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ABSTRACT

The past history, present status, and future plans of the Ios
Alamos Scientific Laboratory Sherwood program are discussed. A case
is presented for pulsed high-density high-p plasmas as a promising route

to power producing thermonuclear reactions. A proposal for a closed

toroidal theta-pinch experiment (Scyllac) is given. Preliminary plans

are also given for a closed flute-stable system - the Caulked Cusp.
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I. A REVIEW OF LOS ALAMOS FUSION RESEARCH
Je Lo Tuck

A. INTRODUCTION

In this review, I present a case for pulsed,high-density,high-B
plasmas as one route to power producing thermonuclear reactions. The
testimony given before the Joint Committee on Atomic Energy, in March
1964, 0n Los Alamos Sherwood activity is given in part as an appendix.

The review starts with a recapitulation of the characteristics of
a power-producing thermonuclear reaction. These are well-known but so
far beyond present achievements as to tend to be lost to sight. We
then discuss obstacles to the achievement of a power-producing thermo-
nuclear reaction - the immediate obstacle being of course, instabilities
of many types, hydromagnetic, electrostatic, micro, universal, (and
many more yet to be discovered) which limit the duration of plasma
confinement. Lying in wait beyond the instability obstacle, there are
other obstacles not yet encountered in full strength, ee.gs,magnetic
radiation, radiation damage to material of the reactor, plasma contam-
ination,‘etc. These later obstacles are probably very real - but not
so completely dominating to the design as the first one,

Briefly, my case for pulsed dense plasma is statistical:

(1) A confined plasma has a vast spectrum of instabilities,

not all of which will be eliminable, By striving for
reactors with the shortest possible plasma duration T,
one decreases the chance of being struck down by an

instability.




(2) The one process contributing to a thermonuclear reactor

is binary, and consequently increasing with the square

of the density; while of the several processes gubtracting,
some are binary, some are not. Hence increasing the density
tends to maximize the ratio gain/loss.

I try to identify two likely breakthrough points in the T (or n)
spectrum, one with a T as short as the strength of materials will
reasonably allow (about 1 to 20 msec), and another, which bypasses the
strength of materials difficulty altogether by using a z pinch, but
which may have to live with the fast hydromagnetic kink instability
and so be forced to very short times (0.1 to 10 usec) and therefore
heroic extremes of pulse power.

Reviewing next the thermonuclear plasma achievements at Los Alamos,
we have achieved:

(1) The first controlled thermonuclear reaction,

(2) The strongest controlled thermonuclear reaction, in

the sense of having the largest nT (density X time)
- 2 X 10*' ion em  sec for a confined plasma at
thermonuclear temperature,in the world. In an uncon-
firmed thermonuclear reaction, we have an even larger
nt of 2 x 103,
So it seems that the pulsed dense-plasma philosophy has justified
itself,

From our present position, attractive avenues for further advance
are opening up in ways we would not have foreseen two or three years

"ago. Down the main line of the & pinch, it now appears that advance
to within 1/10 of the nT required for a reactor is feasible. Looking
much further ahead, calculations indicate that a powersproducing
reactor from the O-pinch version of the pulsed highedensity approach
is by no means to be ruled out.

The Los Alamos controlled thermonuclear research program over

the last decade has been characterized by a certain reluctance to



build big or grow large, with the result that our activities have con-
sumed no more than one-tenth of the gross Atomic Energy Commission
controlled thermonuclear research budget. Nevertheless we have not been
impeded (until this last year) by shortage of funds (in fact we have in
most years underspent our budget estimates). But to exploit the good
position we believe ourselves to be in and to explore the avenues we
see, can no longer be done so cheaply. An appreciable increase in staff

and expenditure will be required, possibly by as much as 50%.

B. REACTOR PLASMA PROPERTIES

The Ideal Ignition Temperature is the first central quantity one
encounters in describing a power-producing thermonuclear reaction.
First put forward by Fermi in his lectures on Thermonuclear Reactions
in Los Alamos in 1944, it is the lowest temperature at which the
thermonuclear energy production rate exceeds the bremsstrahlung loss
rate., Since both are binary processes, the Ideal Ignition Temperature
is independent of density. Complications follow when one decomposes
the thermonuclear energy into locally deposited (charged particle) and
remotely deposited (neutron). Clearly,for a reactor we had better be
far above the Ideal Ignition Temperature which is 40 keV for d-d,

5 keV for d-t.

The Lawson criterion comes from the basic requirement that the
net thermonuclear energy yield of a plasma must at least repay the
energy cost of preparing and maintaining the plasma. The criterion
turns out to be the product nT, density X time.

This is derived by equating the total energy recoverable from a
plasma, which has been burning thermonuclearly for a time T, via a
heat engine of efficiency €, with the energy it took to create the

plasma.,




We have

e [3nkT + % © <ov>T+ magnetic rad. X T + bremsstrahlung X T

+ any other losses] = (3nkT + magnetic rad. X T 4 bremsstrahlung
X T + other loss.

Leaving aside magnetic radiation and other losses and assuming that
T >> IIT so that bremsstrahlung can be neglected, this simplifies to

(1 - ¢e) 12 nkT
nT =

Q <ov>
Using ¢ = %, we get the values given in Fig. 1. We see a minimum for

d-t at about nT = 6,103 ion cm-asec, T = 24 keV,and much higher values
for &d, nT > 10*®, T = 60 - 100 keV.

Now clearly this is not a firm value - we have left out many factors,
and it may be very hard to get an € of % in real life with neutron
heating of superconductors, etc.; e.g., in the worked-out example of a
power producing reactor given in Chap. XII by Ribe et al; the nT breakeven
point turns out to be nearly ten times higher than Lawson's in one case,
but equal to it in another case when the superconductor is placed out
of reach of the neutrons. However the Lawson criterion lies squarely
athwart the path to a reactor,and nobody will get there without doing
at least as well as this. So it is a valid lower limit and a point
to strive for. Once this point is settled, we are at liberty to look
at the properties of the thermonuclear plasmas it prescribes.

At any given temperature, the number of collisions is a function
of nT. So we can compute the number of ion~ion collisions and d-t
reacting collisions that occur in a Lawson criterion plasma as a function
of T. The curve labeled 90° collision (Fig. 1) gives the nT for a
90° ion deflection, including distant small interactions. The ratio
of the ordinates of the curves, gives the number of ion-ion 90°
deflections per lifetime as a function of temperature. We see the
average ion makes twelve 90° deflections in its lifetime at the optimum
24-keV temperature in DT and four at 200 keV., So such plasmas must

spend most of their time randomized in velocity and direction and must be

10




Pt
IR

I

- DD

1

LAWSON CRITERION

L LU

|

nT cm°sec
|

S NN IS IS (N SN S N N
0 40 80 120 160 200

kT (Kev)
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without orderly bundles of orbits. For d-d, the number of collisions is
an order of magnitude higher. These collision numbers are instructive
in another sense; they show how scattering dominates over reactions.

