning in FY84, heavy ion fusion was 
concentrated in a program called Heavy Ion Fusion Ac- 
celerator Research (HIFAR) in Basic Energy Sciences. 
As a result of recommendations by the Fusion Policy 
Advisory Committee, the HIFAR Program was moved 
to the Office of Fusion Energy where it has become the 
primary element in a new IFE Program. Throughout this 
period, target physics issues and designs specific to the 
heavy ion approach have continued to be investigated by 
Lawrence Livermore National Laboratory at a relatively 
small level-of-effort. 

An emphasis on heavy ion drivers for IFE is readily 
understandable. For engineering and economic feasibil- 
ity, drivers must be both reliable and efficient. They 
must also have a high pulse repetition rate (several 
pulses per second) and long life (about 30 years). Ex- 
isting ICF drivers, such as lasers and light ion acceler- 
ators, are excellent for near-term research, but at present 
are limited to a low repetition rate, typically a few shots 
per day. Therefore, the development of efficient, high- 
repetition-rate drivers is desirable for power production 
by IFE. During the past decade, nearly all high-level 
DOE and congressionally-mandated committees have 
identified heavy ion accelerators as the most promising 
driver approach for power production by IFE. These re- 
views included assessments by the Fusion Policy Advi- 
sory Committee ~ and by JASON? As noted above, the 
accelerators, designed to use heavy ions such as xenon 
or mercury, are similar in many respects to the large 
accelerators that are used worldwide for basic research 
in high energy and nuclear physics. 

Several reactor studies have been funded by Ger- 
many, Japan, DOE's ICF program, and most recently, 
the Office of Fusion Energy. These studies have devel- 
oped conceptual designs for heavy ion fusion power 
plants that have attractive environmental, safety, and ec- 
onomic features. 

2. PANEL FINDINGS AND 
RECOMMENDATIONS 

This section provides a summary of the panel's 
principal findings and recommendations. These are 
based on the panel's more detailed assessment of the 
technical status and requirements presented in Sec. 3, as 
well as an analysis of the ILSE Project and physics pro- 
gram and the heavy ion fusion development plan. 
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2.1. Panel Findings 

As a starting point, the panel concurs with many of 
the statements on inertial fusion energy (IFE) made by 
the Fusion Policy Advisory Committee (FPAC) in its 
1990 report. Specifically, the panel notes the following 
statements by FPAC: 

The promise of  an inertial fusion energy program (IFE) seems 
to us to be sufficient to begin investment now in a small cop 
lateral program coveting those areas not required for the DP 
(Defense Programs) program, e.g., repetition-rated, efficient 
drivers and reactor studies. 

For energy applications, there are additional critical problem 
areas that must be successfully addressed: (1) pellets must be 
designed that yield high gain and can be cheaply produced, 
efficiently driven, and stably imploded; (2) efficient, high- 
power drivers must be developed that can be operated at useful 
repetition rates; (3) reactor chambers must be designed that 
contain the micro-explosion products and adequately protect 
the driver. 

At present these (reactor concepts) are at a preliminary level, 
and there are inadequately resolved issues that need attention, 
such as target fabrication costs, final optics or focussing magnet 
protection, attainable driver efficiencies, and chamber environ- 
ment. 

A principal finding of the panel, which frames the con- 
text for this review, can be stated succinctly as follows: 

The Department of Energy has not established 
an IFE program that resembles remotely the one 
envisioned by FPAC. Ostensibly this has been 
due to stringent funding allocations for fusion as 
a whole. The Office of Fusion Energy (OFE) has 
commissioned two industry-led IFE reactor de- 
signs. Both of the industry-university teams con- 
sidered reactors based on heavy ion and KrF 
laser drivers. The final reports have not yet been 
released, and the studies have been terminated. 

In the remainder of Sec. 2.1, we delineate a sum- 
mary of the panel's key findings consistent with the 
technical assessment in Sec. 3 and the recommendations 
that are formulated in Sec. 2.2. 

Status 

�9 Numerous reviews, including recent reviews by 
the National Academy of Sciences 3 and the Fu- 

sion Policy Advisory Committee, have recom- 
mended heavy ion fusion as the most promising 
driver approach for IFE. 

�9 The U.S. heavy ion fusion accelerator develop- 
ment program is concentrated at Lawrence 
Berkeley Laboratory, with an FY93 budget of 
about $6M. Smaller supporting programs are car- 
fled out at the Lawrence Livermore National 
Laboratory, the University of Maryland, the Na- 
val Research Laboratory, and the Stanford Linear 
Accelerator Center. 

�9 The National Energy Policy Act directs the See- 
retary of Energy to conduct a fusion energy pro- 
gram to demonstrate the practicality of 
commercial energy production by 2010, includ- 
ing research and development of inertial confine- 
ment fusion energy and development of a heavy 
ion inertial confinement fusion experiment. This 
effort requires the resolution of both driver tech- 
nology and target physics issues. These two top- 
ics are strongly coupled. 

�9 Target physics and some supporting heavy ion 
research are conducted by DOE's Defense Pro- 
grams, with the largest single activity located at 
Lawrence Livermore National Laboratory. Liv- 
ermore has adopted heavy ion fusion as the lead- 
ing candidate driver for IFE. Beam propagation 
studies and light ion fusion target experiments at 
Sandia National Laboratories also support heavy 
ion fusion development. 

�9 The ICF program has used data from both lab- 
oratory experiments and underground nuclear ex- 
plosion experiments at the Nevada Test Site. The 
latter program, called Halite/Centurion and con- 
ducted jointly by Lawrence Livermore National 
Laboratory and Los Alamos National Labora- 
tory, demonstrated excellent performance, put- 
ring to rest fundamental questions about the basic 
feasibility of achieving high gain. The Halite/ 
Centurion program performed experiments at 
higher energies than those available in the labo- 
ratory. The National Academy of Sciences re- 
view of the ICF program concluded that the 
Halite/Centurion experiments had met their 
objectives and that further uncertainties in 
achieving ignition could best be studied in lab- 
oratory experiments. Because of this recommen- 
dation, Defense Programs has scheduled no more 
experiments in the Halite/Centurion program. 
The details of these experiments remain classi- 
fied. 
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�9 The National Ignition Facility (NIF), using a 
glass laser, has received Key Decision Zero (KD- 
0) approval from DOE in January, 1993. Events, 
including both technical progress and changes in 
the world political scene (such as restrictions on 
nuclear testing), raise the prospects for acceler- 
ated progress in the Defense Programs' inertial 
confinement fusion program. 

�9 As part of KD-0 for the National Ignition Facil- 
ity, the justification for mission need approved 
by the Secretary of Energy reaffirms the impor- 
tance of the energy mission of ICF: "The most 
significant long term potential commercial appli- 
cation of ICF is the generation of electric power. 
The NIF is essential to demonstrate central hot 
spot ignition and propagating bum, the basis for 
high gain ICF targets. Furthermore, the NIF can 
establish the driver requirements for high gain 
targets. The fusion output of the NIF will enable 
the exploration of many of the materials and 
technology issues for power reactors, which can 
result in an optimal development program and 
the most environmentally benign reactor design. 
Furthermore, the availability of the NIF in the 
early part of the next century is required to meet 
the National Energy Strategy goal of a demon- 
stration plant in 2025." 

�9 The primary approach to heavy ion fusion and 
the glass-laser-based National Ignition Facility is 
the indirect-drive approach. For indirect drive, 
the capsule implosion and bum physics are the 
same for both heavy ion fusion and laser-driven 
hohlraums. For ion-driven hohlraums heated to 
the same radiation temperature (Tr), the require- 
ments for hydrodynamic instability, implosion 
uniformity, and pulse shaping can be investi- 
gated directly with laser-driven targets. In addi- 
tion, at the same radiation temperature, x-ray 
hohlraum wall losses, radiation-driven hohlraum 
wall motion, and radiation transport for laser- 
driven hohlraums are directly applicable to heavy 
ion fusion. These are the primary issues which 
affect coupling efficiency and hohlraum sym- 
metry for the baseline heavy ion hohlraums. Be- 
cause of these similarities, the DOE Defense 
Programs' target physics program on the Nova 
laser at Livermore provides a solid basis for cal- 
culating most critical elements of heavy ion tar- 
gets. 

�9 Success of the ignition objectives on the National 
Ignition Facility will substantially reduce the risk 
for heavy ion IFE, and these results will play a 

major role in any decision to develop a full-scale 
heavy ion driver. The success of the Nova laser 
target physics program, coupled with the Halite/ 
Centurion underground test results, are expected 
to provide a sufficient target physics basis for 
heavy ion drivers. Without an accelerated effort 
in the heavy ion fusion program, particularly an 
accelerated ILSE project with its related experi- 
mental goals, the Office of Fusion Energy will 
not be prepared to move forward with a full-scale 
driver for IFE until long after the demonstration 
of ignition. 
If the Department of Energy could bring the 
long-standing ICF declassification issue to clo- 
sure, facilities and scientists outside the United 
States could accelerate addressing some of the 
issues presently inadequately understood in 
heavy ion hohlraum/target physics. 
The Department of Energy has not established a 
balanced IFE development program as recom- 
mended by FPAC. In the present program, nearly 
all funds for IFE directly or indirectly support 
heavy ion accelerator development. 
IFE reactor studies have highlighted that the 
technical feasibility of IFE requires solutions to 
key technological challenges. It appears likely 
that no major IFE initiatives (such as the Inter- 
mediate Driver Facility, IDF) will be approved 
unless there is high confidence that these key 
technical areas are being resolved or can be re- 
solved. 
IFE technology research has been limited largely 
to reactor studies. The DOE's ICF program has 
supported a small but continuing effort in this 
area, but the studies sponsored by the Office of 
Fusion Energy have been terminated. Nearly all 
of the reactor design parameters are based upon 
analysis, rather than experimental evidence. At 
this time, the difference between viable and non- 
viable design concepts lies within the bounds of 
uncertainty, a situation that will not change as 
long as untested analytical estimates of complex 
phenomena are used to predict reactor perform- 
ance. 

Technical Accomplishments 

�9 The high-current requirements of heavy ion fu- 
sion resulted in the first analytical and numerical 
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simulation studies for the current-carrying capa- 
bility of a periodic-focussing system. 

�9 The Single Beam Test Experiment (SBTE) at 
Lawrence Berkeley Laboratory confirmed the 
optimistic predictions of the numerical simula- 
tions and showed that it is possible to transport 
currents with space-charge forces that very 
nearly cancel the focussing forces. 

�9 A variety of ion sources have been studied with 
especially good results from thermionic emitters 
for cesium and other alkali metals. Cesium is an 
acceptable ion for heavy ion fusion. 

�9 The multiple-beam induction linac was invented 
at Lawrence Berkeley Laboratory to permit 
transporting more current than could be accom- 
modated in a single transport element. The mul- 
tiple-beam concept was demonstrated in the 
Multiple Beam Experiment (MBE-4) with four 
beams. 

�9 To demonstrate longitudinal compression of the 
beams, the acceleration modules in MBE-4 were 
ramped, with the fields rising slowly with time 
as the beam passes through the accelerating gaps. 
Current amplification has been demonstrated for 
the first time in MBE-4. 

�9 Three-dimensional numerical simulation tech- 
niques have been developed (with contributions 
from the Naval Research Laboratory, the Uni- 
versity of Maryland, Lawrence Berkeley Labo- 
ratory, and Lawrence Livermore National 
Laboratory) to aid in establishing tolerance limits 
and to assist in the design of bending systems. 
Bending magnets are required for transport to a 
target chamber and possibly for a recirculating 
induction accelerator. Bending is also needed to 
combine beams for greater efficiency in the use 
of accelerating and focussing systems. 

�9 Beginning with the Heavy Ion Fusion Systems 
Assessment (HIFSA) 4, a national effort led by 
Los Alamos National Laboratory, and continuing 
with recent studies commissioned by the Office 
of Fusion Energy, systems studies for the induc- 
tion linac approach show that the cost of elec- 
tricity for a heavy ion fusion reactor compares 
favorably with other advanced energy technolo- 
gies, including magnetic fusion. 

�9 The design of a next-step facility in the devel- 
opment of heavy ion accelerator technology, 
called Induction Linac Systems Experiments 
(ILSE) was completed by Lawrence Berkeley 
Laboratory and reviewed for project readiness by 
DOE. The ILSE project was given Key Decision 

Zero (KD-0) approval but was not given Key 
Decision One (KD-1) approval pending the rec- 
ommendations by the Fusion Energy Advisory 
Committee. 

Technical Issues 

�9 For accelerator drivers, the main scientific issue 
is beam quality. The emitted ions from a therm- 
ionic source have a transverse temperature of 
about 0.1 eV. To permit focussing onto a fusion 
target of about 3 mm radius, the transverse tem- 
perature of the beam should not exceed about 1 
keV prior to final focus. A similar requirement 
on the longitudinal momentum spread is needed 
to permit focussing the beam without excessive 
chromatic aberrations. 

�9 For reactor systems, a main technical issue is 
maintaining and restoring the environment 
needed for beam transport in and near the reactor 
chamber with a repetition rate of about three to 
ten shots per second. Another important issue is 
the development of an effective first-wall for the 
reactor. Several different first-wall protection 
schemes have been studied. They have different 
implications for the beam transport system. 

�9 For the final focussing systems, the main tech- 
nical issue is dealing with the reactor medium 
and with the interaction of the beam with the 
target. For example, ionizing radiation from the 
target can strip electrons from the incoming 
beam during the last few tens of centimeters of 
travel to the target. The beams will be charge 
and current neutralized in the final transport to 
the target. 

