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HIGHLIGHTS 

The end of this report periOd has coincided roughly with the IEEE 

Particle Accelerator Conference at Santa Fe, New Mexico, March 21-23, 1983. 

It seems appropriate, therefore, that the bulk of this Report be made up of 

reproductions of four 3-page Conference reports, which give up-to-date 

analyses and results of four major aspects of the Heavy Ion Fusion Group's 

activities. 

Inbrief: 

• The first acceleration of a heavy ion beam (Cs 1 ) by a pulsed 

induction accelerating unit is described in "Long-Pulse Induc-

tion Acceleration of Heavy-Ions" by Faltens, Firth, Keefe and 

Rosenblum. This unit is made up of 12 modules that are separ-

ately controlled and can provide ramped voltage pulses of the 

type needed to initiate beam-current amplification in an ion 

induction linac for ICE. 

• "A Quadrupole Beam Transport Experiment for Heavy Ions Under 

Extreme Space Charge Conditions" by Chupp, Faltens, Hartwig, 

Keefe, Kim, Laslett, Nemetz, Pike, Rosenblum, Shiloh, Smith, 

Tiefenback and Vanecek, describes early results from the single-

beam transport experiment. For a single-particle phase-advance 

per cell (a0 ) less than about 900,  the matched beam trans.-. 

ported through five focussing periods has a current density very 

close to the limiting value set by the cancellation of the 

restoring force by the space-charge force. 



• A new threshold criterion Jor the longitudinal instability in 

an intense beam bunch is presented by Bisognano, Smith and 

Haber, in "Threshold Behavior for Stability of Induction Linac 

Bunches". Based on both analytic and numerical simulation stud-

ies, the instability criterion depends on the beam current, 

coupling impedance, and bunch length, in relation to the,fre-

quency spacing of the potentially unstable modes. 

• An ICF scenario using the rf linac and a bunching ring of a 

novel kind is explored by Seiph, Grunder, and Leemann, in "An 

Isochronous Stacking Ring Approach to the HTE". This is a 

heavy—ion analogue of the isochronous bunching ring for protons 

studied by W. Joho for kaon and neutrino experiments. In sim-

plest terms, such a ring avoids the troublesome longitudinal 

instabilities of conventional storage rings, but at a cost of 

some other complications that need more detailed study to see 

if they are of real concern. 
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S umm a r v 

A long-pulse induction acceleration unit has been 
installed in the high-current Cs 	beam line at LBL 
and has accelerated heavy ions. 	A maximum energy 
gain of 250 key for 1.5 uS is possible. 	The unit 
comprises 12 independent modules which may be used 
to synthesize a variety of waveforms by varying the 
triggering times of the low voltage trigger 
generators. 

Introduction 

The Heavy Ion Fusion group at LBL has developed 
conceptual designs of induction linacs which accel-
erate a few hundred microcoulombs of charge to mega-
joule energies for Inertial Confinement Fusion. 1  
In these machines a single bunch of ions is acceler-
ated from typically 1 MeV to 10 0eV with an 
accompanying decrease in pulse duration from about 
10 us at the entrance of the accelerator to 100 ns 
at the exit (followed by further bunching down to 
20 ns in a drift distance between the accelerator 
and the fusion reactor). Because the ions are non-
relativistic throughout the process and can move with 
respect to each other, it is necessary to apply lon-
gitudinal control to the bunch, in the form of shaped 
waveforms, in addition to the usual flat voltage 
pulses (corrected for beam loading) which are 
required for a monoenergetic output. The required 
corrections which are new to acceleration of intense 
beams of heavy ions are, at any instant of time, a 
linear electric field in space for bunch- 
length control, plus the negative of the gradient of 
the space charge potential of the beam for counter- 
acting space charge longitudinal defocusing. 	These 
requirements translate into specified desirable 
applied waveforms at any location. The largest devi-
ations from flat waveforms occur in the low energy 
portion of the accelerator. 

There exists a 	large technological 	data-base 
developed for acceleration of electron beams in the 
1-10 kA range 2  which is directly applicable to the 
areater part of a heavy-ion induction linac. Most 
of the experience is for pulse durations well under 
1 5, corresponding to the high energy end of the ion 
accelerator. The large flat-pulse module built at 
NES to provide a 2 uS, 400 kV pulse for acceleration 
of a 1 kA electron beam represents the culmination 
of an R&D program for economical long pulse modules 
and provides the only experience base for the low 
energy end of the ion machine 3 . Here we report on 
an early stage in an analogous process for heavy 
I rn S. 

To provide the desired waveforms we are proposing 
to use a few types of standardized modules, contain-
ing core and pulser combinations which can be inde-
pendently triggered, and to approximate the waveforms 
in staircase fashion by varying the firing times of 
a large number of them. The step amplitude chosen in 
the low energy end of the accelerator is nominally 

*Work supported by the Assistant Secretary for 
Defense Programs, Office of Inertial Fusion, Laser 
Fusion Division, U.S. Department of Energy, under 
Contract No. DE-AC03-76SF00098. 

25 kV, 	consequently 	several 	thousand 	steps 	are 
required with pulse durations longer than 1 us. 
While the staircase approximations might appear 
coarse over a short distance such as 1 meter, they 
are probably satisfactory when averaged over dis-
tances of a few tens of meters (comparable to the 
bunch length) over which some appreciable intrabunch 
motion should just start to occur. This distance 
would contain about 100 nodules, a module being 
defined as a single pulser driving a number of cores 
(two, in our case). 