Since n and T are reciprocally related, it is interesting to examine
the T at which the confining pressure p = B®/8n becomes too high to be
supported statically by the strength of materials. There is no absolute
mathematical limit on this (autofrettage, etc.), but practically one
encounters logarithmically increasing engineering difficulty, once the
extrusion pressure of stiff solids is approached. So a reasonable upper
limit for p is about 100,000 psi = which would be exerted by a 25-keV
electron and ion temperature plasma of density 1017ion/cm?, which
corresponds (nT = 10'%) to a T of 1 msec (Fig. 2). So T less than this
must be ruled out for reactors in which the magnetic confining field of
the plasma tends to burst the coils of the machine. Not all systems doj
force free coils experience only volume compression forces; self-pinched
plasma (z pinches) hardly press on the walls at all. These exceptions
provide ways of circumventing the strength of material limit we shall
discuss later.

The region far to the long-time (left-hand side) of the T diagram
is greatly to be preferred both from the engineering point of view of
working pressures, and also from that of having a smoother flow of power.
Thus a steady-state plasma maintained by particles fed in and bled out
with sojourn time T of several seconds would be ideal. This region has
been the target for most of the Atomic Energy Commission supported
controlled thermonuclear research laboratories - to the extent that it
has absorbed three-fourths to nine-tenths of the expenditures to date.
It is at this point that we at Los Alamos diverge from them.

In order to explain why we prefer the difficult regions marked A
and B in Fig. 2, we first glance at the final state of a plasma con-
finement system. A static magnetic bottle with plasma relaxes to a
uniform plasma resting on and in temperature equilibrium with a wall,

with the magnetic field at its vacuum value. This is the state of

12
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maximum entropy, and minimum free energy. In parenthesis, the plasma
need not rest on a wall if it experiences force describable by a poten-
tial,e.g.,electric or gravitational fields - so that, surprisingly
enough a z pinch could exist permanently in vacuo, in presence of
diffusion, (instabilities permitting).*

Thus in gemeral, a magnetically confined plasma is not in equili-
brium; furthermore it is an exceedingly complex system with of order
n® modes by which it may relax. A catalogue of already classified types
of waves in it would £fill several pages. We can gain some sense of
what will happen in the future on this problem by looking at the past
history of controlled fusion research.

At first, theory was of the simplest, i.e.,infinite conductivity
hydromagnetics., The measures to inhibit hydromagnetic instability,
such as magnetic shear, incorporated in magnetic bottles of those days
were easily evaded by real plasma which executes maneuvers prohibited
by infinite conductivity hydromagnetics., The addition of finite con-
ductivity to the theory was able to explain, e.g.,by tearing, buckling
modes, some of the new effects, It then became clear that even with
finite plasma conductivity, hydromagnetic stability could still be
got by going back to the first principles, cf. Rosenbluth and Longmire
(1957)° in the form of bottles with magnetic walls everywhere convex to
the plasma. Topologically, this forces one to open-ended systems, and
at first approach, to systems with magnetic field zeros (cusped geome-
tries and picket fences) (Fig. 3). These are far from out of the running
these days - but the nonadiabaticity of field zeros is hard to work with,
and these systems find fusion reactor application solely in the pulsed
high-density region. More refined application and rereading of the
literature revealed geometries with everywhere convex curvatures which,
while still open-ended,have no zeros. These are the currently highly
topical nonzero absolﬁ;e minimum bottles (magnetic dimples, wells,
hybrid traps, minimum B). So these systems can be both adiabatic and
flute stable., Experimentally in some cases, a large ~ 100~ to 100-fold

14
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increase in confinement time results from their use (Joffe),but only to
bring to light (this result is not confirmed) another slower instability.

The next improvement (still mentioned in the original Rosenbluth-
Longmire paper of 1957), is the possibility of closing off the open ends
of flute-stable,convex-walled bottles by very strong concave fields,
Since the criterion for amount of instability B I d1l/B (or V") for a
particle sampling all regions on a closed line round the system has
B in the denominator, it should be possible to more than compensate
the flute-inducing drift in the unstable,strong=B,concave part by the
stabilizing drift in the stable,lower-B one. Actually the first such
system was the caulked cusp, proposed by the writer and Longmire in 1957,
and this idea has now become highly topical with Helixions, Multipoles,
toroidal strings of Andreoletti systems (Furth and Rosenbluth)? negative
V" machines,and several more shown in Fig, 3. They should be greatly
superior to open low-8 systems since they have no mirror losses. The
sampling procedure introduces a risk, however, so that the merit of
closed,flute ~stable systems will be related to the closeness of inter-
communications of the good and bad regions. This is the reason for
preferring the caulked cusp to the helixion at Los Alamos.

It seems that there are several measures that can be taken against
hydromagnetic instability - in addition to shaping the magnetic field.
Experimentally and as predicted theoretically, finite Larmor radius
(high ion temperature) seems to have a stabilizing effect, essentially
by smearing out the space charge which drives the flutes. On the whole,
it seems that the outlook for hydromagnetic stability in systems with
closed-averaged I dl/B increasing?backed up by finite Larmor radius
stabilization is quite good.,

Turning to the electrostatic (or micro) instability problem, let
us consider the state and development of a confined plasma meant to

produce power:
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(1)

(2)

(3)

@)

(5)

(6)

)

(8)

(9)

(10)

(11)

(12)

The plasma ion and electron temperatures Ti and Te will
probably be different depending on the mode of generation
of the plasma,

The distributions of ion and electron energies need not be
Maxwellian at birth.

Plasma density falls from n to O in moving from plasma

to field.,

Field rises by a factor of 1/B in moving from plasma to field.
Since the plasma is confined, currents of oppositely directed
electrons and ions flow in the transition region.

In a steady state device, there must be some point where the
stream of diffusion to the wall is intercepted and disposed
of, So plasma must flow along lines to the disposal point.
If the bottle has a region where magnetic lines leave the
system (magnetic mirror), the ions and electrons may have
different loss rates, so that the plasma acquires a net
electric charge.

Such an electric charge would be expected to set the plasma
into rotation in systems with cylindrical symmetry.

The turning points of ions and electrons at the magnetic
mirror may be different, causing compensating electric
fields parallel to magnetic lines to develop.

In the plasma we have a large selection of possible waves
including Alfvén, ion cyclotron, electron acoustic, and ion
acoustic modes, moving in various directions,

Some of these can be expected to form standing waves with
the plasma dimensions, i.es,cavity resonances. This means
greater wave amplitudes with increased effects from
nonlinearity.