�9 Finally, it must be demonstrated that high-gain 
targets can be driven by ion beams. There are 
other important target issues, such as the cost for 
mass production of targets that conform to the 
exacting tolerances required for high gain. 

Prospects for IFE 

�9 High energy accelerators, when used to acceler- 
ate significant current, have the efficiency needed 
for a practical commercial power plant. They 
also have other necessary characteristics of long 
life, high reliability, and more-than-adequate 
pulse repetition rate. For economical power pro- 
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duction, the accelerator driver should cost less 
than $1B. 

�9 Research and demonstration projects are needed 
to confirm the cost and performance of heavy ion 
fusion accelerators. More speculative ap- 
proaches, such as a recirculating induction linac, 
have great potential for reducing costs further. 

�9 Inertial fusion reactor concepts use reformable- 
fluid first-wall protection, resulting in low cham- 
ber stress and low radioactive inventory for the 
reactor materials. Shallow burial would be per- 
mitted according to current regulations. 

�9 The natural separation between the reactor and 
the accelerator, and the independence of  the tar- 
get fabrication technique and facility from the 
rest of  the plant, provide many options for solv- 
ing engineering and scientific problems. Hands- 
on maintenance for most of the accelerator 
facility is possible. 

�9 Heavy ion fusion has an attractive development 
path. A single accelerator driver can provide 
beams to different reactor chambers, allowing 
studies of  reactor and target performance. Such 
a research facility could evolve into a Demon- 
stration Power Plant without building a new ac- 
celerator driver. 

�9 The U.S. clearly has the lead in inertial confine- 
ment fusion. A very active, well-funded program 
exists in Osaka, Japan, and the rf  linac heavy ion 
approach is investigated in a substantial program 
in Germany. 

2.2. PANEL RECOMMENDATIONS 

2.2.1. O v e r v i e w  

In 1990, the Fusion Policy Advisory Committee 
(FPAC) recommended that heavy ion fusion be devel- 
oped as a fusion energy alternative. The Induction Linac 
Systems Experiments (ILSE) were identified as the next 
logical step in that development program. Significant re- 
ductions in the ILSE Total Estimated Cost (TEC) have 
occurred as a result of  design changes (4 versus 16 
beams, etc.), reductions in the cost of  metglass, and the 
availability of  suitable, existing space and facilities at 
Lawrence Berkeley Laboratory (LBL). At the present 
time, LBL estimates that ILSE could be completed in 
three years if adequate funding were available. A con- 
ceptual design report for an ILSE construction start in 
FY95 will be submitted to DOE in March, 1993, and 

LBL anticipates a TEC in FY92 dollars of  about $32M, 
which forms the basis for the panel's assessment. 

The panel considered three budget cases: $5M, 
$10M, and $17M annual funding at constant level-of- 
effort (FY92 dollars), with a time horizon of  about five 
years. It should be emphasized that in all budget cases, 
a b a l a n c e d  program is recommended that includes an 
experimental and analytical program for supporting IFE 
technologies, as well as an accelerator development and 
beam physics program. 

In the "reference" ($17M) case, highest priority is 
assigned to the start and completion of the ILSE project, 
with $14M/year identified for ILSE and accelerator re- 
search and $3M/year identified for supporting technol- 
ogy and system studies. The $14M for the accelerator 
development and physics program includes ILSE PACE 
and OPEX funds, and theory, modelling and supporting 
experimental activities. At this level, ILSE will be com- 
pleted and operational within four years. ILSE will pro- 
vide an integrated demonstration of  induction linac 
technology and the beam physics required to provide the 
data base for scaling to a heavy ion driver. 

In the "middle"  ($10M) case, $8M/year is identi- 
fied for accelerator development and the supporting 
physics program. In this case, it is n o t  possible to com- 
plete the integrated demonstration project ILSE, al- 
though a significant set of  large-scale accelerator 
experiments could be completed, thereby providing an 
increased understanding of  key technical issues. The the- 
ory, modelling and supporting experiments are reduced 
in this case, and up to $2M/year is identified for sup- 
porting technology and system studies. 

In the " l o w "  ($5M) case, with an allocation of  
$4.5M/year for accelerator research, the panel believes 
there is no credible program for the development of  a 
heavy ion fusion energy option. In this case, advocates 
of  the heavy ion program should enter discussions with 
other elements of  DOE that may be more receptive to 
the development of  heavy ion drivers. The base accel- 
erator and physics program in this case continues the 
core accelerator research activities but does not provide 
any significant advances in large-scale accelerator dem- 
onstrations. At this budget level, the panel recommends 
that the funding be focussed on the retention and utili- 
zation of  the core competencies and capabilities needed 
for the future development of  heavy ion accelerators. 
Also in this case, it is recommended that $0.5M/year be 
applied to supporting technology and system studies) 

3 Some members of the panel (Abdou, Dean, Meier and Majmabadi) 
believe that the budget for reactor studies and supporting IFE tech- 
nologies should not be less than 20% of the total, including the low 
budget case. 
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In the remainder of Sec. 2.2, we provide a more 
detailed summary of panel recommendations in beam 
physics and accelerator development (Sec. 2.2.2), and 
system studies and supporting IFE technologies (See. 
2.2.3). 

2.2.2. Beam Physics and Accelerator Development 

We summarize here the principal elements of the 
accelerator development and physics program recom- 
mended by the panel in the three budget cases. 

Reference ($17M) Case 
Lawrence Berkeley Laboratory (LBL) and 

Lawrence Livermore National Laboratory (LLNL) with 
participation by industry propose to build the Induction 
Linac Systems Experiments (ILSE), the next logical step 
towards the eventual goal of a heavy ion induction ac- 
celerator powerful enough to implode or "drive" inertial 
fusion targets. The Reference case at $17M/year would 
allow completion of the ILSE project in less than four 
years. This budget also includes $3M/year for research 
in system studies and supporting IFE reactor technolo- 
gies in the high-priority areas identified in Sec. 2.2.3. 

ILSE, although much smaller than a driver, would 
be the first experiment at full driver scale in several im- 
portant parameters: most notably, line charge density 
and beam cross section. Many accelerator components 
and beam manipulations needed for a heavy ion driver 
would be tested on ILSE. The ILSE accelerator and the 
associated research program would permit experimental 
study of those beam manipulations required for an IFE 
driver which have not been tested sufficiently in previ- 
ous experiments, and would constitute an important step 
in heavy ion driver technology. 

ILSE Experimental Objectives: The guiding figure 
of merit for ILSE is adequate beam quality for extrap- 
olation to driver parameters. This is to be done with 
space-charge-dominated beams similar to those of a 
driver, and with accelerator components similar to those 
of a driver. The primary differences between ILSE and 
a conservative induction linac driver are in the several 
features of scale summarized below. Many driver de- 
signs have lower kinetic energy, fewer lattice periods 
and fewer pulsers. 

FEATURE ILSE DRIVER 

Number of beams 4 merged to 1 
Initial pulse duration 1 gs 
Total lattice periods 40 
Total pulsers 100 
Final energy 10 MeV 

64 merged to 16 
37 gs 
2000 
100,000 
10,000 MeV 

From a physics stand-point, the square-root of the 
number of periods and number of pulsers is a good 
measure of scale. Using this measure, ILSE is roughly 
one-tenth scale of a driver. In addition to the 40 lattice 
periods shown for ILSE in the table, there will be an 
additional 100 lattice periods for the experimental hard- 
ware. The following are several noteworthy features of 
ILSE: 

Source-Injector. Both ILSE and a driver would start 
with injected beams of about 2 MeV and line charge 
density of 0.25~tC/m. 

Beam Merging. Beam merging in a heavy ion 
driver at an energy of 50-100 MeV results in optimum 
economic advantage. In ILSE, using a lighter ion to re- 
sult in similar-velocity ions, the equivalent merging ex- 
periment would be done at about 4.5 MeV. 

Magnetic Focussing. Magnetic quadrupoles would 
be used for most of the length of a driver. Issues of 
aberration-generated emittance growth in a magnetic 
transport system would be studied for a space-charge- 
dominated beam in ILSE for the first time. 

Longitudinal Compression. Drift-compression cur- 
rent amplification is needed to increase the beam power. 
It is necessary to compress in a way in which longitu- 
dinal space charge cancels the velocity flit, thus avoiding 
chromatic problems in final transport. ILSE will be able 
to simulate various compression factors at different cur- 
rents. 

Beam Bending. Most driver scenarios make use of 
beam bending, although in some configurations it is pos- 
sible to illuminate the target from only one side. Simu- 
lations have shown that beam bending is possible, 
resulting in only minor increases in emittance, if care is 
taken in matching the beam into the bending system. 
ILSE will allow experimental confirmation of these pre- 
dictions. 

Final Focussing. Final focussing in the reactor 
chamber must achieve a sufficiently small ( -3mm) spot 
on the target. The high perveance of the ILSE beam will 
allow experiments that are more demanding in terms of 
space-charge effects than those of the driver. Experi- 
ments with and without neutralization, under various 
background conditions, will be possible. 

Recirculation. Conceptual studies of recirculating 
beam induction accelerators have shown the potential of 
a substantial cost savings. ILSE will provide the first 
opportunity to experimentally investigate a heavy ion re- 
circulating induction accelerator. 

Longitudinal Instabilities. A driver is predicted to 
be unstable for growth of longitudinal bunches at long 
wavelengths. The growth rate is slow enough that a feed- 
forward control system should be adequate for complete 



240 Dav idson  et al. 

Table I. Levels of Effort and Activity Areas in the Reference 
Budget Case 

FY FY FY FY FY 
95 96 97 98 99 Total 

ILSE Construction �9 $36M 
(PACE and OPEX) 

ILSE experiments ~ $9M 

Accelerator theory and ~ $25M 
supporting experiments 

System studies and ~.- $15M 
supporting IFE 
technologies 

Total $17M $17M $17M $17M $17M $85M 

Table II. Levels of Effort and Activity Areas in the Middle Budget 
Case 

FY FY FY FY FY 
95 96 97 98 99 Total 

Multi-beam injector ~- $4M 

Matching ~ $2M 

Acceleration/longitudinal ~ $7M 
experiments 

Combining ~ $2M 

Magnetic transport ~-- $2M 

Buildings, alignment, ~ $3M 
vacuum, controls 

Accelerator theory and ~ $20M 
supporting experiments 

System studies and ~.- $10M 
supporting IFE 
technologies 

Total $10M $10M $10M $10M $10M $50M 

stabilization. For the ILSE linac, there is negligible pre- 
dicted growth. However the properties of the stable 
waves can be investigated, including bunch end reflec- 
tions and correction by special pulsers. The longer trans- 
port distances available in an ILSE ring would allow the 
study of instabilities with measurable growth. 

Steering and Alignment. ILSE will permit the ex- 
amination of  the practical tradeoffs between steering and 
alignment. 

The principal program elements, recommended lev- 
els of effort summed over 5 years, and approximate 
schedule of activities for the Reference budget case are 
given in Table I. In addition, an assessment of the tech- 
nical status and requirements is presented in Sec. 3.1. 

Middle ($10M) Case 
In the Middle ($10M) case, it is not possible to 

complete the integrated demonstration project ILSE, al- 
though a significant set of large-scale accelerator exper- 
iments could be completed. The accelerator theory, 
numerical modelling and supporting experimental activ- 
ities are reduced in this case, relative to the Reference 
case, and up to $2M/year is identified for system studies 
and supporting reactor technologies. 

The emphasis in the Middle case should be on tests 
of the low-energy part of what is in the ILSE plan. This 
would include matching experiments at a lower energy 
than is desired; it would also include magnetic transport 
experiments, but without acceleration. A major loss to 
the program in this case is that experiments with recir- 
culation would not be affordable so that there would be 
no data to support the large cost savings that are ex- 
pected for a driver using recirculation. In this budget 
case the important experiments on beam bending, com- 
pression and final focus would be removed from the 
five-year program. 

In the Middle case, the panel recommends an ac- 
celerator development and physics program with the fol- 
lowing principal elements: 

�9 Multi-beam injector research using driver-scale 
cesium and potassium beams at the 2 to 3 MeV 
level. 

�9 Multi-beam matching experiments. 
�9 Multi-beam acceleration and longitudinal control 

using electrostatic focussing. These tests require 
acceleration to about 5 MeV. 

�9 Beam-merging experiments. 
�9 Magnetic transport experiments without acceler- 

ation. 

These experiments would allow the study of some, 
but not all of the beam manipulations required in an 
induction driver. Important manipulations that would not 
be studied include: 

�9 Acceleration in a magnetic transport system. 
�9 Longitudinal drift compression. 
�9 Bending of driver-scale beams. 
�9 Recirculation. 
�9 Large-scale final focussing experiments. 

The principal elements, recommended levels of  effort 
summed over five years, and the approximate schedule 
of activities for the Middle budget case are given in Ta- 
ble II. 

To summarize, the accelerator development and 
physics program in this budget case would provide some 
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Table III. Levels of Effort and Activity Areas in the Low Budget 
Case 

FY FY FY FY FY Total 
95 96 97 98 99 cost 

Theory ~,- $8.75M 
Combiner/merge ~. $1.0M 

Final focus/transport ~ $2.5M 

Cavity impedence ~.. $.5M 

Magnetic transport ~.- $3.0M 

Ring/bend ~ $4.0M 

Module Development ~.- $1.25M 

Diagnostics ~- $2.5M 

System studies and ~ $2.5M 
supporting IFE 
technologies 

Total $5M $5M $5M $5M $5M $25M 

of the results of  the ILSE program, but it leaves unan- 
swered important questions, such as the viability of re- 
circulation. 