Description 

The first such induction unit has just been com-
pleted and installed at the exit of the LBL high-
current Cs injector facility, 4  as shown in 
Figure 1, where it may be used for additional accel-
eration and correction of the energy profile of the 
ion bean. The main function of the device, however, 
is as an engineering prototype of one of the kinds 
of units that may be required in the future. There 
are 12 independently driven core pairs, i.e. 12 
modules, within a common container, which would 
increase the particle energy by 250 keV if triggered 
simultaneously. The typical nodule consists of a 
high-power pulse generator which drives two large 
induction cores in parallel, a reset pulser which 
restores the magnetic core to negative saturation 
before the beginning of the acceleration pulse, and 
a correction network which is used to modify the 
accelerating pulse. Each core drives two resistively 
graded sections of the centrally located accelerating 
column, at a low enough voltage such that each of the 
two sections can support the full voltage. A simpli-
fied sketch of one module and its drive circuitry is 
shown in Figure 2. 

Fig. 1. 	The induction module being installed in the 
high-current Cs beam line 

The induction core is wound with 2 nil thick 3.25 
percent silicon steel tape which is insulated with 
an inorganic phosphate coating with a ceramic filler, 
resulting in a radial packing fraction of 92 percent. 
The cores are insulated axially from the drive con-
ductors with Mylar sheets, and the entire unit is 
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Fig. 2. 	Simplified sketch of the mechanical arrangement and electrical circuitry 
for one of the modules of the twelve-section accelerator unit 

filled under vacuum with Freon TF, resulting in an 
axial packing fraction of 75 percent. While the 
average accelerating field along the column is only 
2.5 ky/cm, the fields within the modules occasionally 
reach 100 kV/cm as a consequence of the dense packing 
of components within it. The drive conductors are 
made of copper sheets for the purpose of carrying the 
heat generated by the core losses to the outer radius 
with only a few tens of degrees temperature rise at 
the nominal rep rate of 1 pulse per second. A pulse 
duration of 1.5 us was chosen for design purposes 
although the unit may be used for longer as well as 
for somewhat shorter pulses. 

Results 

In the period preceding delivery of the major 
component parts of the modules, various pulse gener-
ator options were tried. Initially, a line type PFN 
with a total capacity of 1.5 0F was used on a load 
simulating one core. The final version of this first 
exercise pulsed more than 2 x 10 5  times with no 
signs of degradation. 	The circuit was then modified 
to drive a load simulating two parallel cores. 	With 
this load the ignitron switching tubes darkened 
rapidly and failed at 10 5  pulses. Several itera-
tions of the circuit were tried, and the manufacturer 
of the tube made several modifications to overcome 
the problems. The present version of the pulse gen-
erator uses a saturated inductor in series with the 
ionitron and a diode across the PFN, which is now 
essentially a capacitor, to protect the tube from 
reverse current. 	With these improvements, a test- 
module has pulsed in excess of 10 6  times. 	The 
gridded ignitron switch which evolved from this work 
also reduced firing jitter from ± 100 ns to ± 25 ns. 
A future report will describe the development and 
performance of the tube. 

The completed 12-module unit has recently been 
placed into service. The oscilloscope traces in 
Figure 3 show its effect on the transit time of  a Cs 
ion beam through a short drift section after the 
module. 	The beam energy at the entrance has been 
kept low to accentuate the effect. 	In a larger 
machine the beam energy would be measured with a 
spectrometer and the desired voltages applied as 
here, but the effect of any one unit would be very 
small. In the near future we will expore the range 
of available waveforms with the present module, and 
in the longer term construct a few more prototypes 
geared more specifically to the requirements of the 
anticipated High Temperature Experiment.5' 6 

Design Considerations and Outlook 

The choice of an of induction module design 
depends on the pulse duration and the (usually 

related) applied voltage. The present design is 

Fig. 3. 	Difference in times of flight of Cs beam 
through a 2.5 meter distance after the 
accelerator unit, for system on and off. 
Sweep sneed 500 ns/div. Four beam pulses 
at each setting show that the system jitter 
is less than 50 ns. 

suitable for pulses of I j5 and longer. 	As the pulse 
duration is increased the core losses and the elec-
tric stresses decrease, while at the same time there 
is only a small economic incentive to change the 
design. Going in the other, more difficult direc- 
tion, however, requires several changes. For shorter 
pulses, the electric stresses between laminations 
eventually become excessive, and to reduce them the 
choices are, first, to decrease lamination width (to 
a practical minimum of about 1 cm) and second, to 
decrease lamination thickness (to about 1 mil). For 
still further reductions in pulse duration, it is 
necessary to interleave a thin sheet of insulation 
such as Mylar between the laminations, and, because 
this form of insulation is much better than the mini-
mum required, it is permissible to increase the tape 
width. The change to the more positive type of 
insulation is accompanied by a drop in the radial 
packing fraction and an increase in winding cost, and 
it usually precludes annealing the finished core. 

A similar change of character occurs in the design 
of the pulse generating circuitry as the pulse cura-
tion is decreased. For pulses greater than 1 us a 
lumped element network is satisfactory while for 
pulses below 100 ns a distributed line is usually 
preferred for the high-voltage pulses of interest. 
The present design uses 6 small capacitors to reduce 
lead inductance and problems with capacitor internal 
resonances, and the desired waveform is largely 
achieved with a correction network across the core. 
If a core is driven from a capacitor, large enough 
to behave as a voltage source, then the largest use 
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Fig. 4. Metglas core driven to saturation from a 
large capacitor. Top trace voltage, bottom 
trace current. 

useful flux change can be obtained from the core, 
but the post-saturation drive current rises to large 
values, as shown in Figure 4, and efficiency suffers. 
Ideally, one would like the exciting current to go 
to zero as the core saturates. While this desirable 
behavior can be obtained with a controllable switch 
such as a hard tube, it is too expensive an option. 
Instead, a simple closing switch, a core with 
reasonably square-loop behavior, and a pulse-forming 
network were selected which decrease the post-pulse 
current at the expense of wasting some of the avail-
able flux during the voltage fall time, as shown in 
Figure 5. The correcting network is essentially an 
LC across the core which takes energy from the PFN 
at the start of the pulse, when the drive current is 
small, and returns it at the end of the pulse when 
the drive current is large. 