The great range of plasma density and magnetic field variation
from center to wall maximizes the possibility of coincidence
between wave singularities and resonances of different wave

species.,

17



(13) Electrons in the sheath radiate at harmonics of the electron

’ cyclotron frequency in a direction normal to the magnetic
field., If the electrons are hot, the radiation (and absorp-
tion) can be strong, such that the mean free path of the
radiation is short and the radiation is black body at the
harmonics. This may alter the electron temperature in the
sheath, creating a temperature gradient. The outgoing radia-
tion will be reflected at the wall, entering the plasma at
some other point with a direction not perpendicular to the
magnetic field. The possibility of stimulated emission, by
the radiation of otherwise nonradiating electrons exists.
Resonances should occur with reflecting walls producing
standing electron cyclotron waves.

And so ony the list could be continued.

We now can expect to find in this plasma: unequal Te’ Ti’ non-
Maxwellian distributions v, # v ., temperature gradients, currents
along magnetic lines, density gradients, flows along magnetic lines,
centrifugal forces, etc., every one of which have been shown to drive
one or another growing wave already classified in current plasma theory.
Current plasma theory usually has to be linearized though nature is
nonlinear. Nonlinear finite-amplitude theory with second-order effects
such as interactions between different model systems is mostly in the
future,

I conclude therefore that:

(1) A great number of kinds of instability are possible

in a confined plasma,

(2) Theory is quite incomplete.

(3) Plasma theory should be heard with attention when it

predicts an instability.

(4) Plasma theory should be treated with reserve if it predicts

stability for any particular combination of plasma parameters
n, Te, Ti’ £, etc,

18




Nevertheless, although vast numbers of instabilities seem possible,
there seem to be excellent chances that some whole classes of wave
instabilities can be stabilized - for example, finite Larmor radius may
again be effective in smearing out wave disturbances. But more than
this, it seems very likely to me that the net bad effect of instability-
enhanced motion across the magnetic confining field may be diminished by
dynamic methods, e.ges,alternating and rotating magnetic fields - for
these can have a continual restoring and reshaping effect on a magnetic
boundary, and can even reverse the direction of the flow of diffusion.
Dynamic confinement methods should therefore be an important item for
laboratories aiming at steady-state confinement. However for the next
few years, it seems very unlikely that all or even a large fraction of
possible instabilities will be stabilizable,

So I conclude that the safest approach must be a statistical one -
the most likely route to a reactor is that least likely to encounter a
killing instability. Now clearly, if instabilities were predominantly
favored by large n, there would be a systematic clustering of instabili-
ties to the small-T,large-n end of the spectrum, leaving the large -T,
steady-state end clear,and my argument for pulsed reactors would be
invalidated. This is certainly not the case with hydromagnetic instab-
ilities or Alfvén waves which are largely independent of n. The electro-
static and wave instabilities are too numerous and varied to generalize.
There will doubtless be some instabilities among them which are favored
at high n, but not all,

We next observe that if we have an irreducible residue of instab-
ilities which produce a randomly distributed set of effective loss times
TyeeeTos then each Ty cancels out all plasmaaconfinement systems with
T greater than Th* Thus the largest possible confinement time for a
reactor must be the shortest T in the distribution,

Hence the reactor least likely to be killed by an instability is
that requiring the smallest effective confinement time,

Once this important point is accepted, the optimum breakthrough

19



points to get to a reactor are those with the smallest Ts: i.e., Region
A in Fig. 2, as close to the strength of materials limit T ~ 1 msec

as seems engineeringly practicable, and Region B in the microsecond
region for z pinches, limited only to keeping the energy release from
being too explosive and the electromagnetic pulse power requirements
too extreme.,

Another argument in favor of the pulsed dense-plasma approach
to fusion power is as follows: In spite of all the instabilities
and radiative loss processes, we know that a power producing fusion
reaction has been made. It is, appropriately, a pulsed high-density
plasma device whose parameter stands a little off the right-hand end
of Fige. 2. By backing off from those dread parameters to the minimum
extent consistent with safety, one at least stands in the vicinity
of a region having a known positive energy balance.

The foregoing arguments for a pulsed high-density approach to
thermonuclear power are not meant to imply that it is the only one.
It merely seems to be the easiest.

The fusion power situation can, it seems to me, be thought to
have distinct analogy with that which occurred in the development
of the internal combustion engine. There the problem is how to maxi-
mize the upper temperature of the Carnot cycle, without destroying
one's engineering materials. The reciprocating internal combustion
engine is the crude pulsed solution to that problem, analogous to
the pulsed thermonuclear reactor. The far more elegant, smoothly-
running gas turbine would then be the analogue of the steady-state

low-B, thermonuclear reactor.
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C. PAST HISTORY AND PRESENT STATUS OF THE
LOS ALAMOS SCIENTIFIC LABORATORY PROGRAM

1

l. The Scylla Theta-Pinch Experiment

The original concept of this experiment in 1957-1958 was to heat a
preionized plasma in two stages, first to a few eV by a strong radial
shock produced by an EG field from a rising Bzﬁgxial) magnetic field,
and secondly by adiabatic compression by the rising Bz field to kilo-
volt temperatures., The first experiments were donme with short ~ 10-cm=-
long coils of 7-cm diameter shaped to produce magnetic mirrors, with
magnetic fields rising to 50 kG in times of about 1.25 usec.

The device produced neutrons from the start, though only on the
second half-cycle of the oscillating magnetic field. It was soon found
that these neutrons were produced from a small ellipsoidal region at
the center of the coil, and that these neutrons were quite different
in energy distribution from the so-called 'phony" neutrons that had been
widely obtained from z pinches, undoubtedly produced by ig§§gb§}itz
mechanisms and not thermonuclear. The extent and number of iﬁE;;iock-
ing and differing diagnostic experiments that have been made on the
Scylla plasmas over the last 8 years are rarely realized. The list
in the main article on Scylla in this report should be read. Elaborate
diagnostic experiments showed that the plasma depended for its high
temperature on annihilation of the reversed magnetic field left over
from the previous half-cycle; that the reversed magnetic field played
some more fundamental role than being merely a residue from the
previous half-cycle was first ghown by Kolb at the Naval Research
\Laboratory.4

A hypothesis for the reversed-field heating mechanism may be of
interest. After the magnetic field reversal, an intense current sheath
sweeps inward, driving‘a shock, This heats the plasma enough to trap
inside the magnetic field left over from the previous half-cycle, The

magnetic compression proceeds,but an internal magnetic-dipole field
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reversed in sign with respect to an external field is highly unstable
with respect to flipping over the internal dipole. So this occurs.