Low ($5M) Case 
The Low budget case ($5M/year) is a significant 

reduction from historical IFE funding levels and permits 
progress on only a subgroup of  identified critical issues 
with components reduced considerably from the scale of 
a heavy ion driver. Specific program elements, recom- 
mended levels of  effort summed over five years, and 
approximate schedule of activities for the Low budget 
case are summarized below and in Table III. In the Low 
budget case, it should be emphasized that no progress is 
made in the first six activity areas listed in Table II for 
the Middle budget case. 

The activities in Table III can be summarized as 
follows: 

Beam Physics 

�9 Driver theory, modelling and computations. 
�9 Final focus/neutralized transport experiments. 
�9 Magnetic transport experiments. 
�9 Bend experiments. 
�9 Small ring experiments. 
�9 Beam-merging experiment with MBE. 
�9 Cavity impedance research. 

Development 

�9 Modules-pulsers, insulators, ferromagnetic ma- 
terials, and smart switches. 

�9 System studies and reactor technologies. 

As a final point, the theory and supporting R&D 
budgets for the "middle"  and "reference" budget cases 
are similar to those in the " l o w "  budget case. The ex- 
ception is that the identified magnetic transport experi- 
ments are moved to the large-scale-experiments category 
in the middle budget case. Table IV provides the aver- 
age annual cost for each activity. 

2.2.3. System Studies and Supporting IFE Reactor 
Technologies 

The technical feasibility of IFE requires develop- 
ment of certain key reactor technologies in addition to 
the accelerator, including high-repetition-rate chambers, 
automated target production, and target injection and 
tracking systems. The degree of success in developing 
these technologies will determine the choice and optim- 
ization of the driver design and the overall attractiveness 
(economics, safety, etc.) of IFE. Timely development of  
certain key technologies requires that an experimental 
and theoretical IFE reactor studies and technology pro- 
gram be supported in parallel with the driver develop- 
ment program. 

In particular, the IFE technology program should 
focus on the areas discussed below and listed in Table 
V. The major headings are in order of overall priority 
and the sub-items are prioritized within each category. 
The entire list of items, however, is not necessarily in a 
uniformly descending order of  importance. The items 
listed in this table are discussed in more detail in Sec. 
3.2. 

Chamber Environment and Interface with Driver. 
Protection of the first wall and re-establishment of  the 
chamber environment between shots are feasibility is- 
sues for IFE. The highest-priority item is to develop the 
capability to accurately predict the repetition-rate limits 
of fusion chambers by developing analytical models and 
benchmarking these codes with experiments. Scale- 
model experiments to demonstrate chamber flow con- 
ditions and investigate chamber-driver interface issues 
are also recommended. This work must be closely cou- 
pled to efforts on modelling beam propagation and fo- 
cussing. 

Materials, Blankets, and Shields. This is an area 
where IFE should be able to benefit from the technology 
development being carried out for magnetic fusion. Ar- 
eas of common interest include the development of low 
activation materials, including neutron damage and cor- 
rosion effects, blanket and shield design, environmental 
and safety studies, and the development of  remote main- 
tenance systems. Experiments addressing the feasibility 
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Table IV. Supporting Accelerator R&D 

Low 
($M) 

Middle Reference 
($M) ($M) 

Theory/modelling 1.75 

Focussing, neutralization, channel transport experiments 0.5 

Magnetic transport experiments 0.6 

Small ring/bend 0.8 

Beam merging experiments 0.2 

Cavity impedence research 0.1 

Technology development: modules, pulsers, insulators, ferromagnetics, smart 0.25 
switches 

Diagnostics 0.3 

Large-scale experiments 0 

Total 4.5 

1,50 2.0 

0.5 0.5 

0.1 0.6 

0.8 0.8 

0.2 0.2 

0.1 0.1 

0.25 0.5 

0.3 0.3 

0.3 0 

4.0 5.0 

Table V. IFE Technology Studies and Experiments 

1. Chamber Environment and Interface with Driver - Modelling and Experiments 

1.1. Vaporization/Condensation (code development, experiments to benchmark codes, simulation experiments) 

1.2. First Wall/Blanket Scale Models (scale models of fluid blankets, wetted walls, flow through porous materials) 

1.3. Chamber/Driver Interface (numerical simulation and experiments on vapor flow, vacuum pumping) 

1.4. Dissociation/Recombination for FLiBe and PbLi (chemical dynamics, experiments) 

2. Reactor Materials, Blankets, and Shields - Analysis and Experiments 

2.1. Corrosion Experiments/Material Compatibility Studies 
2.2. Pulsed Neutron Damage/Activation of Reactor Materials 

3. IFE Technology Development Studies 

3.1. Development Plan for IFE 

3.2. Systems Studies (subsystem design optimization, parameter trade studies, sensitivity analysis, overall cost/performance modelling) 

3.3. Innovative Chamber Design (direct conversion, higher repetition-rate chambers, etc.) 

3.4. Environmental and Safety Aspects (radioactive materials confinement and recycle, material selection, etc.) 

3.5. Remote maintenance 

4. Target Systems - Analysis and Experiments 

4.1. Target Injection and Tracking 

4.2. Mass production Techniques and Costs 

of material issues unique to IFE designs should be ad- 
dressed, and some effort on understanding pulsed neu- 
tron damage effects is needed. 

IFE Technology Development Studies. A continu- 
ing activity in system modelling and analysis for drivers, 
chambers, experimental facilities, and power plants 
should be pursued in order to assess the impact of the 
experimental results on system performance and guide 
future research. Some effort on innovative reactor and 
chamber designs that are significantly different from 
those envisioned at present should also be pursued. 

Target Systems. Target injection and tracking is a 
critical issue for IFE. Experiments to demonstrate the 
performance of injectors and trackers are recommended 
in the high budget case. Technologies for automated and 
inexpensive fabrication of high-quality targets do not ex- 
ist. A major technology development program is not 
warranted until the target design is nearly finalized. 
Some work to address the anticipated cost of automated 
production and to develop technologies that are not de- 
pendent on the specifics of the target design is recom- 
mended in the high budget case. 
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Table VI. System Studies and IFE Reactor Technology Funding 

FPAC a 

Budget ease $5 M $10 M $17 M $30--40 M 

System studies & IFE $0.5 M $2 M $3 M $10 M 
technology 
Chamber environment and 
interface X X X X 
Materials, blankets, shields X X X X 
IFE development studies X X X 
Target systems X X 

FPAC total excludes recommended funding for KrF and light ion 
drivers, 

For the system studies and supporting IFE reactor 
technology areas identified above, Table VI indicates the 
annual expenditures and the categories in which studies 
and experiments should be carried out in the three 
budget cases considered by the panel. Additional details 
regarding priorities and milestones are presented in Sec. 
3.2. In Table VI an X indicates that at least some, but 
not necessarily all, of  the items in the corresponding 
category should be pursued. This is only an estimate of 
what might be done. Actual costs cannot be assessed 
until tasks are defined in more detail and proposals to 
do the work are solicited. It is entirely possible that a 
lower priority study could be funded before a higher 
priority study, if the higher priority work could not be 
done within the budget. The last column in Table VI is 
the FPAC recommendation, for comparison. 

Finally, beyond the five-year time horizon of  this 
report, it should be emphasized that a significant growth 
in the total IFE budget (above the $17M case considered 
here), including an increase in supporting IFE technol- 
ogy areas, is required in order to proceed in a timely 
manner with an Intermediate Driver Facility. 

3. TECHNICAL STATUS AND REQUIREMENTS 

3.1. Beam Physics and Accelerator Development 

3.1.1. Introduction and Background 

Beginning with the 1976 international workshop on 
heavy ion fusion held in Berkeley, there were three dif- 
ferent classes of  accelerator systems considered for 
heavy ion fusion: 

�9 System of synchrotrons (using fairly low-energy 
linac injectors). 

�9 System of storage rings fed by a high-energy 
linac of the same energy as the final beam en- 
ergy. 

�9 Single-pass induction linac system. 

The synchrotron was the first approach to be eliminated 
in a deliberate effort to down-select as early as possible. 
The drawback to the synchrotron is that the need for 
high current requires that the injection energy must be 
very close to the final energy. 

The remaining two systems were studied in parallel 
in the U.S. for several years. The storage ring approach 
was the subject of work at Argonne (Ron Martin) and 
Brookhaven (AI Maschke), whereas the induction linac 
approach was the subject of work at Lawrence Berkeley 
Laboratory (Denis Keefe). After a few years, during 
which support was provided by both the high energy 
physics program and the inertial confinement fusion pro- 
gram, it was decided to establish the Heavy Ion Fusion 
Accelerator Research (HIFAR) program in Basic Energy 
Sciences in the Office of  Energy Research. As part of  
this transfer, it was deemed mandatory to concentrate 
the available funds on one approach. The induction linac 
approach was selected with realization that the choice 
was not justified fully by technical arguments. A com- 
bination of  technical and programmatic issues were con- 
sidered in making the decision, and the following is a 
brief summary of those issues: 

�9 The rf linac/storage ring approach was being 
studied both in Europe and in Japan. Thus, by 
focussing on the induction linac, the U.S. assured 
that the worldwide effort would cover both of  
the most promising approaches. 

�9 The induction linac approach is conceptually 
simpler, because it is a single-pass system having 
few beam manipulations. 

�9 In a number of  reviews (including, for example, 
the 1979 Argonne Workshop) the emittance 
budget for the rf  approach appeared marginal. 

�9 The most serious technical obstacle faced by the 
induction linac approach is the limited current 
that can be transported. Results from simulations 
and later from the Single Beam Test Experiment 
(SBTE) at LBL showed that the current that 
could be transported in a strong focussing system 
is very close to the absolute limit at which the 
space-charge forces are as strong as the focussing 
forces. 

�9 The invention of  multiple-beam techniques, 
eventually demonstrated on the Multiple Beam 
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Experiment (MBE-4) at LBL, showed that there 
were economically attractive approaches to 
heavy ion fusion using the induction linac ap- 
proach. 

�9 The entry cost for the induction linac approach 
is concentrated in the front end of the accelerator 
where most of the key issues must be faced im- 
mediately. This is in contrast to the situation for 
the rf approach where the key issues concern the 
maximum current that can be stored and manip- 
ulated in storage rings. To test the rf approach, 
a very large, expensive rf  linac is needed to pro- 
vide an injector. Therefore, it was concluded that 
the U.S. should develop the induction linac ap- 
proach with a series of relatively low-cost facil- 
ities: SBTE, MBE-4, ILSE, and finally an 
Intermediate Driver Facility (IDF). 

Therefore, the principal programmatic argument in 
favor of the induction linac approach was the lower cost 
of doing key experiments. This is due to the simplicity 
of the single-pass system as compared to a large number 
of high-current storage rings. The principal physics ar- 
guments in favor of the induction linac approach were 
the added margin in the emittance budget and the suc- 
cess in transporting high currents in a strong-focussing 
system. 

It is the panel's conclusion that these arguments in 
favor of U.S. focus on the induction linac approach to 
heavy ion fusion as embodied in the Induction Linac 
Systems Experiments (ILSE) remain valid today, partic- 
ularly in view of the European and Japanese emphasis 
on the complementary approach based on rf linacs/stor- 
age rings. 

After reviewing the documentation and rationale for 
ILSE provided by LBL and LLNL, the panel consensus 
regarding the beam physics and accelerator technology 
is that a very good team has been assembled for the 
project, the proposed program makes sound technical 
sense and is an essential step in the heavy ion fusion 
development plan and the related engineering develop- 
ment of ILSE will have a significant impact in other 
R&D areas requiting intense beams of  heavy ions. To 
summarize the main conclusions: 

�9 The ILSE project is an essential step for heavy 
ion fusion and should be given high priority. The 
program has been well formulated and is likely 
to have spin-offs in other areas of national im- 
portance. Because this is the only integrated in- 
duction linac program, preservation and 
nurturing of this capability is important for future 
U.S. technological competitiveness. 

�9 The ILSE project complements the work on rf 
linacs/storage rings underway in Europe and Ja- 
pan. The decision by the U.S. to pursue induction 
linac technology made sense when the decision 
was made and remains valid today. International 
collaboration on heavy ion fusion should be en- 
couraged at the working level, with benefits ex- 
pected from the exchange of ideas, technology 
development, and the tools required for calcula- 
tions, simulations and experimental measure- 
ments. 

�9 Lawrence Berkeley Laboratory is an appropriate 
location for ILSE to be built and operated. It has 
the technically qualified staff, and appears to be 
highly motivated to provide the required space 
and infrastructure to execute the project. Support 
from LBL management was evident from partic- 
ipation at the reviews. 

3.1.2. Status and Requirements 

To establish an experimental basis for induction ac- 
celerators, in 1988 a series of experiments were pro- 
posed known as the Induction Linac Systems 
Experiments (ILSE). In 1992, an update to the original 
proposal was made to reflect recent advances in accel- 
erator science and technology. ILSE is the next logical 
step toward the eventual goal of a heavy ion induction 
linac powerful enough to implode or "dr ive"  inertial 
confinement fusion targets. ILSE will be at full driver 
scale in several important parameters, most notably line 
charge density (a function of  beam size), which was not 
explored in earlier experiments. Many other accelerator 
components and beam manipulations needed for an in- 
ertial fusion energy driver will be tested in ILSE, at full 
or partial scale. The goal of the ILSE program is to 
address all remaining beam dynamics issues, thus pro- 
viding a solid data base for further progress toward a 
heavy ion driver for energy applications. 

The following design criteria have been adopted for 
ILSE: 

�9 Full driver scale in beam size, line charge density 
and emittance. 

�9 Test all induction driver manipulations. 
�9 Incorporate enough betatron and beam-plasma 

periods to provide sensitive, statistically mean- 
ingful tests of emittance growth. 