The core losses, which are a function of eddy 
currents and hysteresis, may be reduced by several 
means, the main one being the use of thinner lamina-
tions in the regime of interest for induction linacs. 
Cost considerations, of course influence the designs. 
At the time the module was designed, the 2 mil steel 
was chosen because the pulser cost increased more 
than the material savings when going to 4 mil steel, 
and because the material cost increased substantially 
more than the pulser cost decreased when going to 
I mil material. The recently developed Metglas 
material, an amorphous magnetic metallic glass tape, 
has been decreasing in price and might become the 
material of choice in the future. 

While we have been measuring sample cores of 
Metqlas for four years, until recently we have not 
been able to obtain cores of the size of interest for 
induction linacs. Now we have two cores of Metglas 
2605SC which may be compared, with some adjustment 
of numbers to take into account dimensional differ-
ences, with the silicon steel cores used in the 
module. Table I below gives the results for the 
finished cores. 

Both types of cores should be considered develop-
mental at this stage, and the costs given are for 
relatively small quantities of material. The induc-
tion change and impedance numbers are approximations 
for the way in which the cores are used in the pres-
ent module, and could be improved with both circuit 
and core developments. 

Fig. 5. 	Silicon steel core driven to saturation from 
a small capacitor, with a correction network 
at the output to modify waveform. This is 
the output voltage from the prototype of one 
module. Top trace voltage, bottom trace 
current. 

Table I. Comparison of Core Materials 

2 	mil Metglas 
silicon 	steel 

Saturation 	Induction, kG 13.8 10.7 
Remanent 	Induction, kG 11.4 9.9 
Coercive Force Oe 1 0.1 
Available 	Induction Change 

at High 	Impedance, kG 20 17 
Average Apparent Impedance 
During 1.5s 	Pulse 0 5 20 

Radial 	Packing 	Fraction 8 92 75 
Cost $/lb 6 24 
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Summary 

A Cs ion-beam transport experiment is in progress 
to study beam behavior under extreme space charge 
conditions. A five-lens section matches the beam 
into a periodic electrostatic quadrupole FOOD channel 
and its behavior is found to agree with predictions. 
With the available parameters (200 keV, <20 mA, 

iO- ' Tr rad-m, up to 41 periods) the trans-
verse (betatron) oscillation frequency () can be 
depressed down to one-tenth of its zero current value 
(v 0 ), where v 2  = 	- w12, and wp is the beam 
plasma frequency. 	The current can be controlled by 
adjustment of the gun and the emittance can be con-
trolled independently by means of a set of charged 
grids. 

Back yr oun d 

Since Maschke' first pointed out that an upper 
liml't on beam current may exist in a quadrupole 
transport channel, extensive computational studies 
based on the Kapchinskij-Vladimirskij (K-V) distribu-
tion and numerical simulation studies using particle-
in-cell (PlC) codes 2  have taken place. 

An understanding of how intense beams with high 
optical quality can be safely transported is of vital 
importance for the design of an inertial confinement 
fusion system based on a heavy-ion accelerator 
driver. 3  Depending on whether the understanding 
of the transported current limit turns out to be 
either pessimistic or optimistic, so too will the 
complexity of the final beam-transport to the fusion 
target become relieved or further aggravated. In 
addition, a driver based on linear induction acceler -
ation is best suited to operating near the space-
charge limit throughout the length of the device; the 
design (and cost) of such a driver depends signifi-
cantly on a knowledge of the transport-limited 
current. 3  

Some years ago, we proposed a test of the relevant 
physics using a quasi-dc cesium ion beam with an 
energy close to 2 MeV -- and a current of 1 ampere 4  
passing through a sequence of electromagnetic 
quadrupoles; for reasons of cost the experiment was 
abandoned. lnstead the present experiment, which 
uses a 200 keV Cs 1  beam, was instituted and the 
quadrupoles were chosen to be electrostatic rather 
than electromagnetic simply because of their lower 
cost, albeit greater inconvenience. Interest in the 
same physics has prompted related experiments. 5-7  
The classic experiment on Brillouin flow by Brewer 
is also relevant. 8  

Statement of the Problem 

In a quadrupole focussing channel with a single-
particle betatron angular frequency v 0  -- corre-
sponding to a phase advance of °0  per period -- the 
presence of space charge results in a reduction of 

*Thjs work was supported by the Assistant Secretary 
for Defense Programs, Office of Inertial Fusion, 
Laser Fusion Division, U.S. Department of Energy, 
under Contract No. DE-AC03-76SF00098. 

the restoring force 	so 	that 	particles 	have a 
decreased freguency and phase-advance denoted by v 
and a respectively. (Magnetic and relativistic 
of forts are ignored since the main interest her( ,  i'; 
fur very slow heavy- ion beaire . ) In the "siiioot Ii 
approximation 	the relation between v and v 0  is 
given by 

	

2 	2 	12 

	

V 	= 	 , 	 ( 1) 

2 	4iTne 2 
with 	= —p--- , the square of the beam plasma fre- 

quency, where n is the number of ions per unit 
volume. (More realistic considerations show that the 
coefficient 112 is not exact, but depends on lattice 
parameters.) For constant gun voltage, w is 
directly 	proportional 	to 	the 	current 	density, 
j = nev. 

