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ABSTRACT

Pellet fusion, driven by nanosecond pulses containing a par-
ticles with 200 MeV energy, is being developed as a neutron
source. A prototype system is in the conceptual design stage.
During the coming year, engineering design of required accelera-
tor components, storage rings, and pellet configurations, as well
as experiments on energy deposition mechanisms, should be ac-
complished. Successful construction and tests of prototype rings,
followed by two years of full scale system construction, would give
a source producing a useful flux of fusion neutrons for materials
testing. The system as currently envisioned would employ 100
small superconducting high field storage rings (15 cm radius,
140 kG field) which would be synchronously filled with circulating
1 nsec pulses from a 200 MeV linear accelerator over a period of
3 x 10"4 sec. These ion pulses would all be simultaneously ex-
tracted, forming a total current of 10 kA, and focus sed from all
directions on a deuterium and tritium (DT) pellet with 0. 17 mm
radius, surrounded by a heavier (metal) coating to increase con-
finement time and aid compression efficiency. The overall repe-
tition rate, limited principally by physical transport of the pellets,
could reach 100/sec. Spacing between pellet and focussing ele-
ments would be about 1 m. The predominant engineering problems
are the fast extraction mechanism and beam transport devices for
the storage rings. Additional theoretical and experimental studies
are required on the crucial energy deposition and transport mech-
anisms in pellets with ion beam heating before firm estimates can
be given. Preliminary estimates suggest fusion neutron yields of
at least 1 0 ^ / 8 e c antj possibly 10*°/ sec are possible, with opti-
mal pellet dynamics, but without the necessity for rtny large

*Work supported by the U.S. Energy Research and Development
Administration.



advances in the state-of-the-art in accelerator and storage ring
design.

INTRODUCTION

It is now well known that appreciable energy yields and high neutron
fluxes from controlled nuclear fusion reactions may theoretically be obtained
from small pellets containing a DT mixture if the pellet can be suddenly
heated to thermonuclear reaction temperatures in a time sufficiently short
compared to that of thermal expansion disassembly. For high efficiency at
lowest possible energy input, it is also necessary to arrange a high com-
pression of the reacting core, both for achieving a high percentage of fusion
burn in the small amount of material and to take advantage of bootstrap heat-
ing provided by energetic reaction products [1].

For energy releases of a few mega joules per pellet, a core containing a
DT mixture on the order of 10-2 cm in radius is suitable. A high concentra-
tion of incident.power on the order of 10*4 W (minimum) delivered in a few
nanoseconds is required. Highly focussed, pulsed beams of radiation are
necessary for such concentration of power. Three types have been proposed
to date: laser [1], electron [2], and ion beams [3, 4, 5, 6]. Each has its
particular advantages and disadvantages and its own specialized technology;
in each case, the technology available now (1975) requires considerable fur-
ther development to reach a useful level of pellet fusion yield.

In the laser case, a few kilo joules are theoretically required for scien-
tific break-even (fusion energy yield equal to beam energy). Such a low
threshold would be possible through precise time shaping of the pulse on a
scale of 10" 11 sec, which allows a sophisticated radial shock wave sequence
to be set up in the pellet from surface ablation pressure. Core densities on
the order of 10^ times the normal solid DT need to be achieved [1]. At
present, experiments with about 100 J pulses have achieved measurable
thermonuclear neutron yields (from gas-filled hollow pellets with heavy
shells) which indicate compressions on the order of 10̂  may have been
achieved [7]. Development of much more powerful and efficient lasers, ul-
timately desired for high yields, is expected to be a primary difficulty.

With electrons, self-focus sing of intense relativistic beams has allowed
several kilojoules to be deposited in a 1 mm pellet with a thin metal shell in
a time scale on the order of 10 nsec [8]. Since pulse shaping is not expect-
ed, compression requires htsavy-element shells. The principal obstacle ex-
pected in this method is development of a beam transport method to separate
the pellet physically from the close proximity of the accelerator (presently
only 1 cm). Waste radioactivity from heavy elements in exploded shell ma-
terial is an undesired side effect.