�9 Provide a large enough advance in technology to 
proceed to the Intermediate Driver Facility with- 
out an additional step. 
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If successful, ILSE would accomplish the following im- 
portant objectives: 

�9 Provide the basis for choosing the optimal type 
of heavy ion accelerator. 

�9 Test all induction accelerator subsystems at the 
relevant scale. 

�9 Represent a significant step in driver technology. 

Table VII provides a summary of driver issues for the 
induction tinac by comparing ILSE goals with driver 
requirements for the various components. The impor- 
tance of ILSE and the impacts it will have for future 
driver systems are evident from the table. 

Electrostatic Focussing Accelerator Section 
The first stage of acceleration in a heavy ion inertial 

fusion driver is expected to consist of multiple parallel 
beams which will then be combined in successive stages. 
A series of linear induction accelerator modules, each 
containing several electrostatic quadrupoles for parallel 
beam channels, offers a cost-effective solution. The ear- 
lier SBTE and MBE-4 experiments at LBL have already 
demonstrated that the basic technology is in hand and 
that the beam transport characteristics are understood to 
a large degree, and that this technology is appropriate 
for the task of accelerating low-energy space-charge- 
dominated heavy ion beams. Results obtained with 
SBTE on transporting pulses of 20 mA currents of 150 
keV Cs + ions with electric quadrupole lenses, demon- 
strated impressive transverse stability of a space-charge- 
dominated transport system up to a space-charge force 
of 99% of the focussing force. The MBE-4 experiment, 
which accelerated the beam modestly, demonstrated that 
the transverse emittance did not grow during accelera- 
tion if  the beam was aligned and matched. The longi- 
tudinal phase space showed a small increase with 
acceleration, which was understood for that experiment 
in terms of the 2.5% random voltage error of the induc- 
tion units. 

A number of important questions about this first 
stage of acceleration remain to be addressed. These in- 
clude: 

�9 Requirements for, and implementation and main- 
tenance of quadrupole alignments. Significant 
emittance growth was observed for non-aligned 
beams (offset about 10% of aperture, i.e., about 
3 mm for an ILSE quadrupole). The require- 
ments for quadrupole alignment in ILSE are 
___ 100 gm in order that the beam centroid be 
restricted to _ 1.0 mm. 

�9 Test the transverse and longitudinal performance 
at the same line-charge density as that in an 
eventual driver (0.25 gC/m per beam). This 

should allow tests of unexpected induced-charge 
and intra-beam effects. 
Study of the effects of random induction voltage 
errors on the longitudinal heating and beamlet 
synchronization in the combining stage. 
Quantitative study of the merging of multiple 
beams. This aspect is at present the least under- 
stood quantitatively, although qualitative agree- 
ment with simulations exists. The combined 
beam should be observed far enough past the 
combiner stage to demonstrate full merging. 

All of these tests can be performed in the arrangement 
proposed in the ILSE project. 

Magnetically Focussing Accelerator Section 
A major portion of the ILSE project is the mag- 

netically focussed accelerator section (5 MeV-10 MeV). 
A single beam with line charge density of 1.0 gC/m is 
accelerated, with transverse confinement provided by 40 
magnetic quadrupoles. Although this portion of the pro- 
ject is intended primarily to supply the beam to subse- 
quent experiments, several significant dynamics issues 
are addressed. No demonstration of magnetic transport 
of space-charge-dominated heavy ions beams has been 
demonstrated to date. The situation here is somewhat 
different than that encountered with electrostatic focus- 
sing, primarily because background electrons are not 
swept clear of the channel by strong electric quadrupole 
fields. Instead, electrons released close to the beam are 
drawn in by its high positive potential (up to 10 kV) and 
may degrade beam quality to an unknown extent by an 
erratic local lensing effect. Second, magnetic quadru- 
poles of large aspect ratio are employed, similar to those 
used at low energy in some conceptual driver designs 
and in the final transport at high energy. The type and 
magnitude of aberrations from these magnets is quite 
different from those of electrostatic quadrupoles, and 
their evaluation and elimination has been an ongoing 
element in heavy ion fusion theory and simulation. It is 
very desirable that an experimental test of the behavior 
of space-charge-dominated beams in large-aperture mag- 
netic quadrupole transport be made at an early stage of 
the ILSE experiments, and possibly in small-scale pre- 
cursor experiments. 

Power Supplies for Induction Accelerator Cells 
The induction cell is used to accelerate continually 

and compress the ion beam up to the energy and current 
required by the target. The induction accelerator cell can 
be thought of as an electrical transformer (approximately 
1:1). The primary is loaded with metglass core and is 
energized by an external power source that consists of a 
dc power supply and a switched pulse forming network. 
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Component 

Table VII. Summary of  Induction Driver Issues 

Driver 
Issue requirement ~ ILSE goal 

Ion Source 

Injector 

Electrostatically focussed 
accelerator (100 MeV Driver, 

5 MeV ILSE) 

Combiner/Merge 

Magnetically Focussed 
Accelerator (10 GeV Driver, 

10 MeV ILSE) 

Longitudinal Compression 

Bending 

Final Focus 

adequate current 0.4 Amp 
emiVance ~ < 1.0 ~r mm-mr 

life 10 ~ shots 

Hold 2 MV w.o. breakdown 
aberration control 

voltage control 

alignment/steering with 
velocity tilt 

quadrupole aberrations 
transverse stability/image 

effects 
beam halo 

increased line charge density 
control chromatic effects 

emittance increase 

compression 
momentum spread 

longitudinal instability 
aberrations in magnetic quadrupoles 

electron cloud effect on 
dynamics 

control of  pulse ends with 
voltage ears 

Shaped current profile with amplifi- 
cation by factor of  ten 

removal of  tilt by beams 
longitudinal space charge field 

potential longitudinal emittance 
increase 

control of  chromatic aberrations 

Geometric and chromatic aberrations 

Recirculator Vacuum 
and Storage Rings Stability 

injection and extraction 

2.0 MV 
A G _< 1.0 Ir ram-mr 

• 0.2% 

align ~ 100 lain 
s t e e r -  1 m m 

AG_< 1.0 Ir mm-mr 
eliminate by steering and 

electrode design 
control scrape-off 

0.25 ItC/m ~ 1.0 ItC/m 
tilt ~ • 2% 

Ae. < 4 Ir ram-mr 

25 m--> 10 m 
Ap/p < 5 X 10-" 

stabilize by design and 
feedforward control 

Ae.l.0 w mm-mr 
negligible or controlable effect 

equilibrium pulse length as 
predicted, longitudinal 
emitance growth less 

than ~0.5 volt-s 

0.4A C, § .SA (K § 
1.0 ~r ram-mr (K +) 
0.5 "n- mm-mr Cs § 

107 shots 

2.0 MV 
2.0 ~ ram-mr (K § 

+ 0.2% 

100 ktrn 
l m m  

A r~ negligible 
eliminate by design 

experiment with scrape-off 

0.25 ItC/m ~ 1.0 ItC/m 
tilt '~ + 7% 

A~ < 8 -rr mm-mr (K § 

3 m ----> 2 m 
Ap/p _< O.Ol 

experiment with waves on beam 
A r~ measurable 

examine experimentally 
equilibrium as predicted 

final current profile meets 
target requirements 

final tilt less than • 0.005 
A e < 0.25 ar volt-see 

transverse jitter less than ~ 1.0 mm 
A E n < "rr rnm-mr 

A e , <  1.0 w mm-mr 
spot radius < 3.0 mm 

final momentum spread less than 
--- 0.005 

10 - '~ torr 
feedback control 

10 Its kickers 

Compression by factor o f  two, 
experiments on shape control 

final tilt less than + 0.01 
A E < 0.02 ~r volt-see 

transverse jitter less than 
- 1 . 0  mm 

A f t <  1.0 Ir mm-mr 

A e, < 1.0 ~r mm-mr 
(full current) 

spot radius -< 3 mm for scaled, 
low current experiment 

momentum spread less than 
• 0.01 

10 -7 - 10 -8 tort 
low growth experiment 

experiment with fast kickers 

o For simplicity, this column refers to an example of  a linear driver. Similar, but not identical requirements are found for recirculating induction 
drivers. Not all components are used in all designs, e.g., not all designs use beam combining. 

T h e  i o n  b e a m  c o m p l e t e s  t h e  c i r c u i t  o f  t h e  s e c o n d a r y ,  

a c q u i r i n g  t h e  e n e r g y  a s s o c i a t e d  w i t h  t h e  d B / d t  v o l t a g e  

a t  t h e  ce l l  gap .  T h e  s w i t c h e d  p u l s e  f o r m i n g  n e t w o r k  

m u s t  b e  r e p e t i t i v e l y  p u l s e d  at  1 H z  ( I L S E )  u p  to  10 H z  

( I F E  d r i ve r ) .  T h e  a c c e l e r a t i o n  s c h e d u l e  f o r  a n  I F E  d r i v e r  

w i l l  r e q u i r e  c a r e f u l  t a i l o r i n g  o f  t h e  v o l t a g e  w a v e f o r m  at  
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each cell gap to provide energy gain, current multipli- 
cation and longitudinal focussing. Longitudinal focus- 
sing and current multiplication with a space-charge- 
dominated beam are physics areas to be studied on ILSE. 
The main issues to consider for the induction cell power 
supplies are efficiency, circuit protection, switching, and 
power dissipation for continuous operation. 

The current required to energize (1000 J/m 3) the 
metglass primary is about 5 kA. The total current re- 
quired from the switched pulse forming network for a 
10 kA ion beam (typical for the final stages of  an IFE 
driver) is 15 kA, giving an induction cell efficiency of  
67% (assuming a transformer voltage ratio of 1:1). To 
fully utilize the entire flux swing of the core, the core is 
reset just prior to the acceleration pulse. This requires 
5% of the magnetizing current. Assuming an 85% to 
90% efficient, regulated power supply, the overall effi- 
ciency for an induction cell with a 10 kA beam is ap- 
proximately 50%. Note that for ILSE, which runs at 1- 
4 A of  beam current, the efficiency is considerably less. 
In the past, a terminating resistor was placed at the cell 
gap in parallel with the beam to protect the switch pulse 
forming network circuitry in the event of beam loss. 
Such terminators are not planned for the 10 kA sections 
of  an IFE driver. The circuitry will have the required 
protection in the event of  beam loss. The terminators are 
planned for ILSE, and will result in about a 20% loss 
in energy which could otherwise be delivered to the ion 
beam. 

The high-power switches currently planned for 
ILSE are thyratrons. The switches are essentially the 
only part of  the induction cell power source that require 
replacement. They will perform adequately at the 15 kA 
maximum current and the 1 Hz repetition rate. However, 
use of  thyratrons will limit the voltage for each core to 
about 30 kV. The optimum switch for an IFE driver has 
not been developed. Spark gaps have the advantage that 
they can operate at higher voltage, but they do not have 
the requisite repetitive pulse capability. The higher volt- 
age operations would result in fewer induction cells and 
an associated reduction in overall accelerator complexity 
and cost. It is recommended that some effort be placed 
in the development of  high-power switches capable of  
continuous 10 Hz repetition rate and lifetimes exceeding 
104 hours. 

Because the duty cycle for the induction cell power 
supplies is so low (tens of  microseconds at a few times 
a second), power dissipation at 1 Hz in ILSE is not con- 
sidered an issue. Cooling may have to be added at higher 
repetition rates, and it is recommended that the cooling 
issue be considered in engineering design studies. The 
10 Hz repetition rate is not an issue for the cores or 

switches, assuming thyratrons are used. The atomic va- 
por laser isotope separation program at LLNL has op- 
erated cores similar to ILSE (but with small diameter) 
in a pulsed mode for 10 ~~ pulses, and thyratrons have 
been successfully operated for more than 104 hours. 

Choice of Ion Species 
There are several criteria in addition to high mass 

number that an ion suitable for heavy ion fusion possess. 
These include: 

�9 Available in quantity from a reliable, low-emitt- 
ance ion source. 

�9 Available in nature as a single stable isotope 
without mass separation. 

�9 Relatively low cross-sections for ion-ion colli- 
sion charge exchange. 

�9 Should not contaminate the accelerator, nor 
cause a significant increase in pressure. 

In the Heavy Ion Fusion Systems Assessment 
study, ions of mass number A -- 200 and charge state 
Q = 3 were found to be economically preferred to ions 
with Q = 1. This finding was at least partially a surprise 
since it implied that the very high beam-intensity re- 
quirement was not driving the cost so much as was the 
high kinetic-energy requirement. Although singly- 
charged ions are usually called for in most studies, the 
economic attractiveness of Q = 2 or 3 has been recog- 
nized in a number of  heavy ion fusion reactor scenarios. 

It is probable that the environment in a fusion re- 
actor chamber will require consideration of charge and 
current neutralization. The currents implied by beams of  
ions with Q = 3 definitely require neutralization. Al- 
though a number of  neutralization schemes have been 
proposed, neutralization has never been seriously stud- 
ied. It is especially interesting to consider what neutral- 
ization transport experiments would be possible with a 
beam from ILSE. 

There have been studies of ion sources that have a 
significant fraction of the beam at a higher charge state 
than Q = 1. All appear to result in a spectrum of  charge 
states, and at the very least, all such sources have a very 
high current that has to be charge-separated very quickly 
without damaging the emittance of  the beam. The last 
requirement, for charge separation, appears to be so for- 
midable that such high-charge-state ion sources should 
only be considered as a last resort. 

