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AN OVERVIEW OF HEAVY ION DRIVERS FOR ICF* 

Edward P. Lee 
Lawrence Berkeley Laboratory 

University of California 
Berkeley, California 94720 

ABSTRACT 

An overview of conceptual Heavy Ion Induction Unac Drivers for commercial ICF 

is given. Emphasis is placed on models, issues and scale relations. 

INTRODUCTION 

Inertial confinement fusion (ICF) requires very high power irradiance and energy 

deposited on the fusion target which are nearly independent of the driver type. In 

addition, the depth of deposition must be small (typically- .1 gm/cm 2 in a stopper 

material) to produce the high fusion yields required for an economically attractive 

power plant. The range condition can be met in principle by any ion species, 

accelerated sufficiently to match the range-energy relation, as well as by short 

wave-length (< 300 nm) photons. For the heavy-ion driver approach to ICF two 

conventional but very high current accelerate~ technologies are being explored. These 

are the rf linac/storage ring system now studied in W. Germany and Japan, and the 

induction linac approach of the USA. For both accelerator types the combined 

considerations of space charge limits and range in dense matter lead to the use of heavy 

ions of high kinetic energy. 

A typical set of final beam parameters suitable for a power reactor, which was 

adopted in the HIBALL II study, 1 applies equally well to either of the two heavy ion 

*This work was supported by the Office of Energy Research, Office of Program 
Analysis, U.S. Department of Energy-under Gontract No. DE-Ae83-76SF'0009S:-



Table I - Selected HIBALL II Parameters 

Pulse Energy 

Particle Energy 

Particle Type 

Pulse Power 

Pulse Length 

Rep. Rate per Reactor 

Number of Beams per Reactor 

Net Pulse Charge 

Relativistic Factor (13y) 

Final Emittance (unnormalized) 

Momentum Width at Final Lens 

Spot Radius 

Range in Pellet (Pb+Li layers) 

Convergence Half Angle 

Standoff to Final Magnet 

Target Gain 

Net Electric Power (4 Reactors) 

1984 Cost of Electricity (4 Reactors) 

Direct Cost of Entire Plant 

Direct Cost of Driver 

5.0 MJ 

10 GeV 

+ B. (A = 209) 
1 

250 TW 

20 ns 

5 Hz 

20 

500 pC 

.325 

-5 3x10 m-r 

:±.1% 

4nm 

.19 gm/cm2 

::.10 mr 

8.5 m 

87 

3.784 GW 

4 7 • 9 mil /kWh 

5100 M$ 

2432 M$ 

driver types (see Table I). It must be emphasized that cost tradeoffs among the many 

components of a complete power plant allow a broad range of system parameters (such 

as repetition rate) to be considered with minor effect on final cost of electricity 

(COE). Some cost data for HIBALL II· are also included in Table I. It should be noted 
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that, although its 47.9 mill/kWh COE is about double that available from existing, 

on-line coal or fission plants, it is comparable with the estimates from other fusion 

system studies (e.g. 59.1 mill/kWh for the ST ARFIRE tokamak in 1984 dollars using 

current costing methods.) The primary concern at present is not so much the COE, but 

the magnitude of generating capacity and capital investment of the plant. A 

500-1000 MWe fusion plant with this COE is of considerable interest, but it is difficult 

to achieve, primarily because of the economy of scale associated with all nuclear 

electric plants. Both the rf linac/storage ring and the induction linac drivers provide a 

substantial fraction of total direct capital costs of a plant and scale poorly for lower 

net electric power. The HIBALL II driver cost is "only" about 48% of total direct 

capital cost largely because the high rep. rate capability of the accelerator has been 

exploited in a large (multi-GW) plant with four reactors. Magnetic fusion systems are 

also very large for reasons of economy of scale as well as physical constraints imposed 

by the use of low density plasma. 