Ion beams, heavy elements as well as protons, have been recently sug-
gested [3 , 4, 5, 6] as a third alternative. Using technology developed in
high energy physics accelerator research, it should be possible with present
technology [3] to generate nanosecond pulses of protons (or heavier nuclei)
carrying a few kilojoules in energy and focussed on a pellet smaller than
1 mm. A relatively high repetition rate (10-100 sec"*) seems possible, and
beams can be transported substantial distances to the pellet.

Such a configuration could be used, we believe, to construct a pulsed
fusion neutron source; with further developments in accelerator technology,
energy-producing systems may be possible. Pellet design and beam char-
acteristics may be quite different for high yield, compared to test neutron
sources. We will discuss both of these goals, as well as beam-plasma in-
teraction experiments and theoretical work necassary for a complete pro-
gram.

ION BEAM COMPRESSION FOR PELLET FUSION

High energy densities require tightly focussed beams. This can be
most easily accomplished after acceleration of the ions to kinetic energies .5
tens or hundreds of million electron volts per nucleon; e. g. , in a linear ac-
celerator. Currents which can be accelerated in such high energy devices
are limited, with present technology [3], to around 10~* A. Pulsed cur-
rents several orders of magnitude greater than this [2] are required for
pellet fusion. One method has been proposed for achieving pulsed total ion
beam currents of > 10^ A. Several small storage rings may be used to ac-
cumulate a stream of 10^-10^ microbunches of ions spaced 5-10 nsec apart,
in a macropulse of 100-300 usec duration. The beams circulating in the
storage rings are then simultaneously extracted, on a time scale of a few
nanoseconds, and focussed on the pellet. A sketch of such a system is
shown in Fig. 1.

The maximum current which can circulate for a long time in the storage
rings is limited principally by space charge repulsion. A typical limit on
the number of stored particles in each ring is given by [9]

(for a conventional geometry of beam and ring)

where A = atomic mass number of ion (amu) |
q = charge on each ion (in electron charge units) i
Q = beam quality factor in storage ring in -n- rad- cm- units i|
P = ion velocity (in units of c) |



Y = ion energy (in rest-mass units)
B = bunching factor of circulating beam

With a typical quality factor Q ~ 5 x 10"3, B ~ 1/4, we obtain N ~ 1012 for
protons (q = I, A = 1) and the same for alphas (q = 2, A = 4). If Q is great-
er, N can be larger but the sharp focus we desire after extraction requires
chat Q be minimized. Increasing energy would give a substantially larger
N, but most of that additional beam energy could not be deposited and would
be wasted.

The minimum transverse size (d) of the extracted ion beam at focus is
limitr 3 by Q and by the largest acceptable angle subtended by one of the
beams, 6;

For Q - 2. 5 x 10 (IT rad cm), a minimum for the Zero Gradient Synchro-
tron (ZGS) linac, and 9 ~ 0.35 rad

d ~ 0.03 cm

This 9 was chosen to allow up to 102 rings to be distributed around a pellet,
using all 4 it solid angles [10].

Injection of ion currents into a storage ring up to the space charge limit
is facilitated by a technique, developed for the ZGS booster program at
ArgQnne [10], known as "charge-exchange brightening." The phase space
density of the injected beam is effectively incvtased two orders of magnitude
through accelerating ions of one charge stato, which are then stripped fully
(an inelastic process) upon injection into the storage ring. This method has
been successfully applied in the design of the ZGS booster, where H" ions
are accelerated to 50 MeV in the linac and then stripped to H+ in a foil upon
injection into a booster ring. A similar procedure should work with heavier
ions; e.g. , a+ accelerated, then stripped to a+ + . at injection.

The rf structure in the linac produces a steady stream of 1 nsec pulses
separated by 5 nsec. This bunching is to be preserved while ions are circu-
lating in the storage rings. Injection is to be synchronous; injected bunches
are to be superimposed on circulating bunches. Thus in each ring there will
be two or three discrete pulses circulating. The circulation time should be
only 5-10 nsec, if most of the bunches are to be used in one pellet, as effi-
ciency v/ould suggest. Thus the rings must be small (~ 10 cm radius) and
employ high fields (superconducting magnets; e. g. , 140 kG). Extraction
must be very fast (~ 1 nsec). Design of these rings, extraction from them,
and associated beam-switching hardware, are expected to be the major en-
gineering tasks of such a project.