Clearly, Eq. 1 predicts that an absolute limit on 
current density exists when 	0, i.e. W p r2 v 0 , 

and the net restoring force vanishes. 	As one nears 
that limit, the current density remains constant, and 
as the current is increased the area of the matched 
beam increases proportionately. Generally, the beam 
size depends on both the emittance (normalized), 

and the beam current. Absent from the dis-
cussion so far, is the prediction of classes of 
instabilities that cause emittance growth, with con-
sequent beam loss, well before = /2 v 0 . For 
the case of 0 0 	60 	the KV treatiiient predicts 
fourth and higher order instabilities below a = 24 
but the PlC work indicates no change in rms ernittance 
as a decreases, at least to a = 6 

The object of the experiment is to explore beam 
properties after transport, such as size, current, 
current density (arid hence o/a), over a range of 
values of 00, , and injected current. The 
accessible range of parameters should also make the 
predicted regions of instability amenable to study. 

Apparatus 

Source 

We have operated so far with a theriiiionic cesium 
alumino-silicate source (zeolite) 25 mm in diameter. 
Erratic results over a period of time with commer-
cially available sources were traced to non-uniform 
coating, non-uniform emission, and departures from 
flatness in the coating sufficient to interfere with 
the gun optics. Satisfactory space-charge-limited 
flow is almost impossible to achieve under these con-
di tioris and we have been forced to develop in-house 
source preparation and testing facilities that have 
now produced acceptable zeol ite sources for both 
cesium and sodium ions. 

Ion Gun 

The gun is designed to have a constant output 
voltage, nominally 200 kV, and variable current den- 
sity (j = 3 to 6 mA/cm 2 ), and to operate under 
space-charge limited conditions. 	Designed with the 
help of the EGUN code 9 , a four-electrode structure 
with Pierce geometry proved adequate to provide 
satisfactory 	optics 	over 	this 	dynamic 	range. 10  

'p 
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Fig. 1: A drawing of the gun showing emitter with 
Pierce electrode, separately controlled electrodes, 
and emittance control grid. 

f±.3: 	View (towards quo) of di diisp)rt d rul matching 
quad rupo 1 e s. 

Beam-conditionina and Diaonostic Devices 

Attenuators 	can 	provide 	current 	densities 

j < 3 mA/cm2 . 	(See Figs. 1 and 2.) 
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developed 3-0 relaxation codes to compute the elec- 
tric fields for a larqe variety of electrode shapes, 
and particle dynami Cs codes based on the K-V d s fri - 
bution to predict the beam behavior, taking into 
account non-conservation of particle kinetic energy, 
asymmetric images, and non-paraxial effects. An 
additional •feature of his work was the development 
of acceptable electrode shapes that could be very 
simply machined. 

The final configuration chosen had a FOlIO period 
of 1211,  a physical aperture radius of I", and an 
inter - lens gap of 2.011,  Figure 3 shows the first of 
the seven transport vacuum tanks in place; as can he 
seen, a liberal al lotinent of penetrations has been 
provided for possible introduction of frequent diag-
nostic device;. 

Fig. 2: 	The gun with four matching quadrupoles in 
place. 

Beam Transport Quadrupoles 

When completed, the transport channel will consist 
of 82 electrostatic quadrupoles -- 41 periods of a 
F000 lattice 	housed in a sequence of seven vacuum 
chambers. 	At present, just one chamber containing 
the initial 10 quaclrupoles (Qi - Q10) is in place; 
the others will be added sequentially as dictated by 
the progress of experimental understanding. Five 
quadrupoles (Ml - ME), placed between the gun and the 
transport system and independently controlled, form 
the matching section to transform the axially-
symmetric transverse phase areas at the gun output 
into the astigmatic phase ellipses needed at the 
entry into the transport section. 

The design of an experiment to test long-term 
stability in any quadrupole channel, for conditions 
where the net restoring force can become very small, 
is especially demanding. Since one is seeking to 
detect the threshold at which deterioration in beam 
quality occurs (Jup to col l(e..tive 1fltabl I ltles it. I. 
important that damaging effects, such as could arise 
from non-linearities 	that affect single-particle 
motion, be avoided. 	In designing the system of 
electrostatic quadrupoles, 	one of us 	(L.J.Ljll  

Apart 	from 	complicating 	the 	study 	of 	bearri- 
dynamics, electrostatic lere;es also impose con-
straints and difficulties on the incorporation of 
diagnostics. Measurement devices can be inserted 
only at the mid-point of the free-space between 
adjacent lenses, i.e. where there is a ground equi -  
potential, and are constrained to be thin to avoid 
sparking. Electron production by ions striking 
material surfaces may also cause some problems. 

Beam-conditioning devices include: (a) 	a grid- 
structure after the gun to which voltages can be 
applied to alter the emittance over the range 	N = 
lxlO 	rad-m 	to 	I x10 6 	ra(I-ni; 	(b) 	attenuator 
grids after the gun; (c) a collimator after the quo 
to select a 3 miii diameter attenuated pencil beam. 
On axis, this provides a beam in which the behavior 
is dominated by emittance, not space-charge. 
Off -axis, it provides a tool for checking the single-
particle tune, 0, of the transport system. 

Diagnostics include: 	(I) slim 	Faraday cups 	with 
bias 	grids 	to measure 	beam current; 	(ii) metal 
plates 	with 	slits which 	can he moved 	across the 	beam 
upstream 	of 	a Faraday 	cup. Scanninq 	with a 	single 

lit 	ilt 	i-ririinii' ttii 	irO 	( 	III l)I•lflhi 	Irif 	i 	II. ct 	t. 
one 	slit 	at 	a sequerict 	it lILOL 10115 	011(1 1 011110111 

with 	a 	second slit 	downstream 	allows the 	beam 

emittance 	to be 	mapped 	in either 	plane; (iii) 
transparent 	scintillators that 	can be 	moved into 	the 



beam and the light recorded by a gated photo-diode 
camera. 

