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Abstract 

A linear induction accelerator that produces a beam of 
energetic (• 10 GeV) heavy (A .. 200) lone Is a prime 
candidate as a driver for Inertial fusion. Continuing 
developments ln amorphous Iron for use In accelerating 
module• repreaent a potentially large reduction In the driver 
cost and an increase In the driver efficiency. Additional 
Insulator developments may also represent a potentially 
large reduction in the driver cost. 

The efficiency and cost of the Induction linac system is 
discussed as a function of output energy and pulse repetition 
frequency for several beam charge states, numbers of beams 
and beam particle species. Accelerating modules and 
transport modules will be described. Large cost leverage 
items will be identified as a guide to future research 
activities and technology of development that can yield 
further substantial roouctions in the accelerator system cost 

·and improvement in the accelerator system efficiency. 

Introduction· 

The use of heavy ion accelerators as drivers to initiate 
inertially confined fusion reactions has been under study 

since 1976. 1 Early heavy ion accelerator concepts to 
provide I to 10 MJ of 5 to 20 GeV Ions of atomic mass 
bdtween I JO and 210 amu Included an rf llnac·accurnulator 
system, a synchrotron-accumulator system, and an induction 

linac system. 2 Recent designs have concentrated on the rf 
linac-accumulator system as an ICF driver for the HlBALL 

study, I and, at Lawrence Berkeley Laboratory, on an 
induction linac which does not require an accumulator 
because the beam pulse duration is compressed during 
acceleration. This paper describes the tools and current 
results of a cost-performance study of an induction linac to 
drive an inertial fusion power plant. 

Cost Optimization Code LIACEP 

The LBL Linear Induction Accelerator Cost Evaluation 
erogram (LIACEP) is- an optimization program that varies 
several of the physical parameters of an induction linac in 

search for a minimum cost combination. • In addition to 
estimating the accelerator system cost and efficiency, 
LIACEP can be used to identify the components and 
materials that have a hiqh leverage on the cost and 
efficiency of the accelerator system. These high leveraqe 
items are logical areas for research and technology 
development to reduce the cost and increase the efficiency 
of the accelerator system. 

In usmg LIACEP, the ion mass and charge, the 
normalized transverse emittance, s~nqle particle and 
depressed betatron phase advance per period of the transport 

lattice, number of beamlets, charge per beamlet, and pulae 
repetition frequency are set. Also set are engineering 
parameters such as clearances, the acceleration module 
core material, and various limits to Insulator voltages, 
module size, etc. Then, for a given particle kinetic energy, 
current and focussing system packing fraction, the required 
field at the beamlet edge, the maximum beamlet envelope 
radlua, and the half period of the transport lattice are 

determined using the approximation of Lee et al. 1 These 
are used as input Into a focussing system subroutine, which 
consists of a· description of either pulsed quadrupoles or 
superconducting quadrupoles. From the focussing system 
subroutine, the quadrupole length and the accelerator inner 
radius are obtained, as well as focussing system costs and 
power consumption that satisfy constraints on the maximum 
pole tip field and beam radius and the minimum half period 

. length to beam radius ratio. The acceleration system 
subroutines are then used to determine the accelerator 
module dimensions, power requirements, and costs for each 
module design. A cost comparison subroutine selects the 
minimum cost alternative of the various acceleration 
module designs. The current is increased through a range 
limited by focal constraints and the calculation repeated, 
from which the minimum cost current is selected. Next, the 
packing fraction is increased and the calculations repeated. 
Arter the optimization at one particle kinetic energy point 
Is completed, the process Is repeated at a hlqher kinetic 
energy levesl. Finally, the total coat, lenqlh, power, 
efficiency, etc., are determined for this minimum coat 
accelerator system. 