Fortunately, it appears that at least one (nearly) 
ideal species is available. Most of  the experiments in 
heavy ion fusion have been performed with beams of  
cesium. Cesium is available as a single isotope (100% 
A = 133), and when emitted the ions have a closed 
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atomic shell, which reduces the charge-exchange cross 
section. The mass of  cesium is high enough that the 
difference between the ranges of  cesium and ions with 
A -- 200 is relatively unimportant. A small improvement 
in emittance, for example, resulting in a somewhat 
smaller target spot can compensate for the slightly 
longer range. The range-energy curves (e.g., page 8 of  
Hofmann's article in Appendix D of  this report) show 
how close the range of 10 GeV uranium is to that of  10 
GeV xenon (A = 136), and thus also to cesium. 

The one deleterious aspect of cesium is its reputa- 
tion for contaminating insulators and other parts of  high- 
voltage components in an accelerator. Recent experience 
with improved commercial cesium dispensers shows 
promise that, with care and with proper concern during 
design, the contamination problem can be contained. 

There has always been interest in using a noble gas 
source for heavy ions. As noted, xenon would have es- 
sentially the same range as does cesium. There are sev- 
eral drawbacks to a gas source that perhaps could be 
overcome. These include: 

�9 Gas discharge sources in general have a higher 
effective temperature than do thermionic sources. 
This may result in larger transverse emittance. 

�9 While the transverse emittance may be controlled 
by the source design, it is usually necessary to 
include one or more grids. The presence of  the 
grids in a strong electric field frequently causes 
even more increase in emittance than the dis- 
charge itself caused. 

�9 Some gas inevitably passes down the accelerator 
where it can cause loss of  the beam through ion- 
izing collisions with the beam. This can be con- 
trolled with differential pumping, but certainly 
adds complications. 

�9 It may be difficult to obtain a single charge state 
and certainly in most cases there is more than 
one stable isotope. 

To researchers familiar with the use of  proton or 
alpha-particle r f  accelerators, two points of  difference 
between such facilities and an induction linac for heavy 
ion fusion should be noted. These are: 

�9 The emittance of  the ion source in most r f  ac- 
celerators is not a limiting condition because of  
the growth of  emittance that occurs during r f  
bunching. The induction linac designer attempts 
to preserve as much of  the initial brightness of  
the source as possible until subsequent beam ma- 

nipulations, such as beam combining or splitting, 
require emittance dilution. 

�9 The vacuum requirements for a heavy ion beam 
are more severe than for a comparable fully- 
stripped light ion beam. 

Other ions are possible for heavy ion fusion, and 
bismuth, mercury, uranium and others have been con- 
sidered. Certainly more is known about uranium ion 
sources than about many other types. 

We now turn to consideration of  the ion choice for 
ILSE. The species of  ion for ILSE has been variously 
specified as argon, neon, sodium and, most recently, po- 
tassium (A = 39). A good thermionic emitter for potas- 
sium appears to be nearing successful demonstration at 
LBL. 

The advantage of  the lighter ion species for ILSE 
is that scaled experiments approximating the currents 
and velocities typical of  the full-scale driver can be made 
with affordable lengths of  induction linac structure using 
ions only a factor of  three to five times lighter than de- 
sired for a full-scale heavy ion driver. The substitution 
of  a lighter ion for ILSE can be justified so long as it 
does not overly burden the program with source devel- 
opment issues, and also does not risk a significant phys- 
ics complication that would not be important ultimately. 
At least for cesium, there has been enough experience 
in the heavy ion fusion program to allow confident plan- 
ning for future facilities. In contrast to the successes with 
thermionlc sources for cesium, and more recently for 
potassium, there have also been a number of  other ion 
sources tested with less success. 

Vacuum System Considerations 
The primary driver for the ILSE beam line vacuum 

requirements is the minimization of  either stripping (ion- 
ization) or charge pickup (recombination) resulting from 
collisions between the beam ions and background gas. 
The vacuum system design must also be compatible with 
the severe axial packing constraints and not induce me- 
chanical vibrations that can lead to defocussing. 

A change in the charge state of  a beam ion will 
likely result in beam current loss because the focussing 
system is " tuned"  to a particular charge. For cross-sec- 
tions on the order of  10 -t6 c m  2, a uniform base pressure 
of  ~ 10 -6 TOll" is required in the ILSE accelerator, bend, 
and drift-compression lines to keep the current loss be- 
low 1 to 2% (see ILSE Conceptual Engineering Design, 
LBL PUB-5219, March, 1989). Loss o f  beam to physical 
structures in the beamline (e.g. focussing elements) can 
result in the introduction o f  contaminants (an "expand- 
ing cloud") and a local increase in pressure in the region 
of  the primary ion beam. This is not considered to be a 
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problem for ILSE. The combination of pumping speed 
along with contaminant diffusion and subsequent con- 
densation effectively removes the desorbed material 
from the system in -100  ms, long before the next ion 
beam pulse arrives (the steady-state contamination level 
that would result after a long period of accelerator op- 
eration is estimated to be acceptable). Moreover, the 
spacings between the structures in the beam line and the 
ion beam responsible for the contamination are large 
enough that the 1-~ts beam passes the region of local 
pressure increase before it has a chance to interact with 
the expanding cloud. This may not be the case for a 
driver during the injection phase, because the beam 
pulse duration is projected to be as long as 20 ~ts. In 
general, the sections of the accelerator that present the 
most problems for the vacuum system are those where 
the beam energy is relatively low (higher cross section 
for interaction with the contaminants) and the beam time 
scale is relatively long (more time for the expanding 
cloud to reach the ion beam), i.e., the injector and elec- 
trostatically-focussed acceleration sections. In these sec- 
tions of ILSE, a base pressure as low as 10 -8 Torr may 
be required. An ion whose charge state is relatively sta- 
ble (closed shell electronic structure) is preferred be- 
cause it will have a lower ionization cross section. 

The picture described above is relatively self-con- 
sistent, and there is some experimental data base to sup- 
port it. Also, a base pressure, during operation, of 10 -7 
Torr was obtained on MBE-4, after several days of op- 
eration (lower current than ILSE). Nevertheless, it is rec- 
ommended that the data base be continually increased, 
especially regarding the processes governing the con- 
taminant cloud formation, constituency, and expansion 
rate, and in the nature of the interaction of the cloud 
with the ion beam. 

Using outgassing data from the March, 1989 Con- 
ceptual Design Study, the minimum pumping speed (ne- 
glecting conductance) required to maintain 10 -6 Torr in 
the accelerator, bend, and drift-compression chambers 
for ILSE is 100 Torr-f/s. This should be readily attain- 
able. If  the same exercise is carried out for the ILSE 
injector and matching sections, then the required mini- 
mum pumping speed to maintain 10 -8 Torr increases to 
105 Torr-f/s (X102 decrease in pressure and x 10 in- 
crease in estimated outgassing rate). This pumping speed 
will be very difficult to attain, and cooling of the injector 
may be required. Installation of cooling to the beam line 
will have an impact on the design and cost of the injec- 
tor, and it is strongly recommended that this issue be 
reviewed and evaluated more closely. 

The design of the vacuum system for ILSE is a 
continuing effort. The design outlined in the March, 

1989 Conceptual Engineering Design Study (LBL Pub- 
5219) has been replaced. The new system features a vac- 
uum manifold that runs parallel to the beamline. This 
new design makes better use of the limited axial access, 
allows flexibility in bringing different sections of the ac- 
celerator to air pressure separately, maximizes the con- 
ductance, and may be less expensive. 

Beam Halo Considerations 
The term "halo"  is used to refer to the outer 

regions of the ion beam radial profile. If this region has 
a large enough radial extent, then interaction with phys- 
ical structures in the beamline (e.g., focussing elements), 
and associated beam current loss resulting from contam- 
inant interaction with the ion beam (see "vacuum sys- 
tem consideration") can result. 

The net focussing force in the halo region is 
thought to be relatively large because of the relative 
proximity of the focussing elements and locally low 
beam density. Thus, the beam radial profile is thought 
to be fiat for the 5 to 10 cm beam diameter, with strong 
radial gradients existing over only 1 to 2 mm. In the 
beam combiner section of ILSE, scrapers are proposed 
to define the beam diameter. At the present time, it is 
thought that these scrapers may have to be heated to high 
temperature to keep the surface free of absorbed material 
and thus minimize contaminant cloud formation. Also, 
extra pumping is planned in the region of the scrapers. 
This technique could be repeated in other sections of  the 
accelerator, if required, to reduce the extent of the halo. 
Applying this technique to the high-energy sections of  a 
driver will require an investigation of  possible activation 
in this area. 

Experimental and theoretical investigations should 
be carried out to characterize the halo extent and identify 
processes that govern its formation. 

Radiation from Beam Loss in a Driver 
The radiation dose from beam loss in an heavy ion 

fusion driver begins to be a consideration above T/A = 
10 MeV, where the Coulomb barrier is overcome. For a 
2~ driver, this corresponds to the 2 GeV point, which, 
in most scenarios, is downstream of the transition from 
the electric focus section to the magnetic focus section. 

Though the peak current in a driver would be in 
the kiloampere range, the average current is expected to 
be about 4 mA. For comparison, Los Alamos Meson 
Physics Facility (LAMPF) is an 800 MeV proton linear 
accelerator with an average current of 1 mA. Therefore, 
there is a factor of four more current in a heavy ion 
fusion driver than at LAMPF, and it is assumed that the 
fractional beam loss above 2 GeV in a heavy ion fusion 
driver (0.1%) will be about twice as large as at LAMPF 
for T > 100 MeV. It may be instructive to note that on 
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Table VIII. Neutron Yields for ~~ Compared to Protons, Striking Copper s 

2~ E-lab 
(MeV) 

'~ 2~ n- neutron production 
total dose @ from protons striking 

E/A neutrons 0 degrees. Cu (n/s/nA) @ energy E/A 
(MeV) (n/s/nA) (mrem/hr/nA) 

2090 

4180 

6270 

8360 

10450 

10 2.3 • 107 182 5 • 106 

20.1 2.6 • 108 1911 

30.1 7.5 • 10 s 4834 5 x 107 

40.2 1.5 • 109 8183 

50.2 2.6 • 109 1724 1.5 • 108 

100 1 • 109 
250 7 • 109 

1000 45 • 10 ~~ 

a per-beam-particle loss basis, the neutron production 
from beam loss near the high energy end of  a 10 GeV 
2~ heavy ion fusion driver would be comparable to 
that of 100-200 MeV protons. 

To estimate the radiation environment along a par- 
ticle accelerator, it is important to know where the beam 
loss occurs---quite often most of  the beam loss is not 
distributed uniformly along the accelerator, but is con- 
centrated in a few regions of  the lattice. At LAMPF, 
most of  the 0.04% current loss occurs near the transition 
from the Alvarez section to the side-coupled cavity sec- 
tion (100 MeV). In a linear accelerator driver, most of  
the severe beam manipulations will be performed at ki- 
netic energies that are below the Coulomb barrier. 

Calculations of  dose rates for two driver scenarios 
were investigated: a 10 GeV, 4 mA (average) 2~ ac- 
celerator, and a 4 GeV, 10 mA (average) ~33Cs acceler- 
ator. The beam halo was assumed to be striking copper. 
Some of  the results for 2~ are reproduced in Table 
VIII, and are compared with protons lost in copper. 

Beam Propagation in the Reactor Chamber 
Heavy ion beams must propagate inside the reactor 

chamber over distances of  several meters from the final 
focussing lens to the target. Here we briefly summarize 
the strategy for selection of a transport mode, describe 
the various categories of  transport modes, and then give 
the status of each of  these modes for heavy ion fusion. 

The strategy for selection of  a transport mode is to 
simultaneously satisfy four different constraints: 

�9 The beam parameters should be chosen to min- 
imize space charge and other effects: this favors 
high 13, high A, and low Q (where 13 = v/c, v is 
the ion velocity, A is the atomic number, and Q 
is the ion charge state). 

�9 Accelerator considerations can constrain the 
beam parameters; e.g., Q = 1 minimizes the Ion- 

gitudinal instability for induction linacs, whereas 
Q = 2 might occur for certain non-Liouvillian- 
stacking schemes for the rf  accelerator approach. 
The reactor type will determine the environment 
through which the beam must propagate; this in- 
cludes the type(s) of  gas, the gas pressure, the 
cavity cleating time, and a host of other reactor- 
related issues. 
Economic considerations may eventually influ- 
ence some of the beam parameters; e.g., for Q 
= 2 or 3, the accelerator becomes shorter and 
less costly. A lighter Q = 1 ion beam would 
behave the same way in the accelerator and 
would result in a small penalty in target range 
down to about A > 60. 

With these constraints in mind, many transport 
modes have been proposed. All propagation modes stud- 
ied to date can be grouped into seven categories: 

�9 Ballistic transport with a bare beam. 
�9 Ballistic transport with transversely-available 

electrons. 
�9 Ballistic transport with axially-available elec- 

trons. 
�9 Ballistic transport with co-moving electrons. 
�9 Ballistic transport in gas or plasma. 
�9 Self-pinched transport. 
�9 Transport in channels. 

For the first five categories, the beam is ballistically 
focussed from the final lens to the target. For the last 
two categories, the beam is first ballistically focussed to 
a small radius ( ~ ) ,  and then transported at small radius 
to the target. In principle, any of  the seven modes could 
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be used for heavy ion beam transport; in practice, each 
of  these modes must be carefully assessed and evaluated. 

In order of  increasing pressure in the reactor cham- 
ber, the status of the various propagation modes is as 
follows: 

�9 Ballistic transport in hard vacuum (< 10 -4 
Torr) for Q = 1 beams. "Guaranteed to work" but 
requires N beams, where N is large enough that space- 
charge-spreading effects on each beam are acceptable. 
Requires a dry wall cavity, and cavity clearing is an 
issue. 