A goal of the recently completed Heavy Ion Fusion Systems Assessment2 (USA) 

was to find ways of reducing the cost of the induction linac driver and other plant 

components to the point where 500-1000 MWe plants were attractive. Another, 

related, goal of Heavy Ion Fusion, not covered by the Assessment, is to find a path of 

development which will lead from the current research to a fusion plant with a 

minimum of risk and expense. Cost reductions can be achieved in several directions: 

a. Reduced cost of materials 

b. Innovative use and manufacture of components 

c. Optimized match of major system components (e.g. high rep. rate reactor to 

high rep. rate accelerator) 

d. Changes in design limitations resulting from improved understanding of 

physical constraints. 
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2. INDUCTION LINAC SYSTEM 

An induction Linac driver is now envisioned as a multiple beamlet transport 

lattice consisting of ( N) closely packed parallel channels comprised of quadrupole 

lenses (electric or magnetic). Surrounding the lattice are massive induction cores of 

ferromagnetic material and associated pulser circuitry which apply a succession of long · 

duration, high voltage pulses to the N parallel beamlets. Longitudinal focussing is also 

achieved through the de,tailed timing and shape of the accelerating waveforms (with 

feedback correction of errors). A multiple beam source of heavy ions operates at 2-3 

MV, producing the net charge per pulse required to achieve the desired pellet gain. 

Initial current (and therefore initial pulse length) are determined by transport limits in 

the lattice at low energy. The use of a large number of electrostatic quadrupole 

channels (N ~ 16 - 64) appears to be the least expensive focusing option at low 

energies (below - 50 MV). This is followed by a lower number of superconducting 

magnetic channels (N "' 4-16) for the rest of the accelerator. Merging of beams may 

therefore be required at this transition. Furthermore, some splitting of beams may be 

required after acceleration to stay within current limits in the final focus system. 

The rationale for the use of multiple beams is that it increases the net charge 

which can be accelerated by a given cross section of core at a fixed accelerating 

gradient. Alternatively a given amount of charge can be accelerated more rapidly with 

multiple beams since the pulse length is shortened and a core cross section of specified 

volt-seconds per meter flux swing can supply an increased gradient. However, an 

increase in the number of beamlets increases the cost and dimensions of the transport 

lattice and also increases the cost of the core for given volt-sec product since a larger 

core volume is required. For a given core cross section (~ volt-seconds/m), the volume 

of ferromagnetic material increases as its inside diameter is increased. Hence there is 

a tradeoff between transport and acceleration costs with an optimum at some finite 
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number of beamlets. The determination of this optimum is a complex problem 

depending on projected costs of magnets, core, insulators, energy storage, pulsers and 

fabrication. The induction linac design code LIACEP3 is used for this purpose. 

The choice of superconducting magnets for the bulk of the linac is mandated by 

the requirement of system efficiency; this must be at least -10% in an ICF driver and 

ideally > 20% to avoid large circulating power fractions (which result in a high COE). 

Induction cores are most likely to be constructed from thin laminations of amorphous. 

iron, which is the preferred material due to its excellent electrical characteristics and 

flux swing. At a projected cost of ~4 $/lb (insulated and wound) this is a major cost 

item for the first 2-4 GV of a typical linac. At higher voltage the cost of pulsers and 

fabrication of the high gradient column with insulators dominates. 

Several fundamental issues of beam dynamics and control core posed by the 

acceleration scheme outlined above and are the focus of the USA Heavy Ion Fusion 

Accelerator Research (HIF AR) program centered at · the Lawrence Berkeley 

4 Laboratory. Foremost among these is the feasibility of simultaneously accelerating a 

large number beam in a single structure. Is the interaction among beams in the 

acceleration gaps harmless, and can steering and waveform corrections be applied with 

sufficient accuracy? The currently operating four beam accelerator MBE -4 is designed 

to address these issues. 5 Combining of beams is predicted to cause a large increase in 

their transverse phase area. This is predicted to be tolerable for driver scale 

parameters, however a test of concept is desired at and early stage. This will be one of 

the earliest experiments performed with the proposed Induction Linac Systems 

Experiment (ILSE)6 and also possibly with MBE -4. Another component under 

development is the high voltage multiple beam injector, which must supply currents of 

sufficient intensity and brightness matched to an accelerator of reasonable physical 

dimensions. The ILSE injector 7, now under construction, addresses this point. 