A rigid ring would continue to turn, end over end, the initial config-
urational energy periodically becoming all kinetic. A nonrigid plasma
can never recover its original configuration, so a fluctuating, at
every point increasingly tangled configuration results, the thermal
energy still being divided equally on the average between configura=-
tional and kinetic. The tangling or knotting increases to the point
where motion becomes indistinguishable from thermal. After this, the
compression by the external field proceeds to pressure balance.

There are now many 6 pinches throughout the world. They differ
greatly in their construction and phenomena. In some, the reversed
magnetic field persists, and some produce hollow plasmas with the
reversed magnetic field down the axis. It has been shown that axial
compression contributes heating in some of them, and some show breakup
into plasma rings, twin rotating filaments, etc. The plasma in some
Scylla models develops into a single rotating filament with exponen-
tially growing drift to the wall, i.e., an instability. Scylla has a
higher effective voltage than most 8 pinches, and, in accordance with
the initial philosophy of shock heating, makes more neutrons and is
hotter. The Scylla plasma is not unique, however. There exists one
6 pinch,® that at General Electric (Schenectady), which followed the
Scylla prescriptions quite closely and duplicated the Scylla results
and extended them. The General Electric group discovered that by
resorting to very strong preionization in the presence of a low-bias
magnetic field and at lower pressures, operation could be obtained
without reversed magnetic field heating. The Los Alamos Scylla IV
adopted this technique - which amounts to achievement of the original
concept of the experiment - with great improvements in impurity

content, temperature, and, especially, stability.
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By 1960, evidence for a thermonuclear (but not Maxwellized) origin
for the Scylla neutrons (107 to 10® or more per shot) had piled up to a
point where it must be regarded as confirmed. It would be churlish to
deny the part that luck played in this achievement of the first labora-
tory thermonuclear reaction. Without the reversed-field heating-which
was not part of the original design, the experiment would not have
developed thermonuclear temperatures as it then was,and might have been
abandoned.

The properties of the Scylla plasma are discussed more fully later
in this paper. I shall content myself with certain special questions
which might arise. The Scylla thermonuclear reaction is quite strong
(100 W for 3 usec) but:

(@) 1Is it really a confined plasma?

(b) Could it be grossly unstable but last too brief a time

' to show it?
The present low-density-regime Scylla IV plasma has the following
properties:
'l‘e (Maxwellized) = 300 eV
Ti (largely monoenergetic) - 8 keV
T to half-neutron yield - 3 usec
n - 3 x 10*% ion cm-a
Volume - 50 cc
Total neutron yield - 5 X 10% per pulse
Neutron rate = 1.7 X 10'*

' Configuration ellipsoid - 0.63-cm minor dia, 80-cm major dia
Number of 90°ion-ion collisions per ion per pulse - ~]
Plasma pressure =~ 324 atmospheres
Magnetic field (external) =~ 90,000 G
Magnetic field (internal) - very small
Path length per ion per pulse - 870 cm
Impurity content - <0,1%

Gross thermonuclear power during the pulse - 95 W
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The plasma presents a picture of a field-free region, with ions
executing straight line-paths and being reflected from the magnetic walls,
the motion being predominantly radial. A radially directed ion makes
1400 reflections from the wall in its lifetime - which is surely a
characteristic of a confined plasma. In connection with the second
question: In such hot plasma, flute-growth velocity can be very high -
approximately 50 cm/usec. Although the observed confinement lasts
perhaps five flute~instability e;folding times, no flutes are seen.
Nevertheless when the conditions are changed significantly to lower
temperatures and a shorter coil, in the same magnetic cycle time, major
wall losses occur and strong flutes develop. The higher temperatures
and longer length effects on stability are both indications that some
finite Larmor radius stabilization is being obtained.

Since the ion energy distribution in the Scylla plasma is more iso-
energetic than Maxwellian, it is appropriate to discuss what is meant by
the terms temperature and thermonuclear. Taking the electron temperature
to be zero and outside the discussion: The energy density of a plasma of
n ions/cm® having a Maxwell distribution at temperature T (in eV) is
3/2 ¢ T (¢ = 1.6 x 10*® erg/evV). The energy density of a plasma of n
ions/cm® all having the same energy W (eV) is n € W. Hence a Maxwell-
ized plasma of temperature T is adiabatic with an isoenergetic plasma of
energy Wérg = 3 T/2, The problem we are attacking is the preparation and
confinement of plasma of high average ion energy. If nuclear reactions
are formed by collisions between average members of the distribution, I
define such reactions as thermonuclear. Nevertheless as discussed on
page 18, for a plasma to be power producing, n T will be large enough for
appreciable Maxwellization to have occurred. It is a curious fact that
for a given energy density, the isoenergetic plasma gives the lowest
possible thermonuclear rate at all temperatures for d-d. The relaxation
of an isoenergetic plasma therefore increases the thermonuclear yield.
Nonthermonuclear reactions are those generated by a minority of ions in
nonequilibrium with a majority, i.e., a beam of high-energy particles

circulating in a cold plasma. Such a plasma relaxes to diminish the yield,
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In the earlier high-pressure regime, T, ~ 2.0 keV, a wave of plasma

impurities can be seen (from the Mach-Zehnd:r figures) to form at the
wall and move inward. One of the most encouraging features of the low-
Pressure regime is the absence of such wall effects (Fig. 4).

Two hypotheses, which as yet we cannot distinguish, can be proposed
to explain this: (a) The high-pressure regime has more impurities and
radiates more (about 40 times classical bremsstrahlung). This radiation
may heat the wall and evaporate ite (b) The low-pressure regime shows
no radial diffusion whatever, whereas the high-pressure regime diffuses
somewhat. We may then have sufficient Bohm diffusion by microinstability
in the latter, similarly to heat the wall, Absolute measurements of the
bremsstrahlung rate from the lowspressure Scylla plasma now show that
the bremsstrahlung rate is only twice classical. This is a very low
value indeed. Radiation from earlier Scylla plasmas has been as much
as 200 times classical, and,in the rare cases that such absolute measure-
ments have been obtained from laboratory plasmas elsewhere, the observed
bremsstrahlung rate has been similarly larger than theory. This low
radiation rate has important consequences for the future extension of
the Scylla machine to longer times and closed systems. Until now, the
influx of wall impurities in the high-pressure regime had made it seem
pointless to attempt longer confinement by going to a closed.geometry
Scylla.

2, Plasma Guns, Plasma Injection, and Trapping Studies

The hydromagnetic coaxial plasma gun developed in this Laboratory
provides a directed burst of dense plasma (107 to 10*® ions total) with
energy adjustable from 2 to 10 keV. The operation of the gun is consid-
erably embarrassed by a later emission of slower, cooler plasma. This gun,
now in wide use around the world, makes enough hot plasma that, once it is
injected and captured into a static magnetic bottle, significant plasma
physics experiments can be made. The operation of the gun is not clearly
understood. It does not function by the simple-minded sweeping out of

plasma by a j x B current magnetic-field piston. The energies observed
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Figo 4.