�9 Ballistic transport in moderate vacuum (10 -4 
Torr - 10 -3 Torr) for Q = 1 beams. "Guaranteed 
to work." At 10 -3 Torr, some liquid "wal l"  schemes 
are allowed. Beam stripping and plasma effects are 
just beginning. This mode of propagation remains the 
first choice. 

�9 Ballistic transport with Q = 2, 3 at moderate 
pressure (-->10 -3 Torr).  In this regime, beam stripping 
occurs but charge-neutralization effects also occur. 
Considerably more research is required to establish 
the feasibility of charge neutralizing beams with Q = 
2, 3. This may also include the use of axially-avail- 
able electrons, transversely-available electrons, and/or 
co-moving electrons. 

�9 Ballistic transport in the "1 Torr window" 
(10 -t T o r r  - few Torr).  This regime offers some 
reactor wall protection, and pumping problems are 
less severe than for the lower pressure cases. This 
regime is complicated by plasma effects, knock-on 
electrons, filamentation instability, and multiple scat- 
tering. Considerable theoretical work was done for 
heavy ion fusion in this regime a decade ago. Now 
this regime is routinely used for light ion transport, 
and light ion research complements heavy ion re- 
search in this area. Further heavy ion research in this 
area is merited. 

�9 Preformed-channel transport (1 Torr - 10's 
Tort). This regime offers smaller holes in the reactor 
chamber and higher allowed gas pressures. Wall-con- 
fined Z-discharge channel transport works well for 
light ion beams, and has been studied and demon- 
strated at the Naval Research Laboratory (NRL) and 
Sandia National Laboratories (SNL) for many years. 
Beams of  100's of  kA of 1 MeV protons have been 
transported distances up to 5 meters at high efficiency 
using a channel current _<50 kA in a channel with 
radius >1 cm. 

For a heavy ion fusion reactor scenario, two 
problems must be addressed. (1) Laser-created chan- 
nels require a high discharge drive voltage, which 
produces an electrical breakdown problem. This prob- 

lem must be solved in order for laser-created dis- 
charge channels to be a viable option for any ion 
fusion reactor scheme. (2) The spot-size radius for 
heavy ion fusion targets as discussed in this report is 
<0.3 cm. It presently appears that the channel radius 
will be limited to a radius >0.5 cm because of hy- 
droexpansion and radiative heat transfer. Research 
should be carried out to investigate this limit and es- 
tablish if channels are a viable option for these small 
spot-size-radius targets. For a different class of heavy 
ion fusion targets that have a spot-size radius ~>0.5 
cm (similar to light ion fusion targets that have a spot- 
size radius of 1.0 cm), channels should indeed be a 
viable option. 

�9 Self-pinched transport (--0.1 Torr - lO's 
Torr). This regime is ultimately very attractive since 
it uses small holes in the reactor chamber and requires 
no electrical discharge. The concept is similar to chan- 
nel transport, but now the net beam current acts as 
the channel current. There are many variations; e.g., 
gas only, preionized plasma channels, annular plasma 
channels, etc. Present simulation results for the "gas 
only" case at LBL, LLNL, and NRL indicate that the 
gas breakdown is too good, and that the net current 
is too low to confine the beam. However simulations 
at NRL using a preformed plasma channel indicate 
higher net currents, albeit for examples with large- 
radius beams (>  l cm). Two problems need to be ad- 
dressed: (1) Can the gas-produced breakdown 
eventually be understood well enough and possibly 
modified to produce sufficiently large net currents? 
(2) Can the hydroexpansion problem be overcome so 
self-pinched transport at small radius (<0.3 cm) be- 
comes possible? Research to address these heavy ion 
fusion issues is merited because of the potentially 
high advantages of  this transport mode. 

Synergy of Research on Heavy Ion and Light Ion 
Transport 

Research on heavy ion fusion transport has been 
performed at LBL, LLNL, NRL, and SNL. Current re- 
search interests at LBL and LLNL are to examine prop- 
agation in moderate vacuum ( ~ 1 0  -3 Tow), study 
neutralization for higher-charge-state beams (Q = 2, 3) 
at higher pressures, and investigate the effects of  inten- 
sity-dependent deflection of  beamlets in a beam bundle 
with partial neutralization. There is a continuing interest 
at LBL, LLNL, and NRL to investigate channels and 
self-pinched propagation. 

Research on light ion fusion has been performed at 
SNL, NRL, Cornell University, Mission Research Cor- 
poration, and the University of  Wisconsin. Present light 
ion research is on ballistic transport in gas in the 1-Torr 
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regime, detailed studies of gas breakdown and conduc- 
tivity growth, and initial work on self-pinched 
propagation for light ion fusion. In addition, a consid- 
erable amount of work on wall-confined channels and 
wire-guided transport has been completed. 

Heavy ion fusion beams with Q = 1 at low pressure 
(<10 -3 Torr) propagate as bare beams in vacuum, and 
are subject to space-charge spreading; this regime is of  
unique interest to heavy ion fusion. At all higher pres- 
sures (>10 -3 Torr), the beam strips and the electrical 
current can greatly exceed the particle current. At these 
higher pressures (especially for the 1-Torr regime, chan- 
nel transport, and self-pinched transport), heavy ion 
beams begin to resemble light ion beams and they must 
be neutralized. It is for these regimes that heavy ion 
transport research should benefit from light ion transport 
research, and vice-versa. 

There is presently good communication and coop- 
eration between researchers on heavy ion transport and 
light ion transport, and this synergism should continue 
to be nurtured. 

Considerable insight into heavy ion transport can 
be gained from theoretical studies, and possibly from 
small-scale experiments. Recommended research areas 
include: 

�9 Analytical and numerical  studies 
Ballistic transport in moderate v a c u u m  (10 -3 

Tort) for Q = 1. 
Ballistic transport for Q = 2, 3 at >10 -3 Torr. 
Study of charge-neutralizing schemes. 
Ballistic transport at "1 Torr". 
Preformed channels (especially electrical break- 
down problems and small-radius limits). 
Self-pinched propagation (especially small-ra- 
dius limits). 

�9 Small-scale experiments 
Charge-neutralization experiments. 
Small-radius channel demonstration experiments. 
Reactor environment studies (vapor pressures, 
particulate matter, cavity clearing, etc.). 

3.2. SYSTEM STUDIES AND SUPPORTING IFE 
REACTOR TECHNOLOGIES 

3.2.1. Introduction and Background 

An important aspect of the panel recommendations 
in Sec. 2 is that a balanced program in IFE be estab- 
lished that includes both reactor technology studies and 

experiments as well as driver development and the as- 
sociated physics program. In the past, IFE technology 
research has been limited largely to reactor studies with 
almost all of the reactor design parameters based upon 
analytical, rather than experimental studies. As a result, 
many uncertainties exist in the performance and opera- 
tion of present IFE reactor conceptual designs. The im- 
pacts of these uncertainties vary in magnitude, and some 
of the uncertainties are sufficiently large that the tech- 
nical feasibility of the reactor is at stake. This will likely 
remain the case as long as untested analytical estimates 
of complex phenomena are used to predict reactor par- 
ameters without an experimental data base to benchmark 
the analytical estimates. 

The technical feasibility of IFE requires develop- 
ment of certain key reactor technologies in addition to 
the accelerator, including high-repetition-rate chambers, 
automated target production, and target injection and 
tracking systems. The degree of success in developing 
these technologies will determine the choice and optim- 
ization of the driver design and the overall attractiveness 
(economics, safety, etc.) of IFE. Timely development of 
certain key technologies requires that an experimental 
and theoretical IFE reactor studies and technology pro- 
gram be supported in parallel with the driver develop- 
ment program. 

By way of background, it is important to note that 
since 1971 there have been forty-nine IFE power reactor 
design studies. Eleven of these have been driven by 
heavy ion beams. Heavy ion fusion reactor studies have 
been funded by Germany, Japan, the DOE's ICF pro- 
gram, and the Office of Fusion Energy and have resulted 
in conceptual designs for heavy ion fusion power plants 
that have attractive environmental, safety, and economic 
features. Most recently, OFE sponsored two industrial 
and university teams to study both heavy ion and laser 
driven reactors. The final reports of these studies have 
not been released by DOE. Key parameters in the design 
of IFE reactors are the target gain and the driver effi- 
ciency. The relatively high efficiency of heavy ion beam 
accelerators, both rf  and induction, make them a good 
match to predicted target gain curves. As a result, the 
costs for heavy-ion-beam driven power plants are esti- 
mated to be lower than those driven by lasers. 

The major parameters of the last four heavy ion 
fusion design studies are summarized in Table IX. These 
four design studies have taken different approaches to 
the driver. HIBALL-II used an rf  linac with five transfer, 
ten stacking, and ten bunching rings to produce twenty 
beams. HYLIFE-II employed a recirculator induction 
linac, which uses the same induction cores many times 
to produce four beams. Prometheus-H used a one-beam 
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Parameter: Type of accelerator 

Table IX. Major Parameters of Four Heavy Ion IFE Reactor Studies 

HYLIFE-II (1991): 
HIBALL-II (1984): Recirculating Induction Prometheus-H (I992): 

RF Linac Accelerator Induction Linac 
OSIRIS (1992): 
Induction Linac 

Beam Energy (M J) 
Net power (MW) 
Driver Efficiency 

Illumination 
Target Gain 
Repetition rate (Hz) 
Gross thermal eft. 
Breeding material 
Structural material 

5 5 7 5 
946 • 4 1,083 1,000 1,000 

27% 20% 20% 28% 
Cyl. Symmetric 1-sided 2-sided 2-sided 

80 70 103 87 
5 per Cavity 8.2 3.5 4.6 

42% 46% 43% 45% 
Pb~3Lil7 FLiBe Li20 FliBe 

Ferritic Steel Hastelloy or Stainless Steel SiC Composite C/C Composite 

induction accelerator pulsed sequentially to feed four- 
teen storage tings. Osiris used an induction linac with 
lower ion mass and voltage to produce twelve beams. 
All designs use some form of liquid protection of the 
first wall of the reactor. 

In addition to the key parameters of target gain and 
the driver efficiency and cost, other critical design fea- 
tures include: (1) the emittance requirement of the beams 
to irradiate a sufficiently small spot on the target, (2) 
beam propagation in the reactor cavity environment, (3) 
re-establishment of  the reactor cavity environment be- 
tween shots, (4) containment of the microexplosions, (5) 
target fabrication, (6) target delivery, and (7) radiation 
damage to materials and, in particular, to the final beam 
focussing element. 

Although these reactor studies have proposed so- 
lutions to key feasibility issues, there is still great un- 
certainty in many parameters, such as the time to 
reestablish the reactor cavity environment between shots. 
Almost all of the reactor design parameters are based 
upon analytical, rather than experimental evidence. Fur- 
thermore, the difference between viable and nonviable 
design concepts lies within the bounds of uncertainty 
and will likely remain there so long as untested analyt- 
ical estimates of complex phenomena such as three-di- 
mensional multi-phase hydrodynamics are used to 
predict reactor chamber behavior without the benefit of 
experimental data. With this level of predictive capabil- 
ity in most parts of the reactor design, design studies 
have emphasized diverse solutions to design problems 
rather than fine-tuning one particular approach. 

3.2.2. Status and Requirements 

Reactor studies have highlighted that the technical 
feasibility of IFE requires solutions to key technological 

challenges. It is unlikely that major IFE initiatives (such 
as the Intermediate Driver facility, IDF) would be ap- 
proved unless there is high confidence that these key 
technical areas are being resolved or can be resolved. 

Therefore, an experimental and theoretical program 
for IFE reactor technologies should be established in 
parallel with the driver development program in any 
budget case. This program should focus on the areas 
listed in Table X. The major headings are in order of 
overall priority and the sub-items are prioritized within 
each category. The entire list of items, however, is not 
necessarily in a uniformly descending order of impor- 
tance. 

Below we summarize the issues, status, and tech- 
nical efforts that should be carried out for each of the 
major areas listed in Table X. We also give some of the 
important milestones that could be achieved and the 
overall payoff if these areas of research are imple- 
mented. 

Category 1--Chamber Environment and Interface 
with Driver 

Technical Status. Most heavy-ion IFE reactors use 
chamber designs with flowing (liquid or granular) first 
surfaces to deal with the extremely high heat and particle 
loads. The wall must survive this environment and the 
deposited energy must be recovered for conversion to 
electricity. In between shots (-0.1-s duration), the re- 
actor chamber must be cleared of the debris from the 
microexplosion, and the needed environment for beam 
propagation must be reestablished. Concepts include liq- 
uid curtains and jets, coolant flow through porous fabrics 
or structures, liquid-metal films, and flowing granular 
material. Gas-protected, dry-wall chamber designs 
would also be possible if beam propagation in the range 
of 1 Torr proves to be feasible. (See discussion in See. 
3.1.2 on beam propagation in the reactor chamber.) Be- 
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Table X. IFE Technology Studies and Experiments 

1. Chamber Environment and Interface with Driver - Modeling and Experiments 

1.1. Vaporization/Condensation (code development, experiments to benchmark codes, simulation experiments) 

1.2. First Wall/Blanket Scale Models (scale models of fluid blankets, wetted walls, flow through porous materials) 

1.3. Chamber/Driver Interface (numerical simulation and experiments on vapor flow, vacuum pumping) 

1.4. Dissociation/Recombination for FLiBe and PbLi (chemical dynamics, experiments) 

2. Reactor Materials, Blankets, and Shields - Analysis and Experiments 

2.1. Corrosion Experiments/Material Compatibility Studies 
2.2. Pulsed Neutron Damage/Activation of Reactor Materials 

3. IFE Technology Development Studies 

3.1. Development Plan for IFE 

3.2. Systems Studies (subsystem design optimization, parameter trade studies, sensitivity analysis, oveall cost/performance modelling) 

3.3 Innovative Chamber Design (direct conversion, higher repetition-rate chambers, etc.) 

3.4. Environmental and Safety Aspects (radioactive materials confinement and recycle material selection, etc.) 

3.5. Remote Maintenance 

4. Target Systems - -  Analysis and Experiments 

4.1. Target Injection and Tracking 
4.2. Mass Production Techniques and Costs 

cause of the lack of a data base, there are major uncer- 
tainties in these designs, including establishment of the 
liquid protection, effects of the blast, flow around geo- 
metric perturbations (e.g. beam penetrations, vacuum 
chamber, target injection and tracking), protection of in- 
verted surfaces, and prevention of dry spots on solid 
material behind the liquid. 