4 I
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ROUGH ENERGY REQUIREMENTS: HOMOGENEOUS SPHERE

The minimum volume on which all the extracted beams can be focussed
is roughly (0.03 cm)3 ~ 3 x 10"5 cm3. If this volume contains DT at nor-
mal liquid density, 0. 14 g/cm3, then the number of nuclei therein will be

~ (0.14)(3 x 10-5)(6 x 1023)/2.5 ~ 10 1 8

Fast fusion burn will begin if the thermal energy per nucleus is appreciably
above 5 keV. This will require heat energy (from the beams) of

(10 keV) • 1018 = 1016 MeV

to be deposited within about a nanosecond, which will be the characteristic
expansion time of a pellet 1/3 mm in diameter. We ignore bootstrap heat-
ing, cooling effects, etc. , at this point.

If there is a total of 2 x 1014 particles in the beams employing 100
rings, the energy to be deposited is 50 MeV per particle.

The use of 50 MeV protons would thus require a complete stop of the !

beam in 1/3 mm; in DT at normal density, this does not seem possible.
Naive estimates of dE/dx will give only about 1 MeV per particle deposited,
a factor of 50 too small.

With a particles, we may use higher energy and ionization loss is also
greater. For 50 MeV/nucleon a's, we obtain four times the ionization loss
per particle (and four times the total beam energy) but still do not reach a
useful burn regime. If singly charged ions of A > 20 can be accelerated to
50 MeV/nucleon and stored with the same facility as protons, simple esti-
mates then yield scientific break-even with a fusion energy release of about
1 MJ. We will return to these estimates later.

At present, the most promising possibility seems to be use of larger
diameter hollow pellets, which can absorb greater beam energies in a heavy
coating, and heat a small amount of DT in the interior principally by com- t:
pression, as proposed by e-beam proponents [2].

Other devices which may be employed to increase the transfer of energy :I
from beam to pellet include use of heavy ions (neon, potassium, etc.) and, |f
alternatively, utilization of beam-plasma instability mechanisms [11, 12]. | |
Substantial increases in energy coupling efficiency could also reduce the re- f:
quired number of storage rings. %



Even without major improvements, a substantial pulsed fusion-neutron
yield appears possible, particularly if we increase both energy absorption
time and the characteristic inertial disassembly time of the pellet by utiliz-
ing a shell of heavy material and allow an increase in the total extraction
time of beam pulses, both to 10 nsec.

Simple (static) calculations of the required beams have been done for
2 x 10** stored a's, with an energy of 50 MeV/nudeon, circulating in 100
rings at 10*8 sec. If 50% of this energy can be transferred into a 1/3 mm
diametar DT core at liquid density, using a heavy-element shell also to in-
crease coupling efficiency, we obtain 2 x 1Q1& MeV deposited. The average
temperature would be about 10 keV, if electronic cooling can be prevented.
The resulting fusion burn, if contained for 10 nsec, would produce *- 10*°
fusion neutrons. The energy release would be ~ 1 0 ^ MeV; the beam energy
was about equal to this.

If the deposition efficiency is reduced to 10%, we obtain 2. 5 keV aver-
age temperature, but rising to 5 keV near the end of heating. A rough esti-
mate of burn rate gives then about a factor of 20 smaller yield, but this is
still on the order of 1015 neutrons/pulse. With a repetition rate of 30/se<-,
such intensities are superior to any other presently designed fusion neutron
source.

Estimates of this type show we will require considerable experimental
work on energy deposition and coupling in order to have a firm basis for de-
sign studies on a full scale system. At the same time, computer simulation
studies of transport properties seem to be called for. Conventional hydro-
dynamic pellet codes will be useful for the initial phase of studies.