5 



3. FINAL TRANSPORT AND FOCUS 

Between the accelerator and the fusion reactor the beamlets are separated and 

also, if necessary, split. The drift lines leading to the final focus area are 200-600 m in 

length and used for ballistic compression as well as to match to the final focus 

configuration of the reactor. The transport lattice is composed of cold bore · 

superconducting quadrupoles, bends, and possibly higher order elements needed to 

control dispersion. As the beamlets compress, the transport of the high current 

becomes increasingly demanding, with the large apertures and the close packing of 

elements especially pronounced immediately before the final focus train. 

At the end of acceleration the ion pulse is typically 100-400 ns in length, which is 

well matched to the bandwidth of the accelerator pulse forming system. Subsequent 

reduction to the desired 5-20 ns length desired for the fusion pellet implosion is 

achieved by the mechanis~ of drift compression in the transport lines leading to the 

final focus system. If the initial pulse length (in m) is 1 and the drift lines have length 
0 

Z , then a head to tail velocity tilt of approximately 
0 

must be applied in the final stages of acceleration. If, for example, R 0 = 20 m and Zo = 
400 m then the pulse tail must move 5% faster than the head in the transport lines. 

There are several important considerations in this approach: 

(a) The bends in the transport system must handle the velocity tilt and space charge 

with a minimum of dispersive effects. There have been only rudimentary (but 

encouraging) calculations of a design to accomplish this. 
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(b) Longitudinal space charge forces reduce the velocity tilt as the pulse compresses; 

the initial tilt must be large enough that it is not entirely removed before the 

desired final pulse length is reached. 

(c) Any residual tilt remaining in the pulse at the time of final focus will result in a 

potentially severe second order chromatic aberration at the pellet. It is assumed 

that this can be compensated by the use of rapidly pulsed quadrupoles in an 

upstream location. These pulsed quadrupoles would impose a time dependent 

envelope oscillation which would cancel the time dependent aberration resulting 

from the remaining tilt. 

(d) The generation of longitudinal momentum spread by the inhomogeneous fields 

acting during compression is minimal(ideally ap/p ~ 10-3 in final focus). A recent, 

and preliminary particle-in-cell simulation of compression dynamics indicates 

that final momentum spread can be on the order of 10% of the initial tilt a··. This 

is larger than desired by a factor of several. 

The final focus system itself has parameters determined largely by the 

requirements of spot size on target, reactor size, and the neutron, x-ray, and gas fluxes 

from the reactor. The final focus quadrupole triplets described by R. Martin 
9 

are well 

suited as the basic beam line components. HIBALL II uses magnet trains consisting of a 

pair of triplets separated by a pair of weak bends used to remove line-of-sight neutrons 

from the beam transport line. A detailed discussion of shielding requirements for this 

system is also presented in the HIBALL II Study. 

To produce a small radius ( r) on the target, the beamlet emittance (transverse 

phase area) ( £) must, satisfy 

£ < r& 

7 



where B is the beamlet convergence cone half-angle. For HIBALL (r = 4 mm, &-= 10 

-5 
mr) this condition is c < 4xl0 m-r, which is 33% larger than the design value of 

3x 10-
5 

m-r. Allowance must also be made for the effect on spot size of momentum 

dispersion, various forms of jitter, and space charge induced blow up. A final focus 

system comprised of quadrupoles and weak bends has dispersion at the target which 

leads in a practical design based on a pair of triplets to increased spot radius: 

dP 
ar ~ 8 L& p , 

where L is the distance from pellet to the center of the final quadrupole. Without 

compensation by higher order elements it is desirable to keep aP/P ~ 10-3. This is a 

severe requirement to be met by the accelerator system. 

In summary, the requirement of small spot size on target is met by small specified 

emittance and a set of other focal and reactor constraints which are not currently well 

understood. The cone half angle ~ is set at a value which is determined by a trade-off 

between factors which drive it towards a low value and those which drive it to a high 

value. In the first category are dispersion, aberrations, magnet costs, reactor 

constraints, shielding and beamline vacuum. In the second category are the emittance 

limit, space charge effects, and jitter control. The range 6 = 10-20 mr is the result 

of compromises among these factors. Aside from the spot size condition, it is 

economically desirable to make the emittance large, since the limit on transport of high 

current is found to vary as c 
213. 