The interconnection of the chamber environment 
and driver should be emphasized. The liquid protection 
of the chamber must be compatible with the constraints 
imposed by beam propagation and focussing. The ability 
to reestablish the cavity environment in between shots 
is uncertain. A few kilograms of material are vaporized 
(and dissociated in the case of materials like PbLi and 
FLiBe) with each pulse, which temporarily raises the 
chamber pressure. If  the pressure in the chamber (or in 
the beam ports near the chamber) is too high, it may not 
be possible to propagate the beams and focus to the 
small spot sizes required to achieve high target gain. The 
vaporized material must condense and recombine and/or 
be pumped out of the chamber between shots. The time 
required to return to an acceptable vapor pressure sets 
the maximum repetition-rate for the chamber. If  the 
chamber can not be pulsed on the order of 1-10 Hz, IFE 
may not be feasible. While sophisticated models have 
been used for the analyses of the first walls and for es- 
timates of repetition-rates, these models suffer from the 
lack of a data base. 

For the heavy ion driver, there is a direct path from 
the chamber to the driver beam lines, and the flow of 
radioactive material (tritium, activated target and cham- 
ber materials) must be reduced to an acceptable level 
during both normal operating conditions and during a 
failure of the confinement systems. Under normal op- 
erating conditions, material ejected or diffusing back 
through the beam lines will be recovered through vac- 
uum pumping systems along the beam lines. In acci- 
dents, gate valves are proposed to isolate the chamber 
from the driver. 

Priorities. The topics listed in Category 1 of Table 
X address these key issues with experiments and simu- 
lations needed to benchmark and improve predictive ca- 
pabilities. The highest priority item is to improve the 
vaporization and condensation modelling. The second 
item is to experimentally demonstrate that the proposed 
flow characteristics can be established for representative 
chamber concepts. The third item focuses on vapor flow 
up the beam line and the ability to maintain the required 
vacuum condition in the accelerator. Item 1.4 deals with 
the issue of dissociation and recombination. This work 
is necessary to prove the feasibility of using materials 
like PbLi, FLiBe, and Li20 as the first surface material. 
It is ranked lower than the basic vaporization/conden- 
sation work, since alternate single element materials 
such as Li, Pb or C could be used if recombination re- 
suits in unacceptably low repetition rates. 
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Milestones: 

1.1. Develop predictive capability for vaporization 
and condensation and demonstrate its accuracy 
experimentally. 

1.2. Demonstrate that chamber flow characteristics 
can be achieved for selected chamber con- 
cepts. 

1.3. Using simulations and scale model experi- 
ments, show that the vapor pressure in the 
beam line can be maintained at an acceptably 
low pressure and that the flow of  tritium up 
the beam line can be controlled. 

1.4. Develop predictive capability for dissociation 
and recombination and demonstrate its accu- 
racy experimentally. 

Payoff. Accomplishment of  these milestones would 
establish the feasibility of repetition-rated chambers for 
IFE, particularly a flowing first wall design, which is a 
technical feasibility issue for heavy-ion fusion. 

Category 2--Reactor Materials, Blankets, and 
Shields 

Technical Status. Recent chamber designs have em- 
phasized the use of low-activation materials. Some of 
these materials are the same as being proposed for mag- 
netic fusion energy (MFE) reactor designs, and IFE will 
benefit from development and testing of these materials. 
Some of  the material combinations in IFE designs have 
not been thoroughly analyzed or tested for compatibility. 
The radiation environment complicates the technical is- 
sues. For example, the radiative dissociation of FLiBe 
raises concern about the corrosion of  carbon by free flu- 
orine in the Osiris chamber. The effect of target mate- 
rials that are deposited in the fluids used to protect 
chamber structures also raises concerns about material 
compatibility. 

While designs with liquid first wall and blankets 
minimize the amount of  structural material, the funda- 
mental material issues for IFE are similar to those of 
MFE (material behavior under bombardment by 14-MeV 
neutrons, need for low-activation materials). Utilization 
of  liquid first wall and blanket and accessibility of the 
IFE chamber for component replacement (as compared 
with tokamaks), however, may allow use of  structural 
material with a shorter fluence life time for an economic 
IFE reactor. Whether or not the pulsed nature of the IFE 
source enhances or diminishes radiation damage effects 
to materials is an unresolved issue. Radiation damage 
testing for materials and conditions relevant to IFE 
chamber designs should be part of  the overall Office of  

Fusion Energy materials development program. While a 
separately funded effort on neutron damage work is not 
recommended, some small-scale analytical and experi- 
mental effort may be useful for understanding pulsed 
damage effects. 

The functions of the blanket (breeding tritium) and 
shield (protection from radiation) are similar to those of  
an MFE reactor. The IFE reactor studies have exten- 
sively utilized the data base and experience from MFE 
research in blanket and shield design. 

Priorities. Both of  the items listed in Category 2 
are feasibility issues for specific chamber designs and 
material combinations. They are not, however, overall 
feasibility issues for IFE, because other materials are 
generally available that could be substituted if the se- 
lected materials prove to be unworkable. Such substi- 
tution is often at the expense of some attractive feature 
of the design. For example, the use of steel instead of 
carbon or SiC materials will lead to higher activation 
and a lower safety rating. 

While there are differences between detailed de- 
signs of blankets and shields for an IFE reactor com- 
pared to MFE, the data bases from MFE (even though 
sparse) have and can be used for IFE reactor designs. 
IFE specific R&D may be needed later when the detailed 
design and proper material choices have been identified. 

Milestones: 

2.1. Measure the compatibility temperature limits 
of  FLiBe, Pb and PbLi with low activation 
structures such as carbon, SiC, and vanadium 
alloys. 

2.2 Investigate pulsed neutron damage through 
modelling and experiments. Measure critical 
neutron activation cross-sections. 

Payoff Increase the technical feasibility of using 
low activation materials. 

Category 3--1FE Technology Development Studies 
Technical Status. As discussed in Section 3.2.1, 

there have been many conceptual design studies for 
commercial IFE power plants. Systems codes have also 
been written and used to investigate plant performance 
and economics as a function of key design variables. 
Studies have also been conducted to determine the sen- 
sitivity of  the results to various assumptions (e.g., target 
gain, repetition-rate limits, etc.). Over the years, these 
systems studies have been useful in defining the likely 
operating space for IFE power plants and pointing out 
the areas of technology development that have the high- 
est leverage for improving the system cost and perform- 
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ance. They have also been used to explore the large 
design space for heavy ion drivers and have lead to in- 
novations that reduce projected costs. As new informa- 
tion is developed on target physics and driver 
technology, it will be important to assess the impact on 
overall system performance of  the eventual end-product, 
a commercial power plant. 

Priorities. At this time, it is appropriate to give 
higher priority to studies that focus on near-term activ- 
ities and facilities. We believe that the highest priority 
is to establish a comprehensive, well-conceived devel- 
opment plan for IFE, a plan that clearly shows the ob- 
jectives of each phase and the technology development 
required to proceed to the next phase. The second pri- 
ority covers the broad area of systems studies. These 
studies should focus on issues or analyses that impact 
the design of near-term facilities, such as the interme- 
diate driver facility, the integrated test facility, and the 
demonstration power plant. Because there is no chamber 
concept without unresolved feasibility issues, it is im- 
portant to continue to study innovative chamber designs 
as backups to the current concepts. The areas of envi- 
ronmental and safety and remote maintenance are listed 
for completeness, but they are given lower priority be- 
cause they are areas in which IFE must rely heavily on 
the work done in MFE reactor designs. 

Milestones: 

3.1. Complete IFE development plan. 
3.2. System modelling and design optimization for 

drivers (Intermediate Driver Facility, Linac, 
Recirculator). 
System modelling and analysis of the Inte- 
grated Test Facility and Demo. 

3.3. Innovative chamber design studies. 

Payoffs: 

3.1. Clear plan for IFE development. 
3.2. Optimized facility designs, comparison of op- 

timized linacs and recirculators, tools to help 
guide research. 

3.3. Design diverse, fall-back concepts. 

Category 4--Target Systems 
Technical Status. The IFE approach requires igni- 

tion of targets at a rate of  5-10 Hz for a 1000 MWe 
power plant. Over the course of a year, up to 250 million 
targets (assuming an 80% capacity factor) will be re- 
quired. It is clear that totally automated target production 
at a high rate must be developed. Furthermore, this pro- 

duction process must have high reliability, high quality 
control, and low capital and operating costs. Develop- 
ment of such a target fabrication process is a feasibility 
issue for IFE. Targets that are produced for Defense Pro- 
grams may be inappropriate for energy applications, be- 
cause Defense Programs applications are very 
specialized, and one-of-a-kind, expensive targets are af- 
fordable in the context of these experiments. Mass pro- 
duction of inexpensive targets is only an issue for energy 
applications. 

Industry and the National Laboratories have the ca- 
pability to make very small DT-filled capsules of the 
same type and to the quality specifications that are re- 
quired for future IFE reactors. These capsules, however, 
are made one-by-one and involve many man-hours of 
effort each. Concepts and techniques have been identi- 
fied for mass production of high-quality capsules, but 
there has been essentially no technology development 
directed toward mass production techniques. Technolo- 
gies and approaches to make larger capsules, character- 
istic of energy applications, must also be developed. 

Targets must be injected into the chamber at a rate 
of 1 to 10 Hz. Targets should be accelerated at a rate of 
10's to 100's of g's to achieve final velocities of about 
100 m/s or more. Targets must survive (i.e., maintain 
required quality specifications) the acceleration and tran- 
sit to the center of the chamber. The target injection and 
tracking systems must be protected from the damaging 
effects of  the fusion energy pulse with distance and/or 
shielding. The injector must be highly reliable and po- 
sition the targets accurately in time and space. The 
tracker must supply targeting information to the driver 
early enough to allow for beam steering and pointing. 

Preliminary conceptual designs have been devel- 
oped for target injection and tracking systems, but none 
has been built and tested. While frozen hydrogen has 
been accelerated to typical IFE parameters, precision 
multi-layer fuel capsules have not. Calculations indicate 
that the hohlraum and plastic fuel capsule protect the 
cryogenic fuel from overheating during transit through 
the hot chamber. The effects of heating on the capsule 
surface finish requires further analysis and/or experi- 
mentation. 

Priorities. Target production and injection are both 
feasibility issues for IFE. These technologies must be 
developed by OFE because mass production and target 
injection are not required for defense applications. It is 
probably too early to have a significant effort on either 
of these topics, but it is not too early to develop attrac- 
tive credible concepts. There is high confidence that tar- 
get injection and tracking could be demonstrated given 
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the number of options for these subsystems and the tech- 
nologies developed for defense systems. The survivabil- 
ity of a multilayer, cryogenic capsule, however, is 
uncertain. Small-scale experiments could demonstrate 
much of the injection and tracking technology even be- 
fore the exact design for high gain target is finalized. 
Research on automated target production should be fo- 
cussed on finding analog mass-production techniques 
that might be applicable to IFE. Development should be 
limited to aspects that are not dependent on the exact 
details of the target design (e.g., transport and handling 
technologies). 

Milestones: 

4.1. Assessment of target tracking capabilities and 
evaluation of options. Demonstration of sub- 
system performance (injector, tracker). 

4.2. Assessment of mass production technologies 
in other industries (drugs, semiconductors, 
etc.). Development of some subsystem tech- 
nologies. 

Payoff. Progress in this area will improve the tech- 
nical feasibility basis for these critical IFE technologies. 

APPENDIX A. CHARGE TO PANEL AND 
MEETING CHRONOLOGY 

The charge to FEAC Panel 7 is encompassed in the 
four articles of correspondence included in pages A2- 
A6 of this Appendix: 

1. Letter from Happer to Conn (September 18, 
1992). 

2. Letter from Happer to Corm (October 13, 1992). 
3. Letter from Corm to Davidson (October 22, 

1992). 
4. Memorandum from Davidson to FEAC Panel 7 

(October 22, 1992). 
Of particular note, in the area of driver develop- 

ment and next-generation experimental facilities, the 
principal focus of the panel's assessment is limited to 
heavy ions. 

Dr. Robert W. Conn 
Chairman, Fusion Energy 

Advisory Committee 
University of California, Los Angeles 
Los Angeles, California 90024-1597 

Friday, September 18, 1992 

Dear Bob: 
Through this letter I am requesting that the Fusion 

Energy Advisory Committee provide its views on the 
inertial fusion energy program of Energy Research. 

The Fusion Policy Advisory Committee (FPAC) 
recommended, and the National Energy Strategy estab- 
clished, a development program for Inertial Fusion En- 
ergy (IFE) that would have the potential to lead to a 
Demonstration Power Plant by about 2025, in parallel 
with magnetic fusion development. The FPAC recom- 
mendation included relying on Defense Programs' In- 
ertial Confinement Fusion for target physics information 
and ignition, developing energy-specific driver capabil- 
ity (primarily heavy ions with light ions and lasers as 
back-ups), and addressing reactor concept and 
technology development. 

