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DISCLAIMER 

This document was prepared as an account of work sponsored by the United States 
Government. While this document is believed to contain correct information, neither the 
United States Government nor any agency thereof, nor the Regents of the University of 
California, nor any of their employees, makes any warranty, express or implied, or 
assumes any legal responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or represents that its use would not 
infringe privately owned rights. Reference herein to any specific commercial product, 
process, or service by its trade name, trademark, manufacturer, or otherwise, does not 
necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States Government or any agency thereof, or the Regents of the University of 
California. The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof or the Regents of the 
University of California. 
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LlNAC COST REDUCTION WITH INCREASED ION CHARGE ST A TES 

A fundamental investigation of the feasibility and benefits associated with the use of 

charge states (q) higher than unity has been carried out. On the positive side, the 

cumulative voltage of an accelerator is reduced as q--1 to achieve the same final particle 

kinetic energy; also, there is some saving in the cost of final focus magnets since the 

focal fields are also reduced as q -1 .. On the negative side, however, the number of final 

beam lines to the reactor chamber may be increased above what is required by symmetry 

of illumination of the target, and the low energy end of the accelerator (V < 50MV) may 

also be increased somewhat in size and cost. Nonetheless, raising the ion charge state 

from q= 1 to q=4 is expected to produce a cost reduction of - 50% for the main 

accelerator. Charge states higher than q=4 appear to be less attractive because the 

increased space charge effects lead to an unwieldy and costly number of final focus lines 

required for typical driver parameters (N .?; 32). 

Increased charge state has been identified previously as a possible direction for cost 

reduction, but it was not intensively investigated due to unknowns which have now been 

addressed. These are summarized as follows: 

a) Availability of a high current. high brightness source of multiple 

charge states. The recent development of the Metal Vapor Vacuum 

Arc (MEVV A) provides a source technology which can probably be 

adapted to HIF driver parameters. 

b) Beam Pulse Stability. An examination of the scaling laws for beam 

dynamics in an induction linac indicates that the destabilizing effects 

of higher charge states are offset by the higher velocity of the pulse 

at a given voltage. This applies to bunch end control as well as to the 

bunched beam longitudinal instability. 



c) Tune Depression. The value of the depressed tune (0') associated 

with optimal acceleration of charge state q decreases as q - 3/4 

This leads to values of the depressed tune 0' ~ 100 for q=3 which 

were supported by simulation studies but, until the last year, 

were considered a high risk for beam disruption (with resultant 

emittance growth). Results from the Single Beam Transport 

Experiment (SBTE) indicate this is a safe value (0' 2 80 having 

been demonstrated to have satisfactory transport properties). 

d) Limits on Transportable Current. At first sight, it appears that 

for increased q there will be a cost decrease for either focal 

magnets or accelerating core. However, the increased net 

electric charge density associated with q > I made cost scaling 

very uncertain. It has been recently found that for general 

increase of charge state to the value q, the combination of 
-3/4 -1/4 

decreased tune (0 a. q ), decreased half period ( La. q ), 

and increased velocity (v a. q112) results in an in variance of core 

volume, beam radius, and focal field at a given voltage in the 

bulk of the accelerator, which is magnetically focussed. This 

scaling gives a simple guide to accelerator design and costs. 

Other variations of parameters are possible and the cost 

optimum is determined by the costing code LlACEP. 

e) Final Transport. Increased charge state requires some degree of 

neutralization in the reactor chamber to prevent a blow-up of 

the final focal spot radius. For charge state q=3, a neutrali

zation fraction of about 90% is required for typical driver 

parameters. This is a reasonable level to assume for neutrali

zation produced by either co-injected electrons or plasma 

generated by the passage of beam through background gas of the 

reactor chamber . 
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The investigation of higher charge state linacs points to several areas of needed 

research. A preliminary list is: 

(l) Development and adaptation of the MEVV A source. 

(2) Experiments and numerical simulation to examine high 

charge state/high current dynamics in bends and final 

focus lens systems. 

(3) Simulation of the neutralization processes in a reactor 

environment. 
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ACCELERA TOR SYSTEM MODELING 

1. Calculations for Heavy Ion Fusion System Assessment 

The parameter space investigated to date for the heavy ion fusion system assessment 

has been expanded to include 8 beamlets and pulse repetition frequencies of 10, 15, and 20 " 

hertz for the 130 and 210 amu ions. By plotting the equicost lines for the 4 beam let - 8 {. 

beamlet cases for several ion masses and emittances on an ion kinetic energy - beam final 

energy parameter space, a quick estimate on the number of beams for the lowest cost 

system can be made. These results are being incorporated into the system code ICCOMO 

at MacDonald Douglas Co. 