Experimental Procedure 

In principle, the computer-assisted procedure for 
arriving at a matched beam throughout the transport 
section is straightforward. The gun electrodes are 
set to voltages calculated from EGUN to provide the 
chosen beam current and gun optics. The einittances 
in the x and y-planes --- described by a set p = 

(rx, 0 ry . 9y ) -- are measured at the gun exit. 
The EQENV code provides the x and y ernittance ellipse 
shapes and orientations that are needed at the 
entrance of the FODO transport structure to establish 
the matched beam condition for the chosen values of 
current and 00. A related code, PARAX, is then 
used to derive the voltages, V, needed on the 
matching quadrupoles to.transform the ellipses fitted 
from observations at the gun exit, 

°G' 
 into the 

matched ellipses, 	
M' after the matching section 

where they can be cIecked experimentally. 	If the 
measurements do not conform to expectation with an 
error o, a computer-constructed linear response 
matrix, A1, provides the set of voltage correc-
tions, 6Vi = Auaij, to move towards the correct 
solution. A further similar iteration can be.applied 
if needed. A necessary check, of course, lies in the 
measurement of the emittance, p-1, at the end of 
the transport sectibn (at present S  periods long) to 
establish that 

0T = p, and in checking that no 
beam has been lost along the way.. 

In practice, the success of this method proved 
highly sensitive to source imperfections such as 
spotty emission, misalignment, time variation, etc., 
which can spoil the adequacy of first order correc-
tions and cause the procedure to fail to converge. 
With the recent inhouse development of more stable 
and uniform sources, the procedure has been foutid to 
work well, converging to an acceptable value, with a 
single linear correction. 

Experimental Results 

Figure 4 displays some sample results for a single 
choice of beam current, 'h = 11 mA, and a single 
choice of emittance, E 1x107 rad-meters, for the 
present set-up with the five matching quadrupoles, 
followed by five periods of the •FODO trarispor.t 
section. The matching procedure described above 
worked well for 0 0 < 100', in the sense that the 
appropriate beam sizes and emittance ellipse tilts 
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Fig. 4: Measured current density, beam radius, and 
envelope divergence (curves are calculated 
matched values). 

could he attained within 10 percent at both the 
entrance and the end of the transport section (Qi - 
1)10). At large values of ° some of the calcula-
tions indicate beam-envelope sizes that become either 
large or small in the matching section and the pro-
cedure is less reliable. Also, the KV calculations 
indicate that for 11 mA a strong envelope instability 
should be present near 120 ° . 

If there is a mismatch the beam area measured at 
the exit of Q10 may be larger or smaller than the 
matched value, depending on the phase of the envelope 
oscillations at that point. This, apart from some 
uncertainties in the Faraday cup calibrations, leads 
to errors in the estimates of j. Thus the scatter 
in the data points for beam size and j in Fig. 4 are 
seen to be anti-correlated. 

If we denote a limiting current density, corre-
sponding to wp = v77 u0, by JL,  the data indicate 
transport (over 5 periods) of i JL for a < 
100 ° . The corresponding value of 0/00 =(1j/jj1/2 

is poorly determined but is probably in the range of 
0.1 to 0.3. 

The large dimensionality of the experiment is 
illustrated by the fact that only a small part of the 
transport section is being studied and that a range 
of values of both Tb  and tN remains to be explored. 
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Summary 

The induction linac bunches of heavy ion fusion 
scenarios are strongly influenced by the longitudinal 
space charge impedance. This is in distinct contrast 
to relativistic bunches in storage rings where most 
of the data on stability have been obtained. 
Simulation results reveal that when space charge 
effects are large, the stability requirement of small 
growth rate relative to the synchrotron frequency for 
relativistic bunches is replaced by the relaxed con-
dition of small growth rate relative to the frequency 
spacing of the space charge wave modes on the bunch. 
Dispersive effects from finite pipe size tend to make 
the lower frequencies less susceptible to instability 
than higher frequencies. Since induction modules 
have a high resistive component only for the lowest 
bunch modes, stability is better than would occur for 
a broadband impedance of comparable magnitude. These 
results indicate that long term longitudinal bunch 
stability is realizable for induction linac drivers 
for heavy ion fusion. 

Introducti on 

The final lens system for focusing an intense beam 
of heavy ions for inertial confinement fusion 
requires a very small longitudinal velocity spread. 
For a uniform beam the currents envisioned would be 
above threshold for longitudinal instability driven 
by the induction module and space charge impedance, 
and would contribute to growth of the velocity 
spread. For bunched beams, however, there is clear 
evidence 1 ' 2  that the coupling of growing waves and 
damping waves through bunch end reflections can have 
a stabilizing influence. However, 'for sufficiently 
fast growth rates it has been observed in relativis-
tic storage rings that this reflection mechanism 
breaks down. 	These issues have been addressed 
through 	a particle simulation code3  which can 
model an arbitrary machine impedance including space 
charge forces (with finite pipe size effects) in an 
induction linear accelerator. Results indicate that 
the end reflection process does indeed improve the 
long term stability characteristics of an induction 
linac bunched beam. Ultimately, an instability 
threshold is reached, but at values of the module 
impedance which are higher than required for typical 
induction linac drivers. Dispersive effects intro-
duced by the finite pipe size reduce the group veloc-
ity of high frequency perturbations, making their 
threshold requirements more severe. The thresholds 
observed are consistent with a mode coupling model 
of the bunch instability analogous to Sacherer's 4  
analysis of storage ring bunch instabilities. 

Coherent Longitudinal Bunch Dynamics 

The coherent propagation of a longitudinal per-
turbation on an induction linac bunch is driven by 
the induction module impedance and space charge. 
The impedance of the induction module is well 

*This work was supported by the Director, Office of 
Energy Research, Office of High Energy and Nuclear 
Physics, High Energy Physics Division, U. S. Dept. 
of Energy, under Contract No. DE-AC03-76SF00098. 

tNaval Research Laboratory, Washington, D.C. 20375  

represented over the most important frequency range 
by a parallel RLC circuit. The dispersive space 
charge force law of a beam in a circular pipe can be 
approximated by an electric field whose k dependence 
is given by 

Eac 	
ik 	

(1) 
1 4 czk 

where a = (B/2.4) 2  for pipe radius B. 	This 
expression is obtained from a Bessel function expan-
sion of the longitudinal field in a finite pipe, with 
the value 2.4 the first zero of J0 . For a purely 
rectangular, cold bunch of length L, space charge 
wave modes can be obtained from a fluid model. The 
eigenfrequencies of these modes are given by 

22 
= v 	(k) 2 /(1 + ak) 	 (2) 

itfl 
k 	 (3) 

where n is any integer and L is the bunch length. 
The plasma wave velocity, V 0 , is given by 

v 
0 
2 = q 2 gx/m , 	 (4) 

for charge q, g = 1 + 2Ln (B/A), line density (x) 
beam radius A, and mass m. Note that at high fre-
quencies the modes coalesce, and the group velocity 
tends to zero. 

Microwave Instabili 

For a non-relativistic uniform beam the threshold 
for longitudinal instability for machine impedance 
per unit length Z' and wave vector k is given by the 
Landau damping 5  condition 

v 02 (Z'v/k) > 2,rF v 2 
th 	

(5) 

where vth  is the full width, half height velocity 
spread, v is the beam velocity, and F is a form fac-
tor of the order of unity. 

For relativistic bunched beams in a storage ring 
it has been found that if the analogous condition is 
satisfied for modes of wavelengths shorter than the 
bunch, there is instability only if the associated 
growth rate exceeds the synchrotron angular 
frequency. Sacherer4  has analyzed this phenomenon 
in terms of a perturbation expansion, and found that 
the above condition corresponds to strong coupling 
of the unperturbed modes of the bunch by the machine 
impedance Z. The coupling is strong if the associ-
ated growth rate exceeds the local mode spacing. For 
hot bunches, where the thermal velocity greatly 
exceeds the plasma wave velocity, the mode spacing 
is the synchrotron angular frequency. 

Simulations of the hot bunch microwave instability 
were performed, with the machine impedance modeled 
with the usual Q = 1 resonator which has been found 
to well represent most storage rings. A threshold 
for instability was found with the above form factor 
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Figure 1: Equilibrium longitudinal density of an 
initially parabolic distribution below 
microwave instability threshold. 

XBL 833-8601 

Figure 2: Equilibrium longitudinal density of an 
initially parabolic distribution above 
microwave instability threshold. 

F = 0.6. Figures 1 and 2 show the density distribu-
tion after saturation of a parabolic bunch below and 
above the stability threshold, respectively. The 
initial velocity spread and bunch length were the 
same in both cases, with the impedance doubled in 
the latter to exceed the instability threshold. 
Below threshold, there has been some softening of 
the sharp edged parabolic distribution, but no 
appreciable bunch lengthening. Above threshold, the 
bunch lengthens until an equilibrium is reached. 

Instability Thresholds for Induction Linac Bunches 

In the simulations shown, induction linac bunches 
are modeled by a uniform density with 10% parabolic 
ends. The thermal spread was constant over the 
uniform region with a value of approximately 0.1 of 
the wave velocity v 0 . 	In the parabolic ends the 
phase space distribution is elliptic. 6 	The beam 
pipe radius is .05 of the bunch length. 	Figure 3 
illustrates the resulting phase space distribution. 
Runs were performed using a resistance with a high 
frequency rolloff. The magnitude of the resistance 
is best expressed in terms of e-folding lengths Le 
of the nondispersive uniform beam longitudinal 
instability. The e-folding length is inversely pro-
portional to the resistance in the parameter regime 
studied. Figures 4, 5, 6 are phase space plots of 
runs with resistive e-folding lengths of 0.6, 0.3, 
0.15 bunch lengths and at times corresponding to 12, 
6, and 3 plasma wave traversals along the bunch. 
Thus, each figure represents the same total 
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Figure 3: Initial phase space distribution for a 
model induction linac bunch. 
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Figure 4: Phase space distribution for Le = .6 
after 12 plasma wave traversals. 

exponential 	growth 	if there is no reflection 
stabilization. (All cases are well above the Landau 
damping threshold as determined primarily by the 
space charge force, which is unchanqed from case to 
case.) It is clear that a threshold for instability 
has been crossed. A calculation of the ratio of the 
uniform beam growth rate y  to the spacing Awn  of 
the modes of Eq. (2) is shown in Table 1, and sug-
gests a criterion similar to that of Sacherer's. The 
higher frequency modes are more closely spaced 
because of the space charge dispersion, and low fre-
quencies should be relatively less susceptible to 
instability. This appears to be borne out in that 
low frequency growth is more dominant for the short-
est e-folding length. 
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Several runs were made to explore this threshold 
phenomenon and the conjecture that instability occurs 
only if the ratio S = y/tw is of the order unity 
or greater. Increasing the bunch length reduces the 
spacing of modes and increases S. It was found that 
doubling the bunch length for Le = 0.6 does indeed 
induce instability, with a time-scaled growth com-
parable to the short bunch, Le = 0.3 case. As 
another test of the criterion, a narrowband impedance 
was investigated, with peak values corresponding to 
the fifth and fifteenth mode. Because of the space 
charge dispersion, it was possible to choose a single 
value for the peak impedance such that for mode 5, 
S < 1.3, and for mode 15, S > 2. The lower S valued 
case was stable, whereas the higher was found to be 
unstable. When the dispersion was enhanced by 
increasing a , the fifth harmonic could be driven 
unstable, with again S > 2. 