Transport within the reactor vessel has, in most studies, been assumed to take 

place in near vacuum (P ~ 10-4 torr Li) to avoid disruption by the two-stream 

instability, or in a high pressure window (P I'IJ 10- 1-10 torr), where the beam is also 

thought to be stable 10. HIBALL specifies P < 10-5 torr Pb vapor to avoid stripping of 

beam ions, which would lead to reduced irradiance due to the beam's electric field. 
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Unfortunately, several attractive reactor concepts (CASCADE, 11 HYLIFE 12) have 

residual gas pressures in the range 10-2
-10""' 

3 torr Li at reasonable rep. rates; this 

pressure must be taken into account both for transport in the reactor and in maintaining 

vacuum in the final focus Lines. 

It is essential that the residual pressure in the reactor chamber (P.v 10-2 - 10-3 

Torr Li) be attenuated by a large factor between the reactor and the final focus train. 

Otherwise the bulk of the beam ions are stripped before the focal process is completed 

and are thereby misdirected. It was assumed in HIFSA that this can be achieved with a 

combination of fast shutters and pumping in a transition region of about 1.0 m in length 

located between the final quadrupole and the reactor shield. Some estimates of the 

requirements follow. 

The stripping length J. = (n a ) - 1 should be at least 300 m in the final magnet if s g s . 

beam loss is to be kept below ,...1 %. There is further pumping upstream so gets longer s 

rapidly as one moves away from the reactor. The stripping length is approximately 

we require (for u238 on Li) 

n _ 1 .0 em 
xs 

- PTorr 

P < 3 x lo-5 Torr, -

(i~) ' ( 25) 

which is a factor of 30 to 300 below the pressure in the chamber. High speed shutters 

(for example spinning disks with holes) could open a 10 em diameter hole for a period as 

short as 2 ms, so the beam line would only be open for 1% of the time if the system rep 

rate was 5 Hz. It is only open for the low pressure residual gas, i.e., the high pressures 

following the explosion are blocked. 

The gas volume which is passed by the open shutters is characterized by molecular 

flow (long mean free path) and can be readily removed by pumping except for the line 

of sight fraction. This fraction can be reduced to a few percent of the passed volume if 

9 
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the transition zone is long enough; the development of transition zone design is a 

critical item for HIF. 

4. THE REACTOR ENVIRONMENT 

The reactor chamber of 5 - 10 m radius surrounded by a Li blanket and shielding 

of total thickness ~2 m. The beamlets must pass through whatever residual gas remains 

in this zone as they converge towards the pellet. As mentioned, an additional beam line 

length of -1 m between the final magnet and the shielding is occupied by pumping ports 

and shutters required to prevent a significant amount of gas from reaching upstream 

into the final focus lenses. Since pressures in the range 1 -10 Torr appear immediately 

following an explosion this implies the presence of a very powerful self pump-down of 

the chamber to match the repetition rate of 1-10 Hz. The difficulties associated with 

densities higher than 3 x 1014 em- 3 Li are: (a) gas flux into final focus lenses, (b) 

filamentation instability and possibly the two-stream instability, and (c) possible beam 

spot spreading from stripping. Limitations due to beam scattering and energy loss set 

in at n > 3 x 10 16 em - 3 and are not relevant here. Fortunately several reactor types g-

[Granular Wall, Wetted Wall, HYLIFE (Li jets), and Magnetically Protected Dry Wall] aU 

appear to be potentially capable of meeting this pressure requirement. An interesting 

contrast is provided by the HIBALL chamber, which employs a Li-Pb layer. This special 

11 -3 b"f surface pumps down the chamber to -10 em Pb vapor at a 5 Hz shot rate. A ne 

discussion of stability and stripping follows. 

The cross section for gas stripping of the beam ions is approximately given by 

a ,., 2.45 x 
s-

-18 
10 

2 
B 

2 (z) em i 

92 
exp (-.063Z*) 

10 
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Z = atomic no. of ion 

Z* = stripped state of ion . 

Here we have used the numerical fit by Stroudl3 for u238 on Li, generalized to apply to 

other heavy ions by incorporating the factor (Z./92). For low Z*, a typical value is (1 o 
1 

GeV, u238). 