2. Higher Charge State Cost Benefit 

We have investigated the cost advantage of operating at higher charge states using 

the LIACEP linac optimization code. It was found that the cost of a 4.24 MJ driver 

delivering 11.46 GeV, 200 amu ions scales with charge state (q) roughly as 

-1/2 
Cost ex q for values of q = 1-4, 

with the depressed tune scaling (0') as a function of charge state; 0' ex q - 3/4. 

F or charge states greater than q=4, the depressed tune must be decreased to values 

less than those currently demonstrated in the laboratory. Also, for charge states greater 

than 4, the perveance limit adopted for the final focussing optics will require the use of a 

very large number of beam at the target, since the minimum number of beams, N, scales 

as 

2 N a. q 
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to avoid target spot blowup. Thus, increasing the ion charge state can result in 

substantial cost savings (a factor of two), in the region of the accelerator greater than 50 

MV. However, there is a limit on the maximum charge state based on perveance and 

depressed tune considerations. 

3. Current Activities 

We are making LIACEP runs for 16 beamlet accelerators using 210 amu ions to 

complete the Heavy Ion Fusion System Assessment Project parameter space. In addition, 

we are examining the effect of increasing the un depressed tune C1 on the cost of the 
o 

accelerator. It is anticipated that an increase of C1 from the "conservative" value of 60° o 

to the laboratory limit of - 85° will result in an additional cost savings of - 15% in the 

entire accelerator. 

DOUBLE PULSING 

The question of double or multiple pulsing of the induction linac was reexamined 

following Terry Godlove's suggestions at the Systems Assessment meeting at EPRI in 

September. The main impediment to multiple pulsing has been and remains the 

availability of a suitable switch which will turn off and recover in the time scale of 

interest. We have found substantial advantages in some instances by multiple pulsing with 

currently existing technology. The cost advantage of double pulsing over the "standard" 

Palaiseau (single pulse, single-charged ion) reference case is in the region of 30%, which 

makes it one of the largest single cost reducing ideas (contingent on development) 

uncovered thus far. A preliminary look at combining all of the major cost saving options, 

such as using higher charge state ions and merging a large number of low energy beams 

into a smaller number for acceleration to higher energies did not lead to a multiplicative 
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total saving, so it is not clear at this time what the best strategy should be. A 

particularly attractive feature of the double pulsing scenario is that essentially all of the 

beam control is demonstrated with the first pulse. A disadvantage is a significant 

reduction in accelerator efficiency due to the energy lost in the core reset. 

The induction cores are the most expensive item in a driver at low energies, say, up to 

1 GeV, and this feature indirectly keeps the acceleration rate low in that region for 

economic considerations. Taking any given driver design as a reference point, and keeping 

everything but the pulse duration fixed, the required volt seconds in a core are halved if 

the pulse duration is halved. This corresponds to accelerating the entire charge in two 

pulses, or double pulsing. The volume of core material required will decrease to between 

one quarter and one half of the initial core volume, depending on the ratio of the initial 

outer and inner radii of the core. The savings are further increased if instead of keeping 

everything else fixed in the design, the cost minimization process of LIACEP is applied. 

The circuit for double pulsing is assumed to be two parallel pulsers driving each induction 

core and one special reset circuit designed to reset the core between the two beam pulses. 

At the end of the accelerator, the first pulse must be delayed, typically about 20 'j.lsec, 

and a special bunch compression section must be added at the end of that delay line. 

Repeating this procedure for 3, 4, or more bunch subdivisions results in progressively 

smaller savings. 

A variant of double pulsing the entire induction linac is double or multiple pulsing of 

just the low energy, say, up to 50 MeV portions, and merging the beams either transversely 

or longitudinally thereafter, analogously to the funneling used by the HIF rf linac designs. 

The phase space dilutions due to the merging process are being examined at this time. 

While these options deviate from the apparent simplicity of a single pulse, 

straight-through system, the potential cost savings and reduction in buy-in price at the 

low energies make them very attractive. 
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This report was done with support from the 
Department of Energy. Any conclusions or opinions 
expressed in this report represent solely those of the 
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the University of California, the Lawrence Berkeley 
Laboratory or the Department of Energy. 
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not imply approval or recommendation of the 
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