QUANTITATIVE ESTIMATES OF REQUIRED BEAM ENERGY

General

It appears informative to rewrite the general conservation laws in
terms of the parameters of interest for the fusion reaction in DT mixtures-.
These are the total number of DT ions, which determines the energy that
must be transferred to the mixture to reach the appropriate temperature,
and the product of the density and radius, pr, of the mixture. The final val-
ue of pr at ignition is directly related to the fusion output, provided fusion
temperatures are reached, for three reasons: (1) it determines the proba-
bility of the fusion reaction occurring (or percentage of burn), (2) if pr is
sufficient, the energy of the 3. 5 MeV a is absorbed creating a bootstrap ef-
fect, and (3) it is proportional to the product nx of particle density and reac-
tion time.



first parameterize the total number o£ DT ions in convenient units;
let m be defined by:

N__ = m x 3 - 1018 atoms (1)

Including an equal number of electrons, the energy which must be de-
posited in the mixture to reach a temperature of 10 kV/particle is

E D T = m x 104 J (2)

The conservation of atoms allows us to write down the radius and density of
the mixture (at any temperature) in terms of m and pr:

r = 1.7 x 10-3 . /— cm (3)

p = 600(pr)

Efficient Fusion Reaction

One normally takes pr a 1 for a good percentage of burn. With this
value, one can now list the requirements for DT fusion in terms of the vari-
able jm, independently of what form of excitation is used. The first part of
Table I lists the simple relationships of Eqs. 2-4 where r and p are the final
compressed radius and density of the core for efficient burn. The yield col-
umn of Table I involves some assumptions and is not necessarily accurate.
We have used here a rough estimate

18n/pulse = prm x 10

It is very clear from Table I that high compression is essential for sub-
stantial burn at energies below a megajoule. Densities and pressures never
before accomplished are required. Although the energy requirement for
heating decreases directly with the amount of material, the required density
increases inversely and the pressure to achieve this, hence compression en-
ergy, increases. With laser excitation of 10 kJ, it is clear that the value of .,
m should be as 0. 1 and compression to a density of 2000 g/cm^ is required. $
Electron beams, which cannot be shaped in time to give this high compres- |
sion, will use a value of m closer to 10 and require iru-g.i joules of incident f
energy. Assuming that each can eventually achieve .m olfiiionl burn, the



yield in the electron excitation case will be correspondingly higher. For ion
beams, a value of m somewhere between these two extremes would seem to
be required.

Clauser [13] has done computer calculations on proton beam excitation
with a code used for electron beam fusion modified for the different energy
deposition of protons and the absence of bremsstrahlung. Both factors re-
duce the current requirement of protons compared to electrons. For 10 MeV
protons stopped in a gold shell surrounding a 1 mm diameter pellet contain-
ing 10 tig of DT (m = 0.8), a current of 6 MA was required for 6 nsec to
achieve scientific break-even (energy output exceeding beam energy input).
Such proton currents are considerably greater than can be produced with
existing technology. Clauser did not, however, consider any direct heating
of the pellet by the proton beam. Less than 2% of the incident proton energy
was transferred into heating the OT pellet by compression. The possibility
of direct heating of the DT after compression may be one of the major advan-
tages of ion beams and considerably alter the requirements.

The use of a particles rather than protons, with the same energy per
nucleon and the same range, is four times as advantageous since they have
the same space charge limit in the storage rings. Fully stripped heavier
ions, also with the same energy per nucleon, would have a smaller space
charge limit and about the same total beam energy. They could have an ad-
vantage for heating because of the decreased range straggling, but the ion
source would be much more of a problem than for a particles.

In Clauser's example with protons on a 10 ng pellet of DT, scientific
break-even yielded a fusion neutron output of 4 x 10*?. Assuming an achiev-
able repetition rate of 100/sec, the yield would be 4 x 10*9 fusion neu-
trons/sec representing a power output of 100 MW. A lower yield by a factor
of 100 or even 1000, while not close to scientific break-even, would repre-
sent a significant neutron source for CTR studies.