-17 
<1

5 
~ 2. 7x10 em 

A stripping length is defined: 

n 1 1014 
~s = = (370 em) 

"g <1s "g 

An average stripped state of approximately 

Z* = Zinitia1 + L 
lS 

(27) 

( 28) 

results as the ions approach the pellet. If ng is taken as 3 x 1Ql4 cm-3 then, since 

transport in gas is expected to be on the order of 10m, it is clear that as many as ten 

electrons are removed in addition to the initial state q. 

The consequences of stripping in the chamber are unclear at present. The beam 

current increases as Z*, and the electrical rigidity decreases as 1/Z*. Hence we expect 

the stripped ion beam to be more easily disrupted by beam-plasma instabilities. These 

are discussed below. A second concern is that the beam will not focus to the desired 

small spot radius due to increased space charge forces. The few estimates made to 

date of this effect suggest that the problem is reduced or eliminated by the fact that 

11 



electrons stripped from the ions travel with the beam and neutralize the increased 

space charge and current. The dangerous possibility is that, since there will be a spread 

in charge states, the ions will be deflected by varying amounts in the residual self 

electric field of the beam and the spot size will be spread. Research on this 

topic- -dynamics of the beam envelope in the gas environment including the statistical 

e.ffects of stripping and neutralization -- has been inadequate and was identified by 

HIFSA ·as one of the most important areas for future simulation and experiment. If 

stripping is found to be unacceptable in the considered reactor designs then either some 

other propagation mode which is insensitive to stripping must be found, or a ·reactor 

chamber of the HIBALL type (ng << 1014) must be considered. 

9.3 Filamentation Instability 

The filamentation mode is a serious concern for high pressure reactors (P ~ 10-2 

Torr Li). If the beam ions strip to a sufficiently high average charge state and the 

beam is also neutralized by background electrons, then magnetic pinches can grow 

during propagation to the pellet and disrupt the convergence processes. A previous 

analysis of this phenomena 14 gave the safety condition 

w R 
b c 

a.= --<3' 
c -

(29) 

where wb is the plasma frequency of the beamlet evaluated at the chamber wall, c is 

the speed of light, and R is the chamber radius. Because of convergence effects the c 

total mode growth is only on the order of exp (a) < 20. The mean stripped charge state 

Z * is used to evaluate wb. 

(30) 
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Where nb is the beamlet's number density. Using conveninet system parameters we 

have the safety condition 

( 
\2 3 2 

Wbeamlet ~ (J3MJ) ~*) B tns {) ( 31) 

where/!; is the half angle of the beam cone. There is little problem provided A/Z* ~ 20. 

We estimate for stripping by Li vapor 

A 2.5m 
Z*~ R p c Torr (32) 

-2 
so no problem is expected below -10 Torr, which is normally the case. If higher 

pressures are contemplated then this subject should be given renewed attention. 

9~4 Two Stream Mode 

Prior to 1985 it was generally believed that unstable two-stream modes 

eliminated the possibility of heavy ion beams propagating in a background pressure of 

10-4 - 10- 1 Torr Li. The analysis of converging beams by P. Stroud 13 has reversed this 

opinion and we now (optimistically) assume that there is no restriction on pressure from 

this consideration. 

The standard analysis for non-converging beams uses a Fourier decomposition in 

longitudinal variable (z) and time (t): 

Perturbed 

quantities 
~ exp (ikz - wt) ( 33) 

where k is the wave vector and w is the frequency. The resulting dispersion relation for 

the plasma electron-beam ion mode is 

13 
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(&)b 

1 = 2 + 
(&) 

(34) 

((A) - kv ) 2 

where i> and (&)P are respectively the beam and electron plasma frequencies, and v is 

the beam velocity. Rapid growth occurs for (A)~ (A)Pand 

k -::::1 (A)/ v (35) 

The maximum growth rate in this case is (.6873) ((A)P (A)~) 113 , and only non-linear effects 

can result in saturation. When convergence of the beam envelope is taken into account 

this simple (and disastrous) picture is changed because the resonant condition does not 

persist with distance. The plasma frequencies ((&)b'(A)p) both increase as the. beam 

converges and any particular unstable wave number k is quickly swept through 

resonance. The reader is referred to the article by Stroud for details; the relevant 

conclusion is that at typical HIF parameters, less than l% of beam ions are deflected 

from the desired spot at pressures at least up to 3 x 1 o-3 T orr Li. 
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