The module options investigated in the LIACEP art! of 

three types. • The first type consists of cores external of 
the beam but internal to the insulator. The second type has 
the insulator external of the beam and internal to the 
cores. The third type is similar to the second type, but has 
an accelerator core wrapped around the focussing element. 
In most runs, the cost-optimized design option uses the type 
3 modules in the low voltage portion of the accelerator 
(< 1000 MV) and the type 2 modules in the high volt.aqe 
region. The core material options in LIACE.P include 
amorphous iron, nickel iron, iron, and silicon Iron, which are 
compared to ferrite cores. 

Cost Studies 

Three cost studies are underway. The purpose of the 
first study was to examine the state of LIACEP, and to vary 
some of the physical parameters of an induction linac to 
examine their cost leverage. The purpose of the second 
study is to examine the effect of a large parameter space of 
ion specit!s, kinetic energies, emittances, beam energies, 
pulse repetition frequencies, and the number of beamlets on 
the minimized cost and the resultant efficiencies of an 
induction linac to be used in power plant system studies 

• This work was supported by the Director, Office of Energy Research, Office of Hiqh Energy and Nuclear Physics, High 
Energy Physics Division, U.S. Dept. of Ener•JY, under Contract No. DE- ACU)- It>~~ OUU98. 



for the Heavy Ion Fusion Systems Assessment Project. The 
third study is based on several possible power plant sizes, 
reactor chamber target yield capabilities, and target gain 
curves to identify the requirements of the linear induction 
accelerator driver, and using LIACEP, to determine its cost 
and efficiency. 

In all these cases, the accelerator system assumes an 
initial voltage of 50 MV, and the costs do not include the 
low voltage (< 50 MV) portion of the accelerator, nor do 
they include the final compression, transport, and focussing 
portion of the energetic ion beam to the target. These 
sections receive a separate treatment in the systems study 
due to their dlstlncti ve roles and technologies. However, 
their costs are expected to be small compared to the 
accelerator. 

Effects of Physical Parameters on Cost 

A preliminary problem was run to determine the 
current state of LIACEP. This exercise reproduced the 

results presented by Faltens et al. 7 for a 200 amu, unity 

charge state ion (Hg +) using 4 beamlets of 7511 coulombs per 
beam let and a total output energy of 3 MJ . The accelerator 
input voltage is 50 MV and the output voltage is 10 GV. The 

normalized transverse emittance is 1.17x10-s meter-radians 
per beamlet and the tune is depressed from 60" to 24°. The 
acceleration cores are of amorphous-iron, and the focussing 
is by superconducting quadrupoles. The pulse repetition 
frequency is I hertz, which is lower than will be used for a 
fusion power plant and results in a relatively low efficiency 
because the transport system and acceleration system power 
requirements are comparable at I Hz. Increasing the pulse 
repetition frequency increases substantially the <Jccelerator 
system efficiency. 

The Reference Case above is used as a base ·for 
comparison with other runs with changes in some of the 
material properties assumed in the accelerator design. One 
such property is the vacuum insulator flas:1over as a 
function of pulse duration, which has an appreciable effect 
on the system cost and efficiency. The assumed design 
limits for ·flashover gradient vary from more than 20 kV/cm 
for sub-microsecond pulses to 5 kV/cm for pulse lengths of 
1 J.LS and longer. There are few, if any, 1 meter diameter, 
several· meter long graded accelerating columns with several 
megavolts applied across them, let alone data on their time 
dependent flashover. Yet; it is permissible to examine the 
consequences of varying these limits. Increasing the short 
time flashover field by a factor of 2.5 will decrease the 
system cost by I 3% and increase efficiency by 75%. 
Doubling the long pulse flashover field will reduce the cost 
by 14% and increase efficiency by I 3%. Doing both will 
reduce cost by 24% and increase efficiency by II 'K.. 
Clearly, this provides motivation for investigation of the 
usable fields in a realistic structure and environment. 

Increasing the breakdown voltage across vacuum gaps 
does not affect the cost of the accelerator system. This is 
due to the high cost of the insulator which requires the 
insulator to be located between the acceleration core and 
the beam such that the regions between the acceleration 
cells in the module can be insulated. However, if the cost 
of the insulators can be reduced such that the core costs 
prevail and the insulators must be placed outboard of the 
cores for a minimum cost acceleration module, the 
breakdown voltage across vacuum gaps will become 
important to the cost of the system. 