Since the time of these FPAC recommendations, 
fusion budgets have been cut and the possible future 
levels of fusion energy budgets have been better defined 
at levels significantly lower than FPAC envisioned. In 
addition, the plans for an inertial fusion ignition exper- 
iment within Defense Programs remain uncertain. 
Within these changed circumstances, I ask you to con- 
sider the nature and extent of an IFE program. 

The options for IFE range from no activity (at least 
until after laboratory ignition within Defense Programs) 
to carrying out various forms of research that prepare 
for the longest-lead, energy-specific needs of a future 
inertial fusion energy option. Our initial strategy has 
been to emphasize heavy ion driver research to allow an 
IFE development path with potential to fit the National 
Energy Strategy schedule. Given the dependence of IFE 
on Defense Programs' activity and the present budget 
circumstance, it seems unrealistic to expect a specific 
schedule for IFE. However, it may be appropriate to pur- 
sue research that could reduce future development time. 
Is there a research program that complements the De- 
fense Programs' Inertial Confinement Fusion activities, 
that does not require major new facilities in the near 
term, and that has both broad-scientific and energy-spe- 
cific value? 

I recognize that your views will depend on a num- 
ber of factors, including your judgment as to the viability 
of laboratory inertial fusion, the probability that such a 
pulsed system could become a useful electrical energy 
source, the state of classification of inertial fusion, and 
the likelihood and extent of future international collab- 
oration on IFE. Considering all factors you deem rele- 
vant, and considering that the total budget for fusion 
energy cannot be expected to grow significantly, what is 
the appropriate near-term activity in IFE? 



258 Davidson et al. 

Your response will have direct impact on FY 1995 
planning. Thus, I will need your reply by April 1993. 

Sincerely, 
William Happer 

Director 
Office of Energy Research 

Dr. Robert W. Coma 
Chairman, Fusion Energy 

Advisory Committee 
University of  California, Los Angeles 
Los Angeles, California 90024-1597 

October 13, 1992 
Dear Bob: 

During the September 23 meeting of the Fusion En- 
ergy Advisory Committee (FEAC), we discussed the 
charge on Inertial Fusion Energy (IFE) dated September 
18, 1992. At issue is the nature and extent of an IFE 
program within the present constrained budget circum- 
stance. Based on that discussion, this letter extends the 
charge. 

I would like FEAC's advice on what the Inertial 
Fusion Energy activities within Energy Research should 
be for annual funding (in FY 1992 dollars) of  $5M, 
$10M, and $15M. 

Thank you for your willingness to take up this is- 
sue. 

Sincerely, 
William Happer 

Director 
Office of  Energy Research 

Dr. Ronald Davidson 
Princeton Plasma Physics Laboratory 
Post Office Box 451 
Princeton, NJ 08543 

Re: Charge to FEAC Panel 7 
Dear Ron, 

Octber 22, 1992 

We have received a charge letter dated Sept. 18, 
1992 from Will Happer regarding Inertial Fusion Energy 
(IFE) activities within the OFE. I 'd like to ask you to 
chair a FEAC Panel 7 to address the issues raised in 
Will's letter and provide findings and conclusions for con- 
sideration by the full FEAC in making our recommen- 
dations to DOE. I know you have already made progress 
in putting together a list of  people to serve on the Panel 
and we should finalize that list and get started as soon as 
possible. Please aim to make an interim report to FEAC 
at our next meeting, probably in late January, and then 
have a Panel Report ready for discussion in mid-March. 

Will recently sent an addendum letter in which he 
asks that we address the issues raised in his letter of  9/ 

18 for three possible IFE budget levels: $5M, $ I 0M, and 
$15M. The key question put to us is, "Is  there a research 
program that complements the Defense Program's In- 
ertial Confinement Fusion activities, that does not re- 
quire major new facilities in the near term, and that has 
both broad-scientific and energy-specific value?" 

At the moment, the main IFE activity in OFE in- 
volves the heavy ion driver program. In the context of 
the charge and the different budget cases, I suggest in 
the driver area that the panel focus its attention to heavy 
ions, that you assess both the induction and RF linac 
approaches, and that you factor in the plans of  others on 
the international scene. Overall, you should consider the 
relative balance between driver research and research in 
other key areas to IFE such as materials R&D, reactor 
and systems studies, and other areas you may identify. 
Please take into account how the IFE activities in OFE 
can leverage off  related activities funded within either 
OFE or the Defense Program for ICF. Further, please 
consider the resources needed to insure that key mile- 
stones and demonstrable progress can be achieved over 
the next 5-year period. It will not help to recommend 
activities that will always fall short for budgetary rather 
than technical reasons. 

Please keep me informed of  the Panel's progress 
and let me know if  there is any way I can help. Thanks 
to you and to alI your Panel members for agreeing to 
take on this important task. 

Sincerely, 
Robert W. Coma 

Chairman, FEAC 
cc: A. Davies 

D. Crandall 

MEMORANDUM 
TO: FEAC Panel 7 Members 
FROM: Ronald C. Davidson 
SUBJECT: Guidelines for FEAC Panel 7 on Inertial Fu- 
sion Energy 
DATE: October 22, 1992 

Thank you for agreeing to serve on FEAC Panel 7 
on inertial fusion energy (IFE). I realize that you have 
busy schedules, and completion of  the panel's activities 
by April, 1993 presents a significant challenge. 

William Happer's September 18 charge letter and 
Robert Corm's October 22 guidance letter on this charge 
are attached. Based on these letters and several useful 
discussions with leaders of  the inertial fusion commu- 
nity, I suggest the following guidelines as the intended 
scope of  our panel's review and analysis. 

1. Consistent with previous recommendations by 
the Fusion Policy Advisory Committee (FPAC) 
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. 

. 

and the National Academy of  Science (NAS) 
panel on inertial fusion, the principal focus of 
FEAC Panel 7's review and planning activities 
for next-generation experimental facilities in IFE 
will be limited to heavy ions. 
The panel will consider the three budget cases: 
$5M, $10M, and $15M annual funding at con- 
stant level-of-effort, with a time horizon of 
about 5 years. 
While limiting the analysis of next-generation 
experimental facilities to heavy ions, the panel 
will assess both the induction and RF linac ap- 
proaches, and factor European plans into its con- 
siderations as well. 
Finally, the panel will identify high-priority ar- 
eas in fusion materials and technology, taking 
into account how IFE can benefit from related 
activities funded by the Office of Fusion Energy 
or by Defense Programs. The panel will also as- 
sess the priority of systems studies for various 
driver options in the different budget cases. 

Thanks again for agreeing to serve on FEAC Panel 
7. Because many of you will be at the November APS 
Division of Plasma Physics meeting in Seattle, we will 
have our first panel meeting on Wednesday, November 
18, from 9:30 a.m. to 5:00 p.m. At least part of the pres- 
entation agenda will be tutorial in nature to bring the 
panel up-to-date on the current status of IFE, including 
experimental developments and reactor studies status. 

Dolores Lawson from my office will be in contact 
with you regarding the meeting location. 

cc: FEAC Members 

APPENDIX B. FUSION ENERGY ADVISORY 
COMMITTEE 

Advice and Recommendations to the U.S. 
Department of Energy I 

Members of  FEAC 
Robert W. Coma, Chairman 
David E. Baldwin 
Klaus H. Berkner 
Floyd L. Culler 
Ronald C. Davidson 
Stephen O. Dean 
John P. Holdren 
Robert L. McCrory, Jr. 
Norman F. Ness 

' In response to the charge letter of September 18, 1992. 

David O. Overskei 
Ronatd R. Parker 
Richard E. Siemon 
Barrett H. Ripin 
Marshall N. Rosenbluth 
John Sheffield 
Peter Staudhammer 
Harold Weitzner 
Dr. William Happer 
Director 
Office of Energy Research 
U.S. Department of Energy 
Washington, D.C. 

May 4, 1993 
Dear Will: 

In your letter to me dated September 18, 1992, you 
requested that the Fusion Energy Advisory Committee 
(FEAC) provide its views on the inertial fusion energy 
(IFE) program of Energy Research. The letter provided 
background and questions that were the context for our 
deliberations. In a supplemental letter dated October 13, 
1992, you also requested that FEAC's advice be given 
assuming three possible annual funding levels (in 
FY1992 dollars), $5M, $10M, and $15M. The FEAC 
met on April 15 and 16, 1993 to consider your charge 
regarding IFE and to formulate our advice. 

Following receipt of your letters, FEAC formed 
Panel 7, chaired by Prof. Ron Davidson of Princeton 
University. The Panel included eighteen people, five 
FEAC members and thirteen other people who helped 
enormously as a result of their technical expertise and 
experience. The Panel looked carefully at the IFE pro- 
gram in Energy Research, provided FEAC with a com- 
prehensive report, and provided an explicit set of 
findings and recommendations. We extend our thanks to 
the Panel for its extensive work and help. 

FEAC accepts the report of Panel 7 and accepts and 
endorses the findings and recommendations given in the 
report. The scope of the Panel's review and analysis ad- 
hered to the following guidelines: 

1. The principal focus of the Panel's review and 
planning activities for next-generation experimen- 
tal facilities in IFE was limited to heavy ions. 

2. The Panel considered the three budget cases: 
$5M, $10M, and $17M annual funding at con- 
stant level-of-effort (FY1992 dollars), for a time 
period of  about five years. 

3. The Panel assessed both the induction and RF 
linac approaches, and factored European RF 
linac plans into its considerations. However, it 
is important to emphasize that the Panel's tech- 
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nical assessment was limited to heavy ion driv- 
ers for IFE and that the findings and 
recommendations of  the Panel and FEAC were 
formulated in this isolated context. 

4. Neither the Panel nor FEAC evaluated the rel- 
ative status and prospects for IFE as compared 
with magnetic fusion energy. Nor were compar- 
isons made of  the relative technical merits of 
fusion by heavy ion drivers and fusion by spe- 
cific magnetic confinement geometries such as 
tokamaks or stellarators. Finally, neither the 
Panel nor FEAC reevaluated the relative merit 
of  heavy ions as compared to other potential 
drivers, such as KrF, light ions, or diode- 
pumped lasers. 

5. The Panel did identify high priority areas in sys- 
tem studies and supporting IFE technologies, 
taking into account how IFE can benefit from 
related activities funded by the Office of  Fusion 
Energy (OFE) and by Defense Programs. 

A principal finding is that the Department of  En- 
ergy (DOE) has not established an IFE program that re- 
sembles the one envisioned by the FPAC, chaired by Dr. 
Guy Stever for the Department in 1990. A further prin- 
cipal finding is that the Induction Linac Systems Exper- 
iment (ILSE) has high technical merit and is an essential 
proof-of-principle experiment in demonstrating the in- 
duction linac as a heavy ion driver. 

Turning now to the recommendations, in all budget 
cases the Panel and FEAC recommend a balanced pro- 
gram that includes an experimental and analytical pro- 
gram for supporting IFE technologies, as well as an 
accelerator development and beam physics program. 

In the "reference" ($17M) case, highest priority is 
assigned to the start and completion of  the ILSE project, 
with $14M/year identified for ILSE and accelerator re- 
search and $3M/year identified for supporting technol- 
ogy and system studies. The $14M for the accelerator 
development and physics program includes ILSE PACE 
and OPEX funds, and theory, modelling and supporting 
experimental activities. At this level, ILSE will be com- 
pleted and operational within four years, providing an 
integrated demonstration of  induction linac technology 
and the beam physics required to provide the data base 
for scaling to a heavy ion driver. 

In the "middle"  ($IOM) case, $8M/year is identi- 
fied for accelerator development and the supporting 
physics program. In this case, it is not reasonable to 
embark on the integrated demonstration project ILSE al- 
though a significant set of  large-scale accelerator exper- 

iments could be completed, thereby providing an 
increased understanding of  key technical issues. The the- 
ory, modelling and supporting experiments are reduced 
in this case, and $2M/year is identified for supporting 
technology and system studies. 

In the " l o w "  ($5M) case, there is no credible pro- 
gram for the development of  a heavy ion fusion energy 
option. The base accelerator and physics program in this 
case continues some of  the core accelerator research ac- 
tivities but does not provide any significant advances in 
large-scale accelerator demonstrations. 

During our meeting of  April 15 and 16, the De- 
partment informed FEAC that the proposed FY1994 
budget for IFE in Energy Research is $4M, i.e., less than 
the lowest case you asked us to consider. This caused 
the FEAC to reflect on the history of  the IFE program 
in the Department and to formulate a suggestion. 

In 1990 the FPAC recommended transferring the 
IFE program from the Office of Basic Energy Sciences 
to the Office of  Fusion Energy. The FPAC recom- 
mended a budget profile sufficient to support the com- 
bined magnetic/inertial fusion energy program. 
Unfortunately, fusion funding since that time has failed 
to keep pace with the FPAC recommendations. In any 
case, DOE did not launch the ILSE project. 

We recognize the great opportunity for fusion de- 
velopment afforded the DOE by a modest heavy-ion- 
driver ILSE program that leverages off the extensive 
target physics program being conducted by Defense Pro- 
grams. Consequently, we urge the DOE to reexamine its 
many programs, both inside and outside of Energy Re- 
search, with the view to embark more realistically on a 
heavy-ion IFE program. Such a program would have 
ILSE as a centerpiece and be done in coordination with 
the program to demonstrate ignition and gain by Defense 
Programs. 

Sincerely, 
Robert W. Conn 

Chairman, on behalf of  the 
Fusion Energy Advisory Committee 
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