Stability Requirements for HIF Induction Linacs 

x 
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Figure 5: Phase space distribution for Le 
after 6 plasma wave traversals. 
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Figure 	E: Phase space distribution for Le 	.15 
after 3 plasma wave traversals 

Table 1 

Uniform Growth Rate/Mode Lui Spacing 

Mode Number 	e-folding length = 	.6 	.3 	.15 

	

2 	 .65 	1.3 	2.6 

	

6 	 .65 	1.3 	2.6 

	

10 	 .70 	1.4 	2.8 

	

14 	 .75 	1.5 	3.0 

	

18 	 .85 	1.7 	3.4 

It should be noted that the above criterion cor-
responds to a calculation of the e-foldinq length 
using the group velocity and comparing the values 
obtained to the bunch length. The mode spacing pro-
vides the proportionality constant. 

The impedance of HIF induction modules is large 
at low frequencies, with a frequency halfwidth cor-
responding to only several harmonics on the bunch. 
It is at these frequencies that dispersive effects 
are at a minimum and, therefore, stability is at a 
maximum. Runs modeling the induction module impe-
dance exhibit stability for growth lengths of 0.3 
bunch lengths (calculated from the peak module 
resistance). 

These results indicate that module impedances of 
several hundred ohms/meter, which provide good linac 
efficiency, can be tolerated for a variety of induc-
tion linac driver parameters. Since the threshold 
value of Z' scales inversely with bunch length, short 
bunches are to be preferred from the point of view 
of longitudinal stability. The numerical studies 
presented are strictly applicable to single beam 
transport, and include neither acceleration nor mul-
tiple beam interactions. Matching of the end longi-
tudinal focusing has been idealized. These issues 
may be of importance in determining stability thresh-
olds and beam quality, and are currently being 
explored. 

In conclusion, numerical results suggest that long 
term longitudinal stability is realizable for induc-
tion linac HIF drivers. The magnitude of the longi-
tudinal machine impedance cannot be disregarded in 

• obtaining an optimal design, but there is sufficient 
flexibility in the choice of machine parameters to 
permit both high linac efficiency and long term lon-
gitudinal beam stability. 
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Introduction 

The problem of finding a suitable apparatus 
for demonstrating heavy ion fusion is a difficult one 
to approach In moderate steps. An accelerator which 
can achieve break-even is probably too expensive as a 
first step In the present clim

'
te of trimed budgets. 

As suggested by Mark et. al.a meaningful test of 
many of the concepts could be achieved with a device 
capable of heating a disk of material to plasma 
temperatures in the neighborhood of 100 eY (106 
degrees K). Such apparatus would be useful for 
testing beam transport, focusing and targeting 
concepts, as well as target behavior In the plasma 
regime. Ideally, the technology used in this Ohigh 
temperature experiment" (HTE) could also be extended 
to construct a prototype fusion facility. 

Target heating for the HTE requires a short 
beam burst on the order of tens of nanoseconds with a 
total beam energy of a kilojoule or more. The rf 
linac falls far short of this capability. A number 
of studies have considered the use of storage rings 
for accumulating beam current. The present paper 
looks at an alternative means, using a rf linac 
followed by an isochronous stacking ring (TSR), 
producing rapidly the high multiplication of beam 
current required. This method avoids the necessity 
for beam manipulations such as beam splitting, rf 
bunching in a storage ring, etc. Because of the fast 
transit time In the ISR, storage ring instabilities 
are not a problem. 

Beam Stacking with an Isochronous Ring 

In an isochronous ring, the effective magnetic 
radius R will be proportional to momentum, and from 
this we deduce that the radial separation of adjacent 
orbits is given by (non-relativistically) 

(1) TA •i-  

where V is the accelerating voltage per turn, q 
is the charge state, A is the mass number, and T 
is energy per nucleon. For injection into the inner 
radius of the ring, aR must be made large enough so 
that turn separation will be sufficient for beam to 
clear the septum. At larger radii V can be 
decreased, even reduced to zero at extraction radius, 
causing a large number of turns to occupy a small 
radial extent. 

The use of this property of turn-compression, 
to stack a large current of protons In an isochronous 
ring at extraction radius, has been studied by 
Joho2 . By assuming conservation of longitudinal 
phase space, he finds that Nm, the maximum number 
of turns which can be stacked is related to the 
energy spread aT 0  of the extracted beam by the 
formula 

N?.o_ aT0 
m 	'V1 	E 	 (2)

gJ 
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where a', av 0  are the phase spreads at injection 
and extraction, respectively, and E 0 ,j is the 
energy gain per turn at injection. Fromtq. 2 we see 
that to achieve a large number of stacked turns both 
the phase spread at injection and the energy gain per 
turn at injection should be as small as possible. 
The energy spread at extraction should be as large as 
is consistent with transport to the target. 

The maximum current which can be stacked near 
the outer radius will be limited by the incoherent 
betatron tune shift. The space charge forces act to 
shift vr, vz  downward. Thus locating yr and 
vZ well above integral stopbands is an important 
consideration in order to maximize allowable 
current. In order to lower the required energy gain 
per turn at injection, yr is set to 1.25. Then by 
injecting on a displaced orbit, a coherent betatron 
oscillation can be produced which will aid the beam 
in clearing the septum, so the energy gain per turn 
at injection can be made on-third as large as would 
otherwise be necessary. 

A computer program has been written to track 
particles through an TSR, in a simulation of the 
stacking process. Space charge effects have not as 
yet been included In these calculations. 	Vig. 1 
shows 	the accelerating voltage used for the 
particular case which will be illustrated in this 
paper. Fig. 2 shows the particle energy, the rms 
energy spread and phase spread of the last 100 turns, 
as a function of the turn number. This demonstrates 
the compression, which is optimum at 320 turns in 
this case, as well as the corresponding phase 
growth. Particles would be extracted where ATrm s  
is a minimum, but the calculation has been extended 
further, showing an increase in both ATms  and 

ms. The reason for this behavior becomes 
clearer in Fig. 3, where the aT, av phase space 
boundary of a group of particles is plotted at 
injection, at minimum AT ms , and at a later time. 
It is evident that as the phase space is compressed 
in energy, the corresponding extension in phase 
results in particles with a phase shift obtaining 
less energy, thus distorting the phase space. 