Fusion Neutron Source

If the goal is to produce large numbers of fusion neutrons without regard
to energy break-even, then such high compressions are not required and a
lower value of pr will suffice. Table II is a computation for pr = 0. 02.
This value of pr will contain the Bragg peak for 50 MeV protons and is twice
the width of the Bragg peak for 200 MeV a particles. It is , therefore, con-
ceivable that a value of m of 0. 1 could be brought to temperature with a di-
rect heating pulse of 10* J at 10% transfer efficiency, after a compression
pulse raised the density to 5 g/cm^ at a radius of 0. 04 mm. At a repetition
rate of 100 pulses/sec, this would give ~ 10 fusion neutrons/sec and in
some geometry could result in > 10 * neutrons/cm^/sec. The area available
for materials studies, however, might not be more than 100 err/. Clauser
[13] also calculated the proton beam requirement for 25, 50, and 100 ng of

' • • • * !
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DT in the same geometry. At a given proton current below scientific break-
even for any of the examples, the fusion neutron yield was greatest for the
smallest amount of DT, 10 ug. This result could mean that the geometry
was not optimized for maximum neutron yield below break-even. Perhaps
the result is not surprising since the fusion neutron , eld is so sensitive to
the temperature of the DT ions, demonstrating again the importance of a di-
rect heating pulse after compression.

DISCUSSION

Ion beams can penetrate material with an increasing dE/dx an they slow
down culminating in a sharp Br&gg peak containing 5-10% of the initial energy
at the end of their range. As ions converge toward the center of a spherical
object, an additional heating rate effect results from the decreasing radius
of the energy loss shell. They thus can leave a cold outer layer of heavy
material to serve as a tamper containing the inner explosive layer and in-
creasing the time available for thermonuclear burn. The optimum geometry
for maximum yield of fusion neutrons is not yet clear. Clauser [13] has
done extensive calculations for scientific break-even for protons without di-
rect heating but not yet for optimum fusion neutron yield below break-even.
J. W. Shearer [53 has suggested that hollow shell targets are advantageous,
and R. Kirkpatrick et al. [14] have shown that using a concentric inner met-
al shell to achieve velocity multiplication can halve the required power.
Clauser has suggested that further stages of velocity multiplication may re-
duce the power even further.

The possibility of a direct heating pulse after pellet compression looks
attractive. However, the rate of energy loss, dE/dx, in a hot plasma is not
well known. Heavier ions would be advantageous for this if adequate sources
can be developed because of their sharper Bragg peak.

One of the main limitations in ion beam pellet fusion is the space charge
defocussing forces in the storage rings. Neutralization of these forces,
currently beyond the state-of-the-art in accelerator technology, would alle-
viate this problem. Acceleration of the ions to higher energies than consid-
ered would have two beneficial effects. While the additional energy of each
ion would not contribute directly because this energy would be lost in the
thicker absorbing shell required, the space charge limit proportional to p2v3

would be increased substantially allowing higher current. In addition, the
beam emittance, inversely proportional to momentum, would decrease, al-
lowing the beam to be focussed to a smaller spot size. At some energy, the
increase in multiple coulomb scattering and range straggling would offset
these advantages and the optimum energy has not yet been calculated.

The space charge limit could also be increased by making use of the
A/q2 term in accelerating heavy ions that are not fully stripped. The ions

1



-would be fully stripped on penetrating the heavy shell of the target giving the
full heating benefit. While this would introduce other technical problems
(source, vacuum, magnetic fields, efficient stripping to the desired charge
state, etc.) , George Barry [15] has calculated an interesting fusion neutron
yield from 2 x 1 0 ^ Ne/nsec on a liquid DT pellet without compression.

An additional possibility for increasing the ion beam current that can be
stored would be to allow larger (higher Q) beams in the storage rings- The
minimum dimension onto which the beam could be focussed would be in-
creased, but this may not prove a disadvantage for the compression pulse in
which one does not want to heat the DT pellet. The beam Q will be important
for the heating pulse.

Time shaping of the beam appears possible with a standard technique of
accelerator technology called a buncher. After a drift length, the earlier
(faster) particles are decelerated and the later (slower) particles are accel-
erated with rf fields so that all' arrive at the target more nearly simulta-
neously. The technique is analogous in the longitudinal plane to focussing in
the transverse plane. It is difficult to see how this technique can shorten the
pulse length by more than a factor of five to ten, ho vever, and the energy
spread is increased in the process.

