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ICF With Momentum-Rich Beams

A.W. Maschke*

October 1, 1982

Abstract

A novel approach to obtain thermonuclear ignitions condition is sug-
gested. Utilizing state-of-the-art ion source brightness parameters,
and high gradient acceleration columns, it is possible to focus 10 kJ
of heavy ions to a few mm spot, using a 1-meter radius spherical ion
source. Heavy ion energies of 500 - 1000 keV have the velocity re-
quired for volume ignition of DT. The beam "mass" is typically 10
times greater than that of the DT which is to be burned. A spherical
array of ion sources is envisioned, using time-of-flight bunching to
achieve the required power density at the central focus. Beam space
charge neutralization is assumed to take place in a background plas-
ma. The DT, originally a few mm gas ball, is compressed and heated
by the direct transfer of the beam energy to the fuel. The necessary
inward momentum is produced directly by the accelerator, not by abla-
tion.

* This work was performed while the author was on leave at
Los Alamos National Laboratory
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Most of the suggested methods for achieving thermonuclear ignition in a DT
sphere involve driving an implosion from an ablation surface. This surface may
be heated, directly or indirectly by laser beams, E-beams, or light ions. In
all of these systems, the mass associated with the drives is completely negli-
gible in comparison with the ma^s of DT fuel which is to be compressed. The
fuel mass, in turn, is very much smaller than the mass of the ablator.

The purpose of this note is to point out that heavy ion beams with volt-
ages between 500-1000 keV have the potential to drive DT to thermonuclear igni-
tion by an entirely different process. Heavy ions in this voltage range have
velocities which are on the same order as those required for a shell to implode
a DT sphere to ignition (~ 75 cm/psec). At a rate of 2.5 kJ/pgram, a typical
value for ICF drivers, the mass of the heavy ion beam is an order of magnitude
larger than that of the fuel. In this approach, the inward momentum of the
"shell" is directly produced by the accelerator. If this momentum is then
coupled to the fuel, one has the possibility of producing a very efficient
coupling of driver energy to fuel energy.

It would be purely an academic exercise to discuss momentum rich beams for
inertial fusion if there was no hope of actually producing such beams.* A
fortuitous circumstance, however, makes it not improbable that beams meeting
the required conditions can in fact be produced. It has been known for some
time that very bright beams can be produced in what are called "high gradient"
acceleration columns. The highest voltages that have been achieved in high
gradient columns are about 1 MV. Fortunately, this is exact1y what we want.

*An almost identical system, utilizing deuterium ions and state-of-the-art
ion sources has been proposed in the context of magnetic confinement by R.F.
Post, K.D. Marx and C.J. Eggins in Nuclear Fusion 15 (1975), pgs. 701-4.
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This paper will be divided into two sections. One treating the problem of
beam generation and transport, and the other section dealing with the implosion
and beam-fuel coupling problem. In the section dealing with beam formation, we
shall show how a small system (10 kJ) can be scaled up to a "reactor" sized 1
MJ, or a 10 MJ experimental facility. However, the only implosion studies done
so far deal with a 10 kJ beam. The "target" consists of a non-cryogenic ball
of DT gas. The purpose of these restrictions was to determine plausible
parameters for a first generation ICF demonstration reactor system. With pel-
let gains of 0.01 to 0.1, and repetition rates of 10-100 Hz, an average fusion
power output of 10 kW would result. Such a facility would be a significant
step toward larger sytems with higher gains. There are enough serious physics
problems which must be answered by suitable experiments, that any further dis-
cussion of "reactor" parameters at this time would be premature. However,
given the satisfactory resolution of the physics questions, the path is then
opened for an orderly progression from small to large fusion reactors. This is
an important distinction from most of the current approaches to fusion, where
non-repetition rated test facilities costing hundreds of millions of dollars
are needed just to explore the important physics issues.

The use of structured targets, and pulse shaping (in both time and veloci-
ty) open up a large field for developing high gain pellet fusion scenarios.
However, this opens up very significant technical complications which, while
very likely solvable, are not appropriate for a first generation demonstration
facility.



- 3 -

I. The Generation of Momentum-Rich Beams

The use of spherically focused ion beams (focussing in space and time) to
achieve inertia! fusion has been considered by Winterberg and Shearer. Winter-
berg pointed out some of the potential advantages of heavy ions for this appli-
cation.

"The main problems in this approach seem to be centered in the ion
source technology and the focussing of the beams into a small volume
element for the required large energy accumulation."

E. Winterberg, Plasma Physics J7.» 1975

"A considerable gap exists between the ion beam requirements of these
calculations and the pulsed ion beams which have thus far been made
in the laboratory."

J. Shearer, UCRL 76519, 1975

Unfortunately, both authors considered pulsed ion diodes to be the prob-
able source of ions. These devices give high current densities, but very large
angular divergence (low brightness). Uranium ion sources with very nearly the
appropriate brightness requirements were developed for isotope separation dur-
ing the Manhatten Project.

Mercury ion sources, developed for rocket propulsion, have also exhibited
relevant ion source parameters.