Compressed plasma of the Los Alamos Scylla IV 6 pinch as shown by Mach-Zehnder
interferogram at A = 6943 A, This is near peak compression in the new low
pressure, higher temperature regime without reverse magnetic field heating.

P (initial) = 15 m~torr D:. B applied = 90 kGauss. Time = 1.6 pusec. Plasma
mean length = 70 cm. 1 fringe = 3,10*7 electron/cm®. Mean ion energy (calc)

= 7.3 keV (equivalent to 4.9 keV ion temperature for Maxwellized ion energies).
Electron temperature = 300 eV. Mean neutron yield = 6 x 10®per discharge.

Note absence of wall impurities.




are many times too high for that. Probably some terminal acceleration
process is involved. The plasma slug from the gun exerts dynamic
pressures of # n m 63 large enough to deform multi-kilogauss magnetic
fields. Much interesting work is being done on the conduction of this
gun plasma down magnetic ducts. A first requirement for effective
application of these gun plasmas is to be able to control them magnetic=-
ally, i.e.,stop them, steer them round corners,and so on. It is a sur-
prising thing,after nearly fifteen years of plasma research throughout
the world, that no one has succeeded in steering a slug of hot plasma
round a 90° curve with more than 10 to 20% efficiency. In the laboratory,
such plasmas act in ways that would not be predicted. This is because
actual situations turn out to be more complicated than can reasonably

be foreseen. Certain very interesting trapping possibilities exist

by virtue of the polarization charges which develop when gun plasmas
cross magnetic fields. For example a gun plasma is directed across a
magnetic field, lines of which are continuous, but reversed in direction
from, magnetic lines traversed earlier by the plasma. When the fast
plasma penetrating the field reaches this region, a large current of
polarization electrons can travel along the magnetic lines between the
two regions to cancel the polarization, thus halting the plasma auto-~
matically. This was one of the rare cases when observations on polari-
zation and conduction led to a purposeful change in the magnetic field
configuration - which functioned in the way predicted.

It may be noteworthy that the 1964 United States exchange delega-
tion on their tour of the USSR fusion installations reported a large
increase in Soviet work with plasma guns, ducts,and trapping, very much
along the lines of that at Los Alamos.

3. Plasma Focus Experiment

In 1960 some studies were made on coaxial guns in an effort to
understand how they worked and thereby improve them. To determine the
angular distribution of the ejected plasma, the d-d neutrons generated

when the plasma slug impinged on a distant Dao ice target were plotted.
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This led to the observation that some neutrons were produced at the gun
itself. Further exploration and optimization including working with a
static deuterium filling, resulted in an apparatus which forms a plasma
focus with extraordinary properties.

The focus has a volume of a few cubic millimeters. It generates a
burst of neutrons lasting 0.1 to 0.2 psec, numbering up to 2.10'°. This
is a very large number, and since mistakes have been made about neutrons
before, the methods of detection and margin of error will be discussed.
The yield is not measured by proton recoil in a scintillator, and is
therefore not subject to confusion with y-ray Compton electrons. The
yield is measured by the activation of silver in a standardized moderator-
counter system. Such a method is not subject to intensity or pile-up
errors -- the only errors being:

(a) ref;ection of neutrons from the environment, and

(b) error in calibration or malfunction of the scaling equipment.

The enviromment errors should be small here, possibly 5 to 10%.

The moderator-counter system was developed as a neutron detection stand-
ard many years ago in the nuclear physics department of the Laboratory
and has been adopted and checked widely in laboratories throughout the
world., However, in order to make more sure and increase accuracy, &
recalibration against a standardized d-d neutron source has been made.
We can safely dismiss the possibility that the neutron yield measurement
is in gross errvror.

Knowledge of the nature of the plasma focus is so far quite incom-
plete. The shape of the plasma focus is known, the electron temperature
is known by differential absorber measurements on the bremsstrahlung,
and it is known that the neutrons are close to isotropic. A Mach-Zehnder
interferometer with great field magnification is being set up which
should yield electron line density directly, as was used so effectively
for the Scylla IV plasma. The Los Alamos extension of the Ashby-Jephcott
He-Ne laser beam is also to be applied. This gives a continuous record

of electron density along a very narrow pencil beam.
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To produce so large a neutron rate from so small a volume by
thermonuclear reaction requires a density of about 10*° ion/cn® and
a temperature of about 10 keV, since the duration of the neutron burst
exceeds the Maxwellizing time.

The obvious deduction from the experimental arrangement is that a
sheath sweeps down the space between the inner and outer coaxial electrodes
and contracts into a z pinch when it runs off the end.

However, z pinches (Columbus I - V) were studied extensively at
Los Alamos in earlier years - 1953 onwards. Although these devices
produced neutrons, it was shown that these neutrons were anisotropic,
and,in fact,must have been produced by acceleration in the strong
electric fields of M = 0 (neck or pinchwoff) instabilities.

The ion temperatures in such z pinches were probably quite low.
However, an instability explanation for a yield of 2 X 10'° neutrons
from a few cubic mm of plasma is difficult for two reasons:

(a) The current of 10~keV deuterons required to pass through

a cubic mm of deuterium of demsity 10*° is 5 x 10® amperes,
which far exceeds the total current flowing in the
apparatus (~ 10° amperes).

(b) The neutrons are isotropic,

Another curious inconsistency is that the calculated pinch-off time
for an M = O instability is much less than the observed 0,2=usec neutron
emission period. The suspicion is that we have here, for the first time,
a hot z pinch, so hot that we are getting some finite Larmor radius
stabilization.

If this possible thermonuclear reaction becomes confirmed, which
will need much further study, the nT value of 5 X 10'% becomes the
largest knowm, exceeding the previous Scylla record of 2 x 10*1,

There is a close similarity between the plasma focus and one reported
by Filippov et al,® Their neutron yield was less, and ours was reached
by a different route (stumbled on in fact). The intensity of the d-d

reactions in the few cubic mm of the plasma focus would perhaps best be
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appreciated by calculating how long all the plasmas of the world's
machines would have to run on deuterium to yield 2 X 10*° neutrons.

It is simpler to calculate the running time of one of the largest
steady=state machines - OGRA. This is credited with 80,000 liters
volume of plasma (of density 10%°ion/cm® at mean energy 100 keV), If
filled with deuterium,this gives a total yield rate Y = £ <ocv>V
of 2 x 10° neutrons/sec. It would take about 100 seconds continuous
operation of this large machine to equal the neutrons generated in

~ 245 X 107 sec from the few cubic mm volume of the plasma focus.

D. A SKETCH OF FUTURE PLANS AND PROBLEMS

Opening up before us are numerous attractive lines of research
which as little as a year ago were hidden from view.