Since heavy shells ultimately will give problems with radioactive wastes
and energy is lost in heating them, the use of instability mechanisms in the
DT plasma seems to be an interesting alternative for increasing efficiency
of coupling. Considerable theoretical work is required to investigate this
possibility. If instabilities can be utilized, a particularly attractive possi-
bility appears in higher energy {relativistic) ion beam pulses. The space
charge limit for ring storage increases rapidly with \» and instability satur-
ation levels are also increased with y (provided the beam is of much lower
density than the plasma). A storage ring of 10 GeV (or greater) protons,
with simultaneous extraction from several ports, might form the center of
the pellet fusion system, of high (megajoule) beam energy, and thus high
gain. Conventional estimates [12] for such relativistic beam-plasma sys-
tems give two-stream instability growth rates faster than 10^ sec-* , with
asymptotic saturation levels for energy deposited in the plasma possibly as
large as 25% of total beam energy. Thus if the circulating beam can be
bunched into segments of a few nanoseconds each upon extraction and fo-
cussed on a pellet with emittances comparable to those presently obtainable
with the ZGS linac, scaled inversely with beam momentum, a very powerful
and efficient fusion device might be designed.

PROPOSED RESEARCH AND DEVELOPMENT PROGRAM

A possible program for ion beam pellet fusion development may be di-
vided into four overall phases:

10



(1) Careful conceptual design of pellet neutron source facility.
(2) Engineering design, construct, and test such a pellet neutron

source facility to be used for materials studies.
(3) Establish feasibility of high gain pellet fusion reactor for power

production.
(4) Design, construct, and test such a pel\et power reactor.

Activity in phase 2 would be coordinated with other CTR programs as a test
facility is developed.

Successful completion of phase 4 would entail demonstration of appre-
ciable energy gains in an overall system, up to the output neutron flux. By
this stage, coordination with other design studies on laser and e-beam pellet
fusion reactors will have been carried out. A complete power-ganerating
system including conversion of neutron energy to electrical energy and
breeding tritium (e.g. , from lithium blankets) will be possible then.

Although specific details of phases 2-4 cannot be clearly projected at
this time, it is possible 1,Q outline here the necessary steps contained in
phase 1. These steps may be classified as follows:

(A) Beam switching and focus experiments and experimental energy
deposition studies with 50 MeV linac beam.

(B) Design study for storage rings and beam switchyard.
(C) Construction and testing of cne or two prototype rings.
(D) Experiments on energy deposition using one ring.
(E) Computer studies for optimal pellet and beam configurations for

neutron source, using hydrodynamic compression codes and
energy-deposition Monte Carlo simulations.

(F> Theoretical survey of beam-plasma instability utilization possibil-
ities and other collective transport mechanisms.

(G) Experiments associated with F.

CURRENT STATUS OF WORK (JUNE 1975)

A. Design of Energy Deposition Experiments

Anticipating access to the 50 MeV proton beam from the Argonne ZGS
linac, we are examining possible useful experiments which may be used as
guides for further estimates of energy deposition. Two mechanisms are of
interest: (i) beam-plasma instability effects and (ii) collisional transport of A
energy and momentum in hsavy elements which may be used for coating pel- 1
lets . | |

1
(i) Measurements of enhanced energy deposition driven by the two- f

stream instability in hydrogen plasma may be possible in experiments L-
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sketched in Fig. 2. With available proton fluxes, the two-stream instability
is expected to develop with a characteristic growth rate of about 10"8 sec in
a hydrogen plasma target of density 1012 cm"3. H the rf structure in the
beam is effectively smeareu out or if the instal ility is insensitive to such
structure, the energy loss is expected to be on the order of 0. 1% over a
beam path of 1 m. Such an energy loss is 10^ greater than normal ioniza-
tion loss.

Dramatic enhancements of energy loss have been observed experimen-
tally in experiments with relativistic electron beams [11] in such thin plas-
ma3, with energies on the order of 1 MeV deposited in a few centimeters.
We are not aware of any controlled experiments on this, effect using protons,
although uncontrolled beam-plasma interactions have been observed in sev-
eral laboratories during accelerator and storage ring development.

The dependence on plasma parameters of energy deposition mechanisms
driven by the two-stream instability has been theoretically studied [12] and
appears to be very complex. It is very important that theoretical estimates
be tested as sopn as possible.