The problem of accelerating high brightness beams to high voltages is a
problem that did not get much attention until the early I9601s, when "high
gradient" acceleration columns were developed for Cockcroft-Walton accelerators
used as injectors for linacs. The key factor for maintaining the very high
intrinsic brightness obtained in an ion source is to accelerate the beam in a
time which is short compared to a period of the beam-plasma oscillation. This
condition occurs because a high current, low emmittance beam will tend to
develop non-linear space charge instabilities with growth rates on the order of
the beam-plasma frequency. This condition on the accelerator puts a require-
ment on the average electric field. We obtain the following relation:



E > 2 x 103 V 1 / 4 A 1 / 4 J1/2

where E is in volts/meter if J, the current density, is in amps/m2, and V is

the accelerating potential, and A is the ions's atomic number. (Only singly

charged ions are considered here.)

As an example, consider a uranium ion source with J = 1 amp/cm2 (a current

density not far from that obtained in the Oak Ridge calutron source circa

1944). For 1 MeV, our equation tells us that we want an accelerating gradient

near 250 keV/cm. This sort of a gradient is not easy to achieve in a "DC"

system, but is not unheard of for pulsed systems. Also, 1 MV is about the

highest voltage which has been successfully achieved in "high gradient" ac-

celerating columns. It is a fortuitous circumstance that 1 MV or less cor-

responds to the ion velocities of interest.

The maximum power flux that can be put on a spherical target, limited only

by finite beam temperature at the source, is given by:

— T T

1 /p

where the angular spread in the beam is (T./2V) , and the longitudinal bunch-

ing factor is _< V/(2T(|). T± is the ion source transverse effective tempera-

ture, and T(| is the longitudinal effective temperature (energy spread), f is

the area filling factor. The total power on the pellet is given by:

PT = 4TT r
2 F

The total energy is limited in this mode due to a limitation on the pulse

length.

The maximum pulse length is ~ R/2v, where R is the distance from the pel-

let to the accelerator (drift distance) and v is an average beam velocity.

< f 2TT
 J V R = 4.55 x 1(H f J V 1 / 2 A 1 / 2 R3
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Now let's work out an example that might be appropriate to a "reactor"
scenario. We will consider a system with R = 10 meters, V = 106 volts, and A =
238. Taking J = TO4 (1 amp/cm2), we find f = 0.014. If the multiple aperture
ion source has a beam "filling factor" of 0.14, then the beams will occupy only
10% of the surface area of the reactor.

The maximum flux, assuming a 1000-to-l bunching factor, is given by:

F < 2'8 » 1Ql7 watts/m*
'l

Assuming a 1 cm radius target, we have:

< 3.5 x 1 0 " watts
1 'l

Since r,. = 8R, our assumption of a 1 cm target requires Tl <_ 2 eV.

These parameters, 1 MJ, ~ 200 TW, are in the ballpark of what one expects will
be required to obtain a reasonable thermonuclear yield from an appropriately
designed target.

No effort has been made thus far to investigate ignition conditions for
implosion by momentum-rich beams. Instead, effort has been concentrated upon a
10 kJ system, using only simple DT "targets" (in reality, just a small ~ 4 mm
diameter puff of gas). Significant thermonulcear burn, typically a gain of
0.1, might be achievable with such a system, and is a reasonable goal for a
first generation facility.

We note that the total energy in the pulse scales as R3. Going from our 1
MJ example, at 10 meters, we obtain a 1-meter radius for our IT J facility, if
we cover the whole sphere with the accelerator modules, rather than only 10%,
as in the reactor case. Then the peak power is scaled down by only a factor of
10 to ~ 20 TW, assuming we keep to 1000 to 1 longitudinal bunching factor. In
order to obtain a bunching factor this large, it is necessary to control the
voltage ramp on the accelerator to this tolerance or better. T. will probably
not be a limit to the bunching factor. Many years of experience have shown,
however, that it is difficult to build pulsed modulator systems with regulation
much better than this. A future generation of modulators might be able to do
very much better.
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A 20 TW pulse on target corresponds to a 20 GW pulse from the accelerator.
If the accelerator is broken down into 20 separate modules, then each module
will produce 1 GW, or 1000 amps at 1 MeV. The effective pulse lengths would be
1/2 ysec. Note that the impedance of each module is ~ 1000 n, which is in the
ballpark of conventional klystron modulators for radar and other applications.

The development of momentum-rich beams with the parameters described above
would involve several stages. The first one would be to exhibit in just a
single aperture source the required brightness. The next step would be the
construction of a multiple-aperture source (perhaps one 500 Joule module) to
test the efficiency of space charge neutralization as the beam coasts to its
focus. This could probably be done at lower voltages without loss of generali-
ty.

The propogation of the beam to the target is a non-trivial process. The
mean free path for collisions with a plasma ion at a density corresponding to
the initial beam density is ~ 1600 meters. By the time the beam has moved into
1 cm, however, the mfp has dropped to 1.6 mm! The beam is essentially a col-
lisioral plasma by the time it collides with the DT. During the last centi-
meter the ion charge stats will rise, and the electron temperature will go up
as the relatively high ion temperature (due to the finite angular spread of the
beam) is reduced.

Finally, the collapsed beam will hit the DT target. This is an inter-
action between two plasmas, of comparable density (~ 1019/cm3) colliding at ~
0.5 - 1.0 x 106 m/sec. It is completely unphysical to expect that this inter-
action will be anything like the classical slowing down process for a single
ion in a background plasma. The ion density is such that there will be many
ions in a Deby sphere, and the generation of collective Cerenkov radiation in
the plasma can reasonably be expected to play a role. Unlike the conventional
heavy ion fusion approach, using GeV ions, where the stopping is expected to be
quite "classical", the case for the momentum-rich beam interaction will have to
be demonstrated and characterized experimentally.
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II. Preliminary Fusion Calcuations

A detailed understanding of the interaction between the fusion target

plasma and the beam plasma will not occur until experiments can be performed

with parameters close to the range of interest. The basic fusion process for a

low-gain target was investigated for a limited range of parameters. A beam of

gold, with velocity of 75 cm/usec was taken for all cases, and a total beam

energy of ~ 10-11 kJ was used. This corresponds to about 40 vigrams of gold.

The target was 100% DT, arranged in a variety of distributions, but involved no

other materials. The implicit assumption is that such a target would be pro-

duced from a small DT droplet. Typical fuel masses ranged from 6 ygrams •* 1

pgram.

Because of the uncertainty in the exact nature of the beam-target inter-

action, runs were made with 0T mixed with gold. Single particle stopping cal-

culations suggest that 50% DT, 50% Au, by weight might be expected.

A standard case was computed, and variations were then done around that

case. The standard case was arrived at by trial and error in an effort to find

a set of parameters such that the fusion gain would be as insensitive as pos-

sible to changes in the parameters.

Given the initial constraints, of 700 keV gold, and 10 kJ, the "standard"

case turned out to have the following parameters:

E = 11.5 kJ

Fusion yield = 1 kJ

Fuel mass = 4 ngrams

Target mass = 40 wgrams

Beam velocity = 75 cm/psec

Target radius = 2 mm

Beam power = 17 TW (initial power)

Pulse length = 0.6 ns

Initial ion temperature = 20 keV

# of neutrons = 3 x 101**
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The initial impact of the gold on the DT results in considerable heating

of the fuel. This essentially establishes the adiabat for the ensuing im-

plosion. For the cases treated here, this was several keV. As a result, the

fuel got quite hot, but not very dense. No effort war, made to see if "pulse

shaping", by either power or velocity modulation could improve on this situ-

ation. Intuitively, it seems clear that one would like to start pushing gent-

ly, with a low velocity, and pick up the velocity as the implosion continues.

One feature of the implosion is of special interest. Typically, 40-50% of

the original beam energy would wind up in the fuel. Another 40% would typi-

cally be radiated away by the turnaround time. At this time, the burn would be

~ 40% of the final yield. Because instabilities might cause disassembly past

this point, all the yields quoted here might be high by a factor of ~ 2.

Another general characteristic of the implosion is the compression of the

beam plasma. As the front part of the beam starts to slow up upon contacting

the fuel, the back end starts to collapse on it. This process continues

throughout the implosion. This results in a considerable power amplification.

The instantaneous beam power would typically increase by almost an order of

magnitude during the implosion, and the flux (1/2 P V 3 ) would go up by a factor

of ~ 100 over what it was at the outset. To what extent this process can be

used to ease the power and focussing constraints on the beam has not been ex-

plored in detail. However, one run was done with a 4 mm radius, using 1/2 the

power and 1/8 the flux. The gain was reduced by only a factor of 3, and this

largely because of starting on a "higher" adiabat. It is likely that signifi-

cant improvements could be made using some form of pulse shaping to start off

on a lower adiabat.

Furthermore, of course, the choice of velocity (75 cm/usec) is not neces-

sarily optimum. A lower velocity generally means that one will not be able to

produce as much power on target. If, however, the self-collapse of the beam

can be used to obtain the required power levels, lower voltage beams might be

attractive.

An interesting feature of the mix calculation was that a mixture tended to

raise the ion temperature. For a 50-50 mixture (by weight), the fuel ion tem-

perature would tend to rise by nearly a factor of 2. Since ion temperatures in
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the standard case were quite high, this was not a very big effect. However,
when we added 6 pgrams of fuel, instead of 4 ugrams, then the yield dropped by
nearly a factor of 2 (~ 600 J). Now when the 6 ugrams of DT was replaced with
3 ugrams of DT and 3 ugrams of gold, the yield was nearly the same (~ 500 J).
This certainly suggests that the implosion velocity necessary for ignition
might be reduced by adding some high Z material. Unfortunately, time has not
permitted any further investigation of this effect.

One other observation. The standard case and some of its variants yield
gains which are quite close to the results predicted by Kirpatrick's 12-parame-
ter model. Since that model assumes a "solid" gold shell, the reason for the
agreement is not completely obvious.

If further work at different parameter ranges continues to give agreement,
then this model will be a significant aid in finding an appropriate regime for
higher gain targets.
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