The effect of the voltage breakdown of ceramic 
insulators in vacuum as a function of length on the cost and 
efficiency of the accelerator system was also investigated. 
The current allowable design curves allow about J8'lft of the 
voltage holdoff properties of high-power microwave tubes 

presented by Staprans, • and is about 80% of the voltage 
breakdown gradient of porcelain. By using a design curve at 
40% of Staprans holdoff properties, which is the breakdown 
gradient for porcelain, the cost of the accelerator can be 
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decreased about II%, and the efficiency increased about 
14%. Re-X, a General Electric castable insulator, has about 
80% of the voltage breakdown gradient of porcelain, such 
that it lies on the current design curve. However Fattens 
recommends operating at about half the voltage breakdown 

gradient, 9 which will change the cost of the accelerator 
system. However, the performance of the insulators can be 
increased by more frequent subdivisions using gradient rings. 
But, because the cost of the Re-X insulators is expected to 
be substantially less than that of porcelain insulators, there 
may be a cost advantage to using the somewhat lower 
performing Re-X insulators in the accelerator system. Th!:i 
cost of Re-X will be entered into the LIACEP data base and 
the effect of the cost and performance of Re-X on the cost 
and efficiency of the accelerator system will be 
investigated. 

To date we have identified the surface vacuum 
flashover gradient as a function of pulse duration for short 
pulses as a potential high-leverage field of research for 
induction linacs to be used as inertial fusion drivers. An 
experimental program that identifies the variables that 
affect short pulse flashover and determines the effects of 

108 pulses on flashover will be cost-effective. 
In addition, further studies on voltage breakdown as a 

function of length for ceramic insulators in vacuum may be 
cost effective. Of special interest is the effect of size and 
configuration on the breakdown. 

Using the reference case, but with the pulse repetition 
frequency increased to 5 hertz, the cost was examined as a 
function of beam energy, where the beam energy was varied 
by varying the beam charge. The cost varied as a constant 
plus a linear term with energy. An increase in energy from 
1 to 10 MJ results in an increase in cost by a factor of 3.3. 
For an output beam energy of 3 MJ, the cost varied as a 
constant plus a linear term with the pulse repetition 
frequency. For an increase in frequency from I to 10 hertz, 
the cost increased by only 8 percent. For the reference 
case at 5 hertz the number of beamlets was varied between 
1 and 16, with the minimum cost of 8 beamlets only 3.5% 
less than the cost of 4 beamlets. 

Heavy Ion Fusion Systems Assessment Project 
Accelerator Cost Study 

The Heavy Ion Fusion Systems Assessment Project 
sponsored by the ODE and EPRI is investigating the 
economic aspects of potential heavy-ion driven ICF power 

plants over a large parameter space. 10 To facilitate this, 
LIACEP is being used to perform the cost and efficiency 
studies for an induction linac. The accelerator parameter 
space being investigated for this study is given in Table I. 
The selection of a tune of 600 and depressed tune of 24° is 
conservative, as somewhat larger undepressed tunes and 
much smaller depressed tunes have been demonstrated in 
the laboratory in small scale experiments. The amorphous 
iron cores were selected because they were calculated to 
cost only about 67% of the silicon iron cores, and less than 
half of the nickel iron cores, and will operate at an 
efficiency. of greater than I. 5 times that of the other core 
material. 

Qualitatively, the results of the parameter space 
investigated to date for the Heavy Ion Fusion Systems 
Assessment Project show that the increase in accelerator 
cost with beam energy increases more rapidly for low 
kinetic energy ions on target than for higher kinetic energy 
ions of the same mass. At a given beam energy and ion 
kinetic energy, the accelerator cost increases with the ion 
mass. The cost of the accelerator decreases with an 
increase in emittance over the parameter space 
investigated. Finally, the accelerator efficiency is related 
to the cost of the accelerator in that, in general, the highest 
efficiency accelerators tend to have the lowest optimized 
cost; moreover, efficiency can be increased by higher cost 
tradeoffs about the cost optimized designs, if necessary. 
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Table I. 
Accelerator Parameter Space Investigated for Heavy Ion Fusion System Assessment 

Ion Mass 
Ion Kinetic Energy 
Beam Energy 
Emittance (un-normallzed) 
Pulee Repetition Frequency 
Number of Beamleta 
Ion Charge State 
Tune: 60", Oepreued Tune: 24••• 
Initial Ion Kinetic Energy 
F ocuaalng System : St.lperconducUng Quadrupole• 
Core Material: Amorphous Iron 

•( ) - not completed 

no, 160, 190, 210 amu 
5, 10, 15, 20 GeV 
1, 2, }, 5, 10 MJ 
1.5 x to-•, 'x to-• m-radiana 
5, 10, 15, 20 hertz 
4, (8), (16)0 

+I 

50 MeV 

••Recent experlmenta lhow that depreued tune of a• can be achieved. 
Thil wlU lead to coat Avlnga. 

Assolaratgr Co•t Studx Balld on Target 
Petfqrmaoct and fyaloo Power 

Thl1 portion of the accelerator 1tudy 11 ba!ld on tha 
ICF reactor con1tralnta and fualon power. Monaler et al. 
have ldentlfled the yield conatralnta on avaral generic 

reactor concepta." The coat of a powar plant Ia dependent 
on the fuaion power output. Thi1 1tudy is ba!lld on fusion 
powen of 1500, XXXJ, and 6000 MWf and target. yield! of 

Xll, 600, and 1200 MJ, which cover 18Yatal generic type• of 
reactor chambera. The pulee repetition frequenci11 of the 
accelerator ay1tem can be determined from the target. yield 
and fualon powar. The accelerator energy can be 
determined for a given target yield from the l..lndl-Mark 

gain curves.' 1 U1lng ttw upper bound of the beat est.lmate 

gain curve, the r •1 31R parameter can be determined· where r 
11 the apot rad1u1 (em) and R 11 the range of the lone In the 

target material (gram!/,~m'). from the con•trainta on the 

gain curve that D. I W 'It < r < D. 2W Y., where W 11 the 

accelerator energy (MJ ), the boundl on the tpat. 1lze r can 
be determined. from the tpat. llze r, the maximum 
emittAnce of the accelerator can be determined, UIUmlng 
either no momentum tpread or that. chromatic aberration• 
are negllglble In the final beam t.ranaport and focuuing 
lenaa. Then, the riAilge can be determined blued on the vpot 
1ize. For a given ion mau, the ion kinetic energy can be 
determined from the ion range-klnet.lc energy curvea of 

Bangerter et. al •. " In addition, the normalized t.ranaver• 
emittance and the total t-eam charge can be determined. 

For an ion mass of 200 amu, the ion kinet.lc energy and 
normalized emittance as a function of target yield or 
accelerator output energy are shown in figure 1 for the 
upper, middle, and lower bounds on the spot radius for which 
high confidence exi•ta in the gain curves. For a given 

r'131
R, the range for the lower bound spot radius must be 

greater than for the upper bound spot radius. This requires, 
for a given ion mass, higher kinetic energies of the ions for 
the lower apot radius. The effect of the higher ion kinetic 
energy for the smaller IPQt radiua is to reduce the 
normalized t.ranaver• emittance below that of the larger 
apot radiua. 

The minimum normalized coat of the accelerator 
ayatam per unit fualon power as a function of target yield or 
accelerator out4lut energy for the uppttr and lower bound• on 
the IPOt radiul and aeveral fualon powers Ia ahown In f lgure 
2. The tune depreuion of the accelerator system 11 from 
75• to 24•, and the normalized cost is based on the cost. 
minimum of 4, 8, and 16 beamiets. The normalized co1t for 
the lower bound apot radlu! Ia minimized at 8 beamleta, 
while that for the upper bound spot size is m1mmized at 16 
beamlell. The lnterrn6dlat.e spot rad1us shown for the 151D 
MW f ca• 11 al.o minimized at 16 beamleta. 

3 

For a given accelerator enargy, coata tend t.o vary 
inver~ely within the final ion energy due t.o the lncreaaed 
beam charge for a fixed normalized tranaverae emittance 
and tune depreulon. Thu1, the normalized co1t. of the 
maximum IPQt radlua lhould be more than that. of the 
minimum apot radlul becaua a lower ion. kinet.lc energy Ia 
8110Ciated with the maximum apot. radlu!. The increa!lld 
normallzed emittance a!SOciat.ad with the maximum apot 
radlua tenda to redYce the cost. dlfferent.lal between the 
maximum and the minimum apot radiua. However, the coat. 
of acceleration of the lower ion klnet.lc energy (auoclated 
with the maximum radlul) Ia more sensitive t.o the number 
of beamlets than that of the more energet.lc lona (auoclatad 
with the minimum radius) for a fixed accelerator energy. 
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For a Giwn Target Yield, the Required 
Accelerator Output is Oefined for a 

Given ton Mass 

Accelerator Energy (MJ) 
2.0 3.0 4.0 5.0 6.0 7.0 

I I 1.5 

1.4 

1.3 

on 
1.2 ~ 

Q) 
0 
c: 
tU 
%: 

10 ·e 
Q) 

o.a E 
0 1

0.9 ~ 

l 
(;j 

0 - I __ l ---·-.1 ----'. 07 Z 
JOO 600 900 1200 1500 

Target yield (MJ) 

....... "'" 

Fig. I. 
Accelerator Parameter Space as a Function of Target Yield 
for a Range of T ar91t Spot Radii for lon Mau 200 amu. 



For a Given Target Yield and Fusion Power, the 
Accelerator Costs can be Estimated 

Using LIACEP 

Accelerator Energy (MJ) 
1.0 2.0 3.0 4.0 5.0 6.0 7.0 

t I 

0.9 
.... 
Q) 

~ 0.8 
a. 
5 0.7 

"iij 
J -- 0.6 ·c 
J 

Q; 0.5 
a. -:g 0.4 
0 

1500 MW fusion power 

Intermediate radius 

3000 MW fusion power -o 
Q) 

. !::! 
(ij 

0.3,- Maximum radius 

. Minimum radius-----. ::J 
E .... 
0 z 

0·2 j- C ) c::::: Maximum radius· 

t 
\6000 MW o

0 
= 75° 

0.1 fusion power 
0 

= 24o 

A= 200 amu 
0 ~-·~'------~------~------~-----~ 

300 600 900 1200 1500 
Target yield (MJ) 

X8L8511 11578 

Fig. 2. 
Normalized Cost of Accelerator Per Unit Fusion Power as a 
Function of Target Yield for Several Fusion Power Outputs 
and a Range of Target Spot Radii for Ion Mass 200 amu. 

A final consideration for this section of the analysis is 
the accelerator efficiency and ratio of fusion power to 
accelerator input power. For the minimum normalized case 
shown in Figures I and 2, the lowest accelerator efficiency 
is about 22% ranging to a maximum of about 32%. The 
minimum ratio of fusion power to accelerator input power is 
about 22 ranging to about 52. This ratio is substantially 
greater than the minimum goal of 10 and the desired goal of 

20 for inertial fusion. 11 

Conclusions 

The LIACEP optimization program is a valuable tool for 
analyzing an induction linear accelerator. LIACEP coupled 
with range-energy and target gain curves can be used to 
explore the accelerator-target parameter space, and to 
identify prom1smg accelerator-target combinations for 
further study. LIACEP can be used to identify 
high-leverage fields of research and technology 
development that will reduce the cost of a heavy ion 
induction linac as a driver for inertial fusion. One potential 
high-leverage field of research is the surface vacuum 
flashover gradient as a function of pulse duration for pulses 
less than I microsecond long. Other potential high-leverage 
fields of research and development include improved core 
and insulator materials at low costs. 
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