(ii) Use of heavy-material shells to increase heating efficiency (and
confinement time) is predicated on estimates of cascading ion motions within
the metallic shell. A desirable goal would be a configuration which would
knock many of the metal ions on to substantial velocities (corresponding to
~40 keV thermal energy); these fast ions then would heat the DT core effi-
ciently. Energy and momentum transport, beginning with a high energy ion
beam, must be studied experimentally since theoretical methods at present
are complex and of unknown reliability. (In the electron-beam fusion pro-
gram at Sandia [2], Monte Carlo calculations are used to predict electron
imposition profiles; there is little experimental verification of their accura-
cy at present.) A quantitative theory for ion beam energy couplings, to fast
plasma ions, would involve collective-acceleration mechanisms; incoming
ions create a high density of electron-plasma excitations, which then collec-
tively accelerate ions. Theories of such effects are still rudimentary, al-
though experiments have been done L16] in some regimes.

Experiments on such effects will probably require measurements of
heavy ion energies resulting from collisions of 50 MeV beam pulses with thin
foil targets. High energy densities can be achieved by focussing the beam to
a minimum spot size, about 1/3 mm diameter. Preionization of the target
volume may be required if plasma collective processes are to be studied.
These experiments will require considerable ingenuity but need not be large-
scale undertakings.

Preliminary experiments to check theory at low energy densities may
require only .the present linac beam. Measurements under conditions appro-
priate for pellet fusion will require one operating storage ring.

12



3. Pellet Codes

The initial effort in this direction will be programming simple hydro-
dynamic codes for homogeneous pellets, without burn heating, using conven-
tional ionization-loss estimates for energy deposition, We expect to study
the compression effect of the incoming ion beam momentum flux, the tem-
perature evolution of the pellet interior, and thermal expansion from core
heating. Coupled equations for electron and ion temperatures, density, and
velocity fields have'"oeen prSgfarnmearand ruhs are being done, by George
Barry at Argonne, using simple homogeneous pellets.

For a pellet surrounded by a heavy shell, to increase inertia! confine-
ment time, we have plans to have available codes run at Sandia to investi-
gate feasibility of substantial thermonuclear burn.

C. Instability Theory and Collective Transport Phenomena

There have been many suggestions in the literature [17] that enhanced
energy deposition through collective plasma phenomena can be driven by the
basic two-stream instability phenomenon. In a plasma target which is uni-
form, homogeneous, and with a monochromatic beam of high velocity, a
simplified theoretical analysis is possible which provides at least an esti-
mate of length and time scales for development of the instability. The total
energy transfer to the plasma target can be plausibly estimated using this
theory for thin plasmas, but computer simulations provide the only method
now available to estimate the total energy deposited in the target long after
saturation of the instability. For highly relativistic beams , the saturation
level can be much greater than in the nonrelativistic case. The initial
growth of such instabilities may be inhibited by collisions in cool dense plas-
mas, and this question is being theoretically studied.

In Fig. 3, we give representative values of growth rates v and charac-
teristic development distances X based on the one-dimensional single-mode
theory [12]. The growth rates have been verified within a factor of two in
one-dimensional computer simulations of the complete plasma dynamics
[12]. If 11Q is the density of plasma electrons, 71b the (spatial) density of
particles in the ion beam, v the beam velocity, M and M- the electron and
(beam) ion masses,

V =

and

X * vb'
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where O)Q = 1T
1fI" '** is the plasma frequency of the target plasma.

For fixed \ , y grows as TL with increasing T,-.

From Fig. 3, we see that initial growth rates much faster than 1 nsec
are expected when a 50 MeV parallel, monochromatic proton beam passes
through a homogeneous DT plasma with electron (target) densities and beam
densities characteristic of our proposed pellet fusion devices. The develop-
ment distances V are longer than typical pellet sizes, however, and the sim-
ple theory for infinite homogeneous plasmas will not apply directly. Insta-
bility may be expected to play an important role in the use of heavy shells of
1 mm or greater thickness; but in such cases, the phenomena may be too
complex to understand through conventional instability analysis.