1. As we have seen, the Scylla IV plasma is dense and hot. For
the present 3=usec durations it is also stable,so that it does mnot cross
the compression field to any detectable extent but runs quite rapidly
out of the open ends. We need to know how long it would last if the
ends were closed. We do not expect it to remain stable for the classical
diffusion time,of course, but it becomes practically mandatory to find
out what the confinement time for a B = 1 plasma dense enough and nearly
hot enough for a reactor would be.

The problem of a p = 1 plasma in a torus is that of combatting the
outward force on the diamagnetic body = the so-called gross stability -
in the magnetic field gradient of a torus. The solution to this force
problem, by placing alternating Joffe bars on the outside of the torus
is given in Chapter XII. It turns out that the confining system derived
by Furth and Rosenbluth can also be applied (with some modification) to
compensating the outward drift in a torus while maintaining Idl/B
stability.

The plans for such a closed Scylla (Scyllac) are given. This will
require a new building of total floor space comparable with our present

total.
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2. The ~ 0O.6-cm-dia,50~cm-long hot plasma ellipsoid of Scylla IV
makes a natural starting point for a z pinch.

3. To complicate the situation further, Scylla turns out to have
very good reactor possibilities. This is unexpected. It was planned
as a plasma physics experiment - just to make a thermonuclearly reacting
plasma in the laboratory - with no claims to being a prototype reactor.
And it must be admitted, when in the company of enthusiasts disputing
whether their machines would make thermonuclear power for $72.,00 or
$85.00 per kilowatt, the chances that the Scylla plasma at 100 watts
for 3 usec could ever repay the megawatts expended in the compression
coil seemed remote. We have examined the feasibility of two examples
of pulsed high-density reactors (summarized in the Scylla section)),
including multiplying blanket, heat transfer, and stresses. It turns
out to be more straightforward to make a power=~producing reactor than
was previously believed. The extrapolation beyond present plasma
behavior is far less than "engineering concepts" for thermonuclear
reactors have usually had to make.

4, The fast plasmas generated by our hydromagnetic guns make
possible fundamental plasma physical studies of the way anisotropic
plasmas, plasma winds, etc., react with magnetic walls in a way that
it does not seem possible to reach any other way. The gun plasmas
are a vital component of the plasma trapping methods (entropy.and polari=-
zation) for getting gun plasma into magnetic bottles suddenly. If the
confinement time of the closed flute-stable bottles at realistic reactor-
type densities turns out to be milliseconds - what other method is
going to be available for filling them? So a start on a closed flute-
stable bottle with walls of magnetic field thick and strong enough to
hold gun plasmas seems strongly indicated. The problem is which bottle
is safest from the point of view of stabilityi and most economical to
build. Our top priority effort over the last 6 ﬁonths has been on
this problem. It seems fairly clear now that safety and economy are

incompatible - the helixion’ is magnetically more economical than the
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multipole. But the magnetic lines joining different regions are long
and complicated in the helixion and connect positive and negative
curvature regions most directly in the multipole., Plans for a multi-
polar (multifilar) machine powered by a 10-MJ energy storage systems
are advanced but not complete.

5. The concept of a z pinch so strong as to yield a positive
thermonuclear power balance before the fast hydromagnetic kink instab-
ility can take it apart is an old one. Under the title "Columbus X
Concept,'" it is discussed in my previous review of Los Alamos fusion
research for the Atoms for Peace Conference, Geneva, 1958.% The term
inertial confinement is sometimes used (wrongly) to mean fast z pinch.
A z pinch, in fact, gives some confinement over and above that for a
straight implosion, which has the minimum possible confinement. This
concept now comes back strongly for the following reasons: (a) Straight
z pinches were extensively studied at Los Alamos in the years 1952-1957,
Z pinches have a special advantage over all other magnetic confinement
systems in one respect - they give more confinement pressure per unit
of magnetic energy than any other system, but they are extremely unstable.
They provide excellent, though very brief, condensations of plasma
(Fig. 5) but such plasmas were mever hot - merely cold plasma traversed
by a few fast ions. We tried to increase the temperature through
increase of contraction velocity by raising the applied voltage. This
was ineffective; at high voltages the plasma sheath refuses to detach
from the wall which conducts, emitting pressureless impurity plasma.

So we gained no knowledge of what a hot z pinch is like. (b) Now
however, we can make hot plasmas by other methods - Scylla or hydro-
magnetic guns. The experiment of taking the long, 8-keV Scylla IV
ellipsoid, which floats in vacuo away from all walls, as the starting
point for a z pinch 1looks very attractive. (c) On the theoretical
side, the snowplow theory of z pinches, which has been most serviceable

for explaining the contraction process,stops off before the interesting
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Fig. 5.

50,000-ampere z pinch in argon produced at Los Alamos in 1953,




stage when the pinch has contracted to a radius and is at such a
temperature that it is narrower than the snowplow sheath thickness
allows. Such a plasma might even be stable to M = O necking-off modes.
So this old problem needs to be taken up again theoretically and with
computers. (d) In the early 1950's no methods for measuring the den-
sity in z pinches were available; the density was too high to be meas-
ured by microwaves, and the laser had not yet been invented. Such
pinches are now ideal subjects for our Mach-Zehnder technique, which
has worked so well for Scylla. The He-Ne narrow-beam laser should
similarly work well., (e) To get power from a Columbus X type reactor
calls for very large currents and voltages if the disassembly time

is only that given by pinch radius/sound velocity. That the z pinch
might be a candidate for finite Larmor radius stabilization is a
possibility that had not occurred to me previously. But now we even
have evidence that stabilization of some kind may be occurring in the
plasma focus - since the duration is otherwise about one hundred times
too long. If this should turn out to be true, the currents and voltages
for a Columbus X type reactor can become quite reasonable - we can
even start thinking of a d-d reactor. In view of the advantage in
cross section, it can hardly be doubted that the d-t thermonuclear
reactor will come before the d-d. Nevertheless, the multiplying
blanket and the associated tritium chemical plant is a monstrous in-
convenience. It would surely be worth a great deal in terms of in-
creased input power to be rid of them by going to d-d if at all
possible.
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APPENDIX

TESTIMONY OF J. L. TUCK BEFORE JOINT CONGRESSIONAL COMMITTEE
*
ON ATOMIC ENERGY, MARCH 1964

Dr. Tuck: First, speaking to the question in pursuing Project
Sherwood, "Are we flogging a dead horse?". In my opinion fusion power
is one of the really noble worthwhile projects of the present time.
The world will soon have to depend on nuclear power for this, fusion
power is much more acceptable than fission., The reason for this is
not because deuterium is more plentiful or cheaper than uranium, the
fuel cost is a negligible part of nuclear power cost, the real reason
is that fusion is safer, it won't blow up, and it doesn't leave behind
long-lived poisonous fission products. Furthermore, though I do not
consider this important compared with the above, some considerable time
after fusion power is an accepted fact, it logically offers the means
for high specific impulse space navigation, by comparison, with which
all other methods including fission reactor rockets are lame, The
trouble is that the achievement of controlled fusion is a difficult
and subtle matter enormously much more so than fission.

But the very magnificence of the goal of Project Sherwood led its

followers into trouble. For example, some enthusiasts oversold the

* Hearings before the Joint Committee on Atomic Energy, Congress of the
United States, Eighty-Eighth Congress, March 2 and 3, 1964. Part 3,
(U. S. Government Printing Office, Washington, 1964) pp 1467-1470.
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AEC in the first days of the project on its immediacy so that there was
too much money. We Sherwood scientists were inexperienced in this new -
sub ject, and truth to tell, naive, and some of us had new laboratories

to create. Everything that popped into our heads was built and every-
one was hired who could be caught, So there are, let's face it, many
highly respected physicists who scowl at the word Sherwood. As I will
try to show, this is unjustified, in fact there is nothing wrong with

the Sherwood horse, it merely had a wild and misspent youth, Other
countries suffered in the same way, the Zeta pinch in England cost

$5 or $10 million of hard-earned money. It got the same results as our
Los Alamos Perhapsatron which cost only $40,000 and neither were thermo-
nuclear. We don't know about the early Russian mistakes except the

time when they believed the early Zeta claims and crash built a dupli-
cate which they called Alpha.

Considering now the IASL participation in fusion. We got into this
very early, perhaps the first in the United States. We decided to take
the rather down-to-earth approach of trying to make a thermonuclear
reaction, something which had never been done before in the laboratory,
by whatever means we could and however brief it might be, and not bother
too much about reactors. We succeeded at the second attempt in 1958,

Our first attempt was the Perhapsatron which used the simple pinch effect
for which we were the first in (1951), and seeing that it wasn't going

to work, the first out, The pinch effect was prime favorite in those
days, and some European laboratories, after arduous work were just
getting moving on it, when we dropped it at LASL. It caused a sensation.

All the time we resisted the temptation to build huge machines or
hire large staffs. The net result is that we have spent only one~-tenth
of the total Sherwood costs and are by far the smallest in size of the
four AEC laboratories. This sounds very virtuous, but I have now come
to realize that it was suicidal., Representative Cannon, chairman of
the powerful Appropriations Committee has demanded very reasonably that

""'some concepts be cut out, you ought to know enough by now to weed out
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the unpromising ones' and funds for Sherwood are now being restricted.

How is the AEC to take account of these effects? Two months ago
we discussed in Washington the proposal to cut out Los Alamos fusion
completely, the logic being that after all it represents the smallest
capital investment, and is therefore the most economical way of obeying
senatorial instructions., Crazy logic of course, like throwing out the
baby with the bath water. It didn't happen but it has frightened us
and now the cuts are being parceled out among the four laboratories
essentially in the ratio of their size, 4, 4, 2, and 1,

Returning to the IASL story: In 1957 we then turned to the
O6-pinch Scylla apparatus which seemed to give a thermonuclear reaction
from the very beginning. This machine was exhibited in operation at the
Atoms for Peace Conference in Geneva, Switzerland, in 1958 with the
clear understanding that it was probably thermonuclear but that that
still had to be proved. We have passed through four models of this
device and we are now quite certain beyond a shadow of a doubt, that
we had then and now have a stronger true but brief thermonuclear reaction.
The yardstick which measured progress in this field toward a reactor
is nT, density X time, and in this respect our small Scylla apparatus
stands among the highest in the world. There are now many 6 pinches
in fusion laboratories, so much so that Academician Artsimovich was
moved to say in his summary of controlled thermonuclear research progress
at the last international conference in Austria, "“Soon no housewife
will be without one'" but he went on, "but what a feeble thermonuclear
reaction, only enough to give one neutron to each inhabitant of Austria.
We must do better than that'". Well, we have: We now make 1 billion
neutrons per shot, enough to give everyone in the world half a neutron
apiece, Our thermonuclear conclusions have been confirmed and extended
in a scaled~-up Scylla-like device which the General Electric Company
have built with their own funds. It will be exhibited at the New York
World's Fair.

It is surprising to us how little prestige the AEC made out of
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this very real achievement of the first laboratory thermonuclear reaction.
Here, we had an achievement - not just a promise. No doubt, if the AEC
had not had the uncomfortable task of holding the balance among the four
competing AEC fusion laboratories, and we had not been so much smaller,

it would have been easier for them.

There have been two reviews by outside scientific authorities of
the overall Sherwood effort and both times, the Los Alamos work was
picked out for favorable comment. The last review of the General
Advisory Panel recommended an increase of staff for LASL and we propose,
if given the chance, to increase from 50 to 54 people. Our present
budget is approximately $2 million per annum. We are at last beginning
to see how to make an intelligent but prudent expansion of our work,
This is mainly in the direction of closed pulsed systems called caulked
cusps but also involves making longer duration Scyllas,

Our philosophy is to concentrate on pulsed devices for fusion.

The reason for this is not that we wouldn't prefer to have a steady
running fusion reactor such as the other laboratories concentrate on -
but that nature has plenty of surprises in store for us all yet. There
are some quite likely ones (instabilities) which could kill steady
running fusion reactor concepts dead but still leave pulsed concepts
alive, It is safer, therefore, to stay with pulsed concepts and let the
steady running, if nature lets us, come later, It is iromic that just
when we see how money might at last be spent wisely on fusion, the money
that we refused in the early days is no longer available,

I do not know the answer to the problems of growing up. I suspect
there will always be some waste associated with vigorous new growth and
vitality. Certainly if the U.S. effort hadn't started the way it did,
we would now be tremendously behind in the subject vis-a=-vis the rest
of the world. So in a sense, the United States is indebted to the
early superenthusiasts.

But there is still a problem - an organizational one for which I

do offer a solution., Clearly - de minimis non curat lex - the law
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does not occupy itself with trifles = and for you, as representative of
the United States, the relative survival of one laboratory versus another
is a trifle - what matters is whether the job is done. I think the job
will be less well done if Los Alamos gets pinched out.

As for the difficulty of finding the right level at which to support
fusion, I propose that we express it in terms of what we spend on fission -
some small fraction - say 5 percent and peg it there for awhile., Surely
this is logical - both are trying to provide nuclear power but fission
is the more advanced.

Mr. Conway: Except they are cutting back on the fission program.

Dr, Tuck: But 5 percent would still leave us in clover. Thank
you,

Representative Westland: I was just going to say in response to
your de minimis non curat lex that this is a case of res ipsa loquitur.

Dr. McDaniel: Mr. Chairman, I note from the last speaker that
there is no absence of enthusiasm for our project.

Representative Westland: I would like to say that as long as you
gentlemen can keep your sense of humor as exhibited by Dr. Tuck, things
will probably be in pretty good shape in your field. We have the same
problem in the job we have.

Dr. McDaniels I think I would like to call on Dr. Allen Kolb from
the Naval Research Laboratory who has a few words to say before we close.

Dr., Kolb: After the last presentation, I more or less changed the
direction of what I would like to say. Actually, I share Dr. Tuck's
enthusiasm for his Scylla-like machine and it might be interesting just
to say that we spend a substantial sum of money in the Navy to establish
that what he considers to be a fact is a fact.

Representative Westland: I was wondering if I might interrupt here.
Dr. Tuck, was it Scylla that blew up?

Mr. Conway: Some years ago, Dr. Tuck, about 5 years ago, I revisited
your laboratory with Senator Hickenlooper, the day after you had some
sort of explosion. It was right under Dr. Bradbury's office, as I

remember .,
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Dr, Tuck: Actually I always think it is always nice to have a
little change of pace. When we switched the machine on one of the
capacitors blew up and caught fire. It made a tremendous flame., So
whenever I show the people the thing working, I always show the burst

of flame,
Mr. Conway: I think of that in connection with your reference to
fusion advantages compared to fission. You didn't wish to imply that
the fission reactors that have been built today are in any way dangerous?
Representative Westland: A shaking of the head cannot be picked
up by the recorder. I want the record to show that Dr. Tuck shook his

head in a manner to indicate a '"no" answer.
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IT. PERSONNEL AND FINANCIAL HISTORY OF THE LOS ALAMOS SHERWOOD PROGRAM
E. L. Kemp

The Sherwood program began at Ios Alamos in January 1952 with a
group of about five scientists and an annual budget of around $100,000.
In the following 13 years the annual personnel never exceeded 65 people
with a maximum annual budget near $3,000,000, Figures 1 and 2 show,
respectively, the personnel and operating expenses for each year. These
curves show that the cost per man-year has remained falrly constant near
$40,000 for the last 10 years. The total expense budget at Los Alamos
over the whole operation period amounts to approximately $21,000,000.

In years past it was fairly common for ILos Alamos to return some of
its appropriation for use by other Sherwood laboratories. However,
during the past two fiscal years, the Los Alamos Scientific Iaboratory
Sherwood staff has increased from 47 to 55 which is the limit permitted
by the present Sherwood budget. Dr. N. E. Bradbury, the director of the
Ios Alamos Scientific Laboratory, has authorized continued expansion of
Ios Alambs Scientific Laboratory Sherwood personnel to the extent per-
mitted by funds made available in the future. Planned expansion is shown
dotted on Fig. 1 in accordance with the increased funding shown dotted on

Fig. 2. The cost per man-year is roughly constant at $40,000.
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Fig. 1. Sherwood personnel at Los Alamos Scientific Laboratory, 1951-1965.,
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IIT. HYDROMAGNETIC PILASMA GUN DEVELOPMENT
I. Henins and J. Marshall

An obvious way of charging a thermonuclear reactor is to accelerate
a puff of plasma to high velocity, trap it in the contaimment field of
the reactor, and allow the energy of translation to degrade into thermal
energy. In principle it should be possible to accelerate a plasma to
almost any particle energy by, for example, applying 3 x B forces over
a long acceleration path. There are possible advantages in this in-
direct method of heating a plasma in that: (1) The plasma may be at
low temperature while it is accelerated so that boiling of impurities
from walls may be reduced. (2) The high~speed plasma can be removed
from the region where it is generated, where presumably the pressure is
high, to a highly evacuated containment region. (3) Large quantities
of plasma can,in principle,be handled, there being very little of the
intensity limitation caused by space charge in charged particle beams.

There has been a program for the development of hydromagnetic
plasma guns at Los Alamos since 1957. In all of the acceleration
methods which have been tried, the plasma has been derived from a burst
of gas admitted to an initially evacuated system by a fast mechanical
valve. First tried were electrodeless discharges in which the plasma was
accelerated by magnetic mirror fields, either simply time varying as in
a O pinch or moving in space as well (a moving magnetic piston). These

methods were attractive a priori because, there being no electrodes,

46



there could be no contamination by electrode material. Such guns have
been abandoned here in favor of coaxial guns, but have been developed

further elsewhere in the world. Under some conditions they may be

preferable, but the yield of fast plasma is so much larger from a co-
axial gun of comparable input energy that it has appeared more attrac-
tive.,

The coaxial gun in its present local form (Fig. 1), generates and
accelerates plasma between copper electrodes of 3.18- and 8.25-cm
diameter. The electrodes are 50-cm long,and the gas inlet is through
an annular slot in the center electrode 20 cm from the muzzle. It is
driven by a 30-pF capacitor bank at 21 kV which is switched by ignitrons
so as to provide a source inductance at the gun terminals of about
10nH. A fast valve driven by thermal expansion admits about 1 cm®~
atm of deuterium gas through a labyrinth designed to prevent plasma
damage to the dry Viton O-ring which seals the inlet plenum. The
terminal insulator is a pierced Pyrex disk protected from direct radia-
tion from the discharge by a copper baffle. The end of the central
electrode is approximately hemispherical. These perhaps boring details
are given to emphasize the fact that a minor change in any of these
parameters would probably make a major change in gun behavior.
Additional important parameters are the following: delay between gas
admission and firing time, steepness of the front of the admitted gas,
cleanness of the vacuum, and recent history of the gun such as when it
was last fired and with what gas. The present parameters are the result
of an extensive series of experiments designed to optimize the clean-
ness and yield of thermonuclear plasma. Enough parameters are in-
volved here that a systematic search through them is a very difficult
job, and the present gun design is certainly not the best possible,

The mechanism of gun operation can be thought of very simply as
the 3 x B interaction of a radial plasma current with the B = 2i/r
magnetic field of the current along the center electrode which feeds

the discharge. In actual fact it is much more complicated than this,
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Plasma gun design with fast thermal expansion valve. (1) Gas inlet., (2) Sixteen REX-4
cables to valve driver capacitor bank. (3) Driver section. (4) One-half-in.-thick
glass insulator. (5) Lucite clamping ring. (6) Twenty-four B.I.C.C. Type-20 cables to
gun capacitor bank. (7) Sonic line. (8) Outer electrode. (9) Inmer electrode.

(10) Gas outlet holes (15 holes, 1/8-in, diam). (11) Valve spring. (12) Valve plenum.,
(13) Teflon bumper washer. (14) Polyethylene insulation. (15) Phenolic insulator.
(16) Cooling air inlet. (17) Small holes for air outlet.