Use of an TSR for the HTE 

In Fig. 4 is shown the elements of the 
proposed HIE using an isochronous ring. The 
apparatus consists of an ion source, a rf linac, a 
stacking ring and a number of beam lines to transfer 
beam bunches to the target. Ry operating the ring on 
a suitable harmonic, the beam bunch structure is 
retained, with bunch separations such that fast 
kicker magnets can be used for extraction and 
switching in the external beam lines. After 
extraction, a separate beam line is used for each 
bunch. Bunch length, which has been established by 
the choice of rf frequency, is made to be consistent 
with the pulse length needed for the test. 

The beam bunches are formed at the entrance to 
the linac by a low beta structure, operated a low rf 
frequency, on the order of 5-10 MHz. As the ions 
proceed through the linac, the rf frequency is 
progressivly raised, so that at the exit the 

frequency is on the order of 50-100 MHz. In the 
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present example, the beam energy on target required 
is about 5 14eV/A, of this the linac will provIde 4.55 
!leV/A, the isochronous ring the remainder. 

Although in the present paper no attempt has 
been made to estimate costs, we can recognize here a 
few of the considerations that must be taken into 
account in optimizing this system. 

- In order to reduce the number of beam lines 
to the target, the circumference of the ISR should be 
made as small as possible. Thus we consider 
superconducting magnets as being most desirable. 

- To obtain the maximum stacked current It is 
necessary to use ql, with A as large as economy 
permits, because he ring space charge limit Is 
proportional to A/q'. 

- Choosing a low injection energy in the ring 
will lower the linac cost, but there is practical 
limit imposed by the width of the field in the ring 
dipoles. As the field width Is increased, the magnet 
cost will go up. Thus the ring injection energy will 
probably be determined by minimizing the overall cost 
of linac + ring. 

Target Requirements 

We must know the requirements for the HTE 
target conditions to be achieved in order to design a 
suitable accelerator. The most important 
considerations are - the target temperature T 
reached for a given irradiance S (1n Watts/cm 2 ) 
as a function of time, the requirements for beam 
transport, and for focusing on thetarget. 

The maximum divergence and momentum spread are 
set by the permissible aberrations in the final, 
transport elements. This problem has been. discussed 
in several papers 3 . For this study we will use for. 
maximum divergence, * 30 mrad, with momentum spread 
* 0.25 percent. 

As the temperature of a material Is raised,, 
energy is deposited In internal degrees of freedom s  
until such time as electron bonds are broken and the 
material begins to disassociate. Using as a model a 
disk of low-density material imbedded in the surface 
of high-density material, this behavior has been 
studied with the aid of computer simulations'". 
An empirical formula whlch, represents these results 
to a good approximation is ° 

x 	dx t/i F 1/2 (3) 

0 

where x 	T/Tf, with Tf defined by S = a if 
and 

3C 1 R 

= 2oT5/2 	
. 	 (4) 

The 	heat 	coeffi c i entu 	Cl 	= 	1.02 	10 
J/(gm-eV 3/), the ion range R is assumed to be 10 
mg/cm2 , and a is the Stefan-Boltzmann constant, 
1.03 10 W/(cm2-eV4 ). Eq. 3 is' plotted in Fig, 
5. We note that as I approaches the asymptotic 
limit if  the material starts to disassociate. To 
determine a useful pulse length we will take t • i, 
where T • 0.95 Tf, and presumably the blowing-up 
process has just started. A longer pulse than t 
would waste particles because the last arrivals would 
not contribute to raising the, temperature, while for a 
shorter pulse than t, T would fall short of 0.95 Tf. 

Ring and Target Parameters 

There Is no unique choice of parameters to 
reach a 'given target temperature. The higher the 
mass number A, the easier it will be to reach a 
given temperature, but increasing A increases the 
cost of linac, ring, and transport lines. In the 
limits of the present paper we cannot treat this 
subject more fully, Instead will use a set of 
parameters chosen to demonstrate the possibility of 
using an isochronous ring to achieve a temperature 
high enough to be useful for the HTE. Ring and 
target parameters based upon this choice are given in 
Table I. The stacking behavior has been illustrated 
in Figs. 1-3. 

Table I. 	HTE Parameters Using A=165, q=l 

Ion Source Current 7 mA 
Emittance (norm.) 0.31r nin-mrad 

Linac Low a rf freq. , 5 MHz 
Final 	rf freq. 50 MHz 

energy 	. 4.55 14eV/A 
N  emittance (norm.) 1.0 n.n-mrad 

Momentum spread *0.25.10-4  
Ring '  Energy at extraction 5.0 14eV/A 

RF frequency 10.0 MHz 
No. of beam bunches 1.9 
Ions per bunch 9 	1011 
Dipole magnet field 6 Tesla 
Accelerating field at 
injection 0.74 MV/turn 
Betatron frequencies 
"re 	"z 	 1.25, 0.9 
No. of stacked turns 100 
Transit time in ring 1.6 msec 

Target Spot. radius 1.0 mm 
Total no. of particles 1.7.1013  
Ion range 10 mg/cm2  
Pulse length 50 nsec 
IrradIation 1.5.1012  W/cm2  
Total energy 	. 2.2 kJ 
Disk temperature 59 eV 

Concul sions 

There is a strong possibility that isochronous 
stacking rings will be a useful tool for producing 
the intense bursts of heavy ions needed for the ITE. 
Also, it appears that this technology can be 
extrapolated for use in a heavy ion fusion driver. 
Additional work needs to be done on the effects of 
the stacking process on phase space dilution, 
particularly the effect of space charge. The design 
of suitable large-aperature superconducting magnets 
also needs to be studied. 
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