The applicability of the single-mode instability theory is certainly open
to question with hot, turbulent plasma targets. It has been suggested [17]
that energy transfer mechanisms exist which depend strongly on formation
of localized pockets of high electric field in the plasma. Such "cavitons"
have been seen clearly in plasma computer simulations. In one-dimensional
systems, most of the energy deposited by the beam appears locally concen-
trated in this way. In higher dimensions, the collective mechanisms are
less well understood. These phenomena are now under intense theoretical
study by many groups.

Analytic formulations of such localized collective excitations (soliton)
phenomena are being developed. Saturation of beam-plasma energy transfer
will (presumably) be accompanied by trapping of beam particles in plasma
solitbns. This trapping problem is mathematically somewhat similar to that
encountered in certain particle physics theories, where quarks are confined
by self-interacting gluon fields to form hadrons.

Tn addition to direct energy deposition in the DT plasma, beam-shell
interactions resulting in suprathermal heavy ions are expected to involve
collective ion acceleration. Such mechanisms have been studied at low
plasma densities [16]. We will attempt to develop an experimental program
to study this transport process in metal layers using a 50 MeV proton beam
and a coordinated phenomenology which is suitable for estimating the pellet-
shell efficiency.

D. Accelerator Concept

We envisage an accelerator configuration shown in Fig. 4. The preac-
celerator of 3-5 MeV would have to accelerate pulsed ion currents of 200-
400 mA. This would seem possible since dc electron currents of 20 mA
have been achieved. The post-accelerator would be a series of re-entrant
cavities capable of accelerating any ion to energies of 5 MeV/nucleon. At
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this energy, heavy ions could be stripped to a charge to mass ratio of. 1/4.
The post-accelerator would not be required for protons or a particles. The
linear accelerator would be an Alvarez type, similar to the 200 MeV proton
linacs at Fermilab or Brookhaven National Laboratory but with a drift tube
structure designed to optimally accelerate ions with a charge to mass ratio
of 1/4. A detailed design of ths accelerator system must await further un-
derstanding of the ion beam requirements.

SUMMARY

The technique of charge exchange injection permits storage of ion
beams that can be produced with existing accelerator technology to form in-
tense beams of nanosecond duration. Such beams have several advantages
for igniting thermonuclear fusion in small DT pellets. These are

1. The ability to transport and match the beam to the pellet with mag-
netic fields, hence, no material of the system in direct view of the
fusion.neutrons of the reaction.

2. Penetration with minimal energy loss in a heavy outer shell which
can act as a tamper.

3. The possibility by standard techniques of some time shaping of the
pulses to subhanosecond duration.

4. The possibility of a heating pulse after an initial compression pulse.
5. The inherently high repetition rate of an accelerator based system.

These advantages make pellet fusion by ion beams most promising as a
source of fusion neutrons for CTR studies and, with further development,
for production of fusion energy. Considerable further study of both the ac-
celerator system and the pellet dynamics is required before a definitive de-
sign can be presented. Such a study is under way. The earliest that such a
neutron source could be produced would be 1979, and even this date may be
optimistic.
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TABLE I

pr = 1 g/cm

m

10

1

0.1

lO-2

io-3

lO-4

DT
J

105

104

103

102

10

1

5.4

1.7

5.4

1.7

5.4

1.7

r
cm

x 10"3

x 10"3

x lO-4

x 10"4

x 10""

x 10"5

sL

1,

6

19

60

cm3

190

600

900

,ooe

,000

,000

yield
n/pulse

10 1 9

1018

1017

1016

.1015

1014

2.2

2.2

2.2

2.2

2.2

2.2

o
J

X

X

X

X

X

X

107

106

105

104

103

102

TABLE II

pr = 0.02 g/cm2

m

10

1

0.1

10-2

10-3

10-4

JDT
J

105

104

103

102

10

1

r
cm

3.8 x10"2

-21.2 x 10

3.8 x 10"3

1.2 x 10"3

3.8 x 10"4

1.2 x 10"4

g/cm

0.

1.

5.

17

53

170

53

7

3

n/pulse

10

10

10

17

16

15

1410

10*3

10 1 2
"(V

I
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Fig. 1 Schematic of the Ion Beam Compressor Technique
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Fig. 4 Possible Accelerator Configuration
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