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A new device, called the heavy ion plasma accelerator (HIPAC), which may be capable of accelerating
ions of any atomic number to energies sufhcient to overcome the nuclear Coulomb barrier, is described. A
closed potential well is created by 6lling a toroidal vacuum chamber with electrons; the electrons are con-
tained by a magnetic Geld whose intensity is so low that its eGect on the ions can be neglected. Ions are both
accelerated and trapped in the well; the trapping effect allows sufhcient time for the ions to become highly
stripped by electron impact. The very large ion energies that can be achieved in this way would allow a wide
variety of nuclear reactions to be studied, including inverse Qssion. The present primitive state of develop-
ment of the HIPAC is described, and the future prospects assessed.

I. INTRODUCTION

A NEW device, called the heavy ion plasma
accelerator (HIPAC), is suggested which may

make possible the performance of presently unattainable
experiments involving nuclear and energetic atomic
reactions between heavy ions. Based on small scale
experiments'' and theoreticaP4 work already per-
formed, the outlook for the ultimate construction of
the HIPAC is favorable, but there are nevertheless
important unanswered questions having to do with the
attainment of useful operating conditions.

In outline, the HIPAC utilizes the potential well due
to a cloud of electrons; the electron cloud is established
and controlled through the use of time-varying mag-
netic fields. The potential well serves the dual function
of accelerating and trapping heavy ions that may be
introduced, while the electrons of the cloud produce a
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high degree of stripping of these ions. Since the ion
energy is proportional to the charge state as well as
to the well depth, a well depth of 20 million volts wouM
create center-of-mass energies sufficient to overcome
the Coulomb barrier for collisions between nuclei of all
species (see Fig. 1). For the heavy elements (Z) 20)
this condition cannot be matched by any presently
existing or proposed device. Well depths such as this,
while representing an extrapolation on present achieve-
ments, appear nevertheless to be accessible in apparatus
of relatively modest dimensions and cost. If they can
indeed be reached, a considerable range of exper-
iments involving nuclear reactions between heavy
elements becomes accessible. Thus, for example,
collisions between like or unlike nuclei of atomic
number in the medium range 30—50 should give
rise to the inverse of the nuclear-fission process.
Studies of inverse fission could cast important new
light on the dynair'ics of the fission process. While
available "heavy" ion accelerators have already un-
covered an interesting variety of new interactions, they
have only scratched the surface of the possibilities
which should be available to the HIPAC for which
there are no inherent limitations on the nuclei available
for study. Reactions between complex nuclei are
presently achieved' by accelerating projectiles in a

' E. L. Hubbard, Ann. Rev. Xucl. Sci. 11, 419 (1961).
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NEW TYPE OF ACCELERATOR FOR HEA VY IONS

high-voltage machine, the ion would strike the cathode,
and its useful life would be over. In the HIPAC, how-
ever, the "cathode" consists only of the electron cloud
filling the device. The ion therefore continues straight
on, "climbing" the other side of the potential well, until
it comes to rest short of the wall at the potential at
which it was released. At this point it turns around, and
recrosses the well, the process continuing until termi-
nated by a collision or some other event. The essential
point is that ions are trapped in the acceleration region.
If we now introduce more ions, the possibility will exist
of collisions between them in the vicinity of the circular
axis, where both ions are highly energetic. We thus have
a "clashing beam" machine, except that the ions can
approach the bottom of the well from essentially any
direction. It is therefore more a,ppropriate to describe
the ion cloud as having a temperature; in interesting
ca,ses involving stripped heavy ions this temperature
ca,n be many hundreds of millions of electron volts.

There are three important questions to ask concerning
the electron cloud:

(a) How is it to be maintained in position?
(b) How is it to be placed in position initially?
(c) Are there any serious instabilities or other losses?

The importance of question (a) lies in the observation
tha, t the same gradient of the electrostatic potential
which accelerates and traps the ions tends to drive the
electrons to the wall of the HIPAC. The key to con-
ta, ining the electrons is the introduction of a magnetic
field para, llel to the circular axis of the device. This field
may be due to windings around the toroidal vacuum
vessel. iXow in the presence of crossed magnetic and
electric fields charged particles of either sign tend to
drift in the direction perpendicular to both fields with
speed E/8 (Fig. 3). In our case this yields periodic
circular orbits around the circular axis (Fig. 4). The
magnetic field therefore changes the electron trajectories
from a very short one-way trip to the wall into a circular
motion which would in principle last indefinitely. '

With respect to question (b), it is proposed to use a
method called "inductive charge injection" to establish
the electron cloud in its place. This method involves
placing electrons on magnetic-field lines and then com-
pressing the magnetic field. Since this compression can
be thought of in terms of carrying ma, gnetic-field lines
away from the wall towards the bottom of the potential
well, and since individual electrons will tend to stay
on individual magnetic field lines during the com-
pression process, the whole arrangement conceptually
resembles a Van de Graaff generator in which the
material moving belt has been replaced by a belt of

9 Earnshaw's theorem demonstrates the impossibility of static
equilibrium for a collection of free charges; in the HIPAC we are
dealing with a dynamic equilibrium beyond the scope of Earn-
shaw's theorem. A well-known example of this situation is to be
found in the solar system which is clearly in dynamic but not in
static equilibrium.

IRCULAR
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ELECTRIC
FIELD

MAGNETIC FIELD
NOT SHOWN

AJO
AXIS

WALL I WALL

ELECTRON
CLOUD

POTENTIAL

FlG. 2. This 6gure shows the electrostatic conGguration of the
heavy ion plasma accelerator, or HIPAC, and the associated
closed potential well. The way in which a magnetic Geld is used
to keep the electron cloud in position is not shown here, but is
illustrated in Fig. 4.
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Fro. 3. In crossed electric and magnetic fields
I Fig. 3(a)g, a

charged particle follows a cycloidal path. This motion can be
resolved LFig. 3(b)] by transforming to a frame moving at
velocity (RXB)/8' relative to the laboratory. In this frame the
electric Geld E„'vanishes, leaving the particle to make Larmor
circles around the magnetic Geld lines. The cycloidal motion in
the lab frame therefore consists of a uniform drift perpendicular
to E and 8 with speed E/8, and a circular motion around the
Geld lines. These pictures are valid provided only that E/B (c.
If this condition is not met, i.e., if E/B&c, the transformation
to the frame of Fig. 3(b) is not allowed. In this case the particle
can be indefinitely accelerated by the electric Geld. Note that the
E/B drift is independent of the charge or mass of the particle;
these quantities a6ect only the size (and sense) of the Larmor
circle shown in Fig. 3(b). The sense shown corresponds, as indi-
cated, to an electron.

moving magnetic-field lines. Inductive charge injection
has been successfully tested in a small-scale experiment. '

Since the "belt" is only moving "forwards" when the
magnetic-field strength is increasing, it is essential that
any insta, bility or other loss mechanism which allows
the electrons to slip back toward the wall be slow com-
pared to the time scale on which the "belt" can be
moved forward. This time is, of course, the time for
energizing the magnetic held and will typically be
20-100 @sec. Any loss slower than this will have no
effect other than limiting the time for which the
potential remains high. With electron clouds, however,
the characteristic frequencies (plasma frequency,
cyclotron frequency) are large compared with the
frequencies implied by the rise times for the magnetic
field mentioned above. The possible existence of serious
instabilities must therefore be suspected. For the
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FIG. 4. Electron containment by a magnetic field in the HIPAC.
The size of the small orbits is a measure of the electron "tem-
perature. " For the large (drift) orbit, the electric and magnetic
forces are nearly in balance: the centrifugal force (on an electron)
is less than either by the factor rI=r4ra, /eoB'«1 In a to. rus the
intensity of the magnetic field decreases with distance from the
major axis. The effect of this is to shift the whole electron orbit
slightly sideways, but it remains cyclic. The electric field in the
HIPAC is entirely due to the space charge of the electrons; this
yields essentially a solid-body rotation about the circular axis of
the torus for the electron cloud.

moment we shall merely note that the basic instabilities
of electron clouds of the type required are fairly well

known, and that, with appropriate selection of parame-
ters, a considerable and adequate degree of stability
has been observed in small-scale experiments, ' and can
be explained theoretically. ' 4 This point is discussed at
length in the following sections, together with more
thorough explanations of the equilibrium of the HIPAC,
and of the method of inductive charge injection.

Although the motions of the electrons can be under-
stood in terms of the crossed-field drift, and although
this drift is the same for all particles independent of
charge, sign or mass, the ion motions in the HIPAC
cannot be explained on this basis. The reason for this
seeming paradox is that, although the ions would
"like" to drift at the E/8 velocity, there will in general
be insufficient room to accomplish the necessary ac-
celeration. More formally, the ion Larmor radius at
the 8/8 velocity is likely to be many times larger than
the size of the HIPAC; the effect of this situation on the
ion trajectories is illustrated in Fig. 5. Note the minor
importance of the magnetic field: the ions are essentially
oscillating backwards and forwards across a closed
potential well.

If an ion in the condition typified by Fig. 5 undergoes
further ionization, two things will occur simultaneously:
The electric force on the ion is increased resulting in a
greater ion energy when at the bottom of the potential
well, and the magnetic force is increased, resulting in a
greater curvature of the ion trajectory. There is a
critical condition when the Larmor radius of the ion
just equals the radius of the HIPAC. At this point, the
ion velocity produced by falling through the full depth
of the well is close to the E/8 velocity. In a sense, this
is an ideal operating condition for the HIPAC, for any

further ionization will produce a Larmor radius smaller
than the radius of the HIPAC; in this condition the
ion is prevented by the magnetic field from falling
through the full depth of the potential well, but will
tend instead to acquire a motion resembling that of the
electrons illustrated in Fig. 4, that is, at the E/8
velocity.

The essential point is this: the HIPAC is a crossed-
field machine, and tries to bring all charged particles
up to the E/8 velocity. This can be a,ccomplished only
if there is enough room. Plenty of room is available for
the acceleration of the electrons, but not for the ions,
at least when they are only slightly stripped. The ideal
condition for the ions would be to have a Larmor radius
close to the radius of the HIPAC when at the velocity
corresponding to the full depth of the potential well,
but, as we shall see, interesting ion energies can be
attained long before this condition is reached. By way
of example, if E/8=0. 26c, the energy associated with
the electron drift is only 18 keV, whereas an ion at this
speed has an energy 333 MeV. While 33 MeV is not
an especially interesting proton energy, the corre-
sponding figures for heavy ions are highly attractive.
332 MeV is in all cases far above the Coulomb barrier
energy for nuclear collisions which is on the order of
3A MeV for the heaviest ions. If the depth of the well
is 20 million volts, a fully stripped heavy ion can acquire
up to 8A MeV, and even this figure is well above the
Coulomb barrier. At this energy, the ion speed is well
under the figure of 0.26c quoted above and it follows
that the effect of the magnetic field on the ion is slight.

The various numbers that have been quoted all refer
to a sample HIPAC of minor radius 20 cm, major radius
1 m, and well depth 20 million volts. This particular
HIPAC is discussed in detail in this paper. Figure 6
is a "map" of the region of parameter space which
should be accessible to this HIPAC. %hile the various
features of this map are discussed later in this paper,
we can note here that the hatched region is presently
thought to be available for exploitation. Thus, as the
magnetic-field strength increases from 1 to 30 kG, the

ICAL
PAT H

FIG. 5. This figure illustrates a typical ion path in the HIPAC
under conditions for which the ion Larmor radius at the energy
associated with the depth of the potential well is several times
larger than the minor radius of the IIIPAC. Note the crossings of
the path at all angles in the low-potential central region of the
HIPAC.
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field, the use of the term "plasma" in describing it
seems justihed, even though the cloud consists prin-
cipally of charged particles of one sign (electrons) and
is therefore far from electrically neutral as a whole.
We have seen how it can be used to accelerate ions,
and it is from this consideration that we apply the
name "plasma accelerator, " to the device. A different
view of the acceleration process is as follows: an ion
relea, sed at the wall falls into the bottom of the potential
well, gaining kinetic energy. When it is there, its positive
charge reduces somewhat the depth of the well it is in,
and therefore reduces somewhat the potential energy
of every electron in the device. Thus, a, tiny fraction of
the energy of each electron in the machine has been
converted into the kinetic energy of a, single ion. For a
device a,cting in this manner, the name "plasma
accelerator" seems very suitable.

Although the heavy ion reactor appears the most
immediately promising application of the HIPAC, two
other ideas appear interesting and worthy of study, but
are deGnitely further off in time. We mention these
ideas here, as they are of a certain intrinsic interest,
but would emphasize that they are much more tentative
than the heavy ion reactor as discussed. They are as
follows:

(1) No absolute limit on the potential achievable in
these devices has been ascertained, though the require-
ments in terms of size and magnetic-Geld strength
increase as the potential increases. At 5P 10' V or so a
clashing-beam meson factory becom. es a. possibility,
although highly preliminary calcula, tions indicate that
this machine does not have any special advantages as
compared with the proposed LASL meson factory. "

(2) At energies over 1 BeV, accelerated protons are
relativistic and the adva, ntages of clashing-beam ma-
chines in terms of center-of-mass energy become an
important consideration. "We are, however, up against
a fundamental limitation. For such machines to be
interesting the protons would have to acquire a speed
a,t least as great as the E/B velocity, if not greater.
Under adiabatic conditions it is impossible for the
protons to acquire a speed greater than the E/B
velocity. On the other hand, it may be possible to make
the protons behave nonadiabatically (e.g., by excitation
a,t an appropriate frequency). If this were the case, it
would be possible to make a clashing beam machine
for any energy. This possibility has not been
investigated.

This survey of other possible a,pplications of the
HIPAC principle concludes our introduction. It cannot
a,t present be stated with complete assurance that the
HIPAC will work as hoped, or indeed tha, t it will work
at all. However, two years of effort on the subject

' Meson Factories, Report of Ad Hoc Panel to the PKce of
Science and Technology, 1964 (unpublished).

"G. S. Janes, R. H. Levy, and H. E. Petschek, Phys. Rev.
Letters IS, I35 (1965).

indicate that the chances of success are good. Sections
II and III are an eBort to explain the basis of this
assessment. Appendices A, 3, and C treat, respectively,
an energy-loss mechanism that can be important where

many successive ionizations are required, some remarks
on possible methods of nuclear diagnostics tha, t might
be applied to the HIPAC, and a brief indication of a
way by which the desired time variation of the magnetic
field (short rise time, long duration) might be achieved.

II. ELECTRONIC EFFECTS

In this section we discuss certain basic features of
the electron cloud, features which can be discussed
without reference to the possible presence of ions. This
approach allows us to separate the establishment of
the potential well from its use as a tool for accelerating
ions; it also corresponds to the natural experimental
approach to the HIPAC. The features of the electron
cloud to be discussed in this light are equilibrium,
establishment, and stability. Discussion of these sub-
jects on an "ideal" basis, that is, ignoring all loss
mechanisms, allows us to calculate in a general way
important parameters for HIPAC's of different sizes.
These calculations, and a more detailed calculation for
a 20 cm, 26 kG HIPAC are given in Part 4 of this
section. Consideration of multiple ionization and of the
losses due to collisional, radiative, and other processes
is deferred until Sec. III.

where

~ Re8 1M@
1= 25c)

2EpB 2 Me

M p 'Se7ÃeC2 2

~ 2 BP/a

(11 1 1)

(II.1.2)

Taking the potential of the axis as zero, the potential
increases parabolically with radius, reaching the value
n, ea'/4pp at the wall.

1. Equilibrium

The discussion of the equilibrium in the HIPAC is
simplified by separating it into two parts. First we
discuss the equilibrium of an infinite cylindrical system;
the cross section of this system will closely resemble a
meridional section of the toroidal HIPAC. Second, we
discuss the effect on equilibrium of the toroida, l shape
of the true HIPAC.

Suppose the inGnite cylindrical system is filled to
uniform density e, with electrons. The radial electric
field E„will increase linearly from zero on the axis to
e,ea/2pp at the wall (radius a). If the magnetic 6eld B
is assumed unaffected by the electron current, the
azimuthal drift velocity E„/B,will also increase linearly
with radius, going from zero on the axis to m,ea/2ppB at,
the wall. This corresponds to a "solid-body" rota, tion
of the entire electron cloud with angular velocity
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The ratio q is a number of particular importance in
the theory of crossed-field electron beams. It has the
value unity when the magnetic energy per electron is
about 250 keV. In the HIPAC, q will generally be much
less than unity ( 0.001 to 0.05) so tha, t the magnetic
energy per electron will range from 5 to 250 MeV. A
different interpretation of q is the ratio of the centrifugal
force on an electron to the electric or magnetic force.
When q is small, the centrifugal force (in the large
"drift" orbit, not the small Larmor orbit of Fig. 4) is
negligible compared to the electric andmagnetic forces
which are closely balanced. It is just when these forces
are balanced that we can neglect the electron inertia,
and write for the electronic equation of motion

8+v, &&8=0.

The drift velocity E/B is, of course, the solution of this
equation for e,. One more interpretation of q is of sig-
nificance. I et us calculate the ratio of the so-called
electron magnetron radius r, (i.e., the Larmor radius
at the E/B speed) to the size a of the systeni. We find

r, m, (E/B) m, rt, e

e8 2 &p

CURRE

!

'I

!

!
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from Maxwell's equations;

AB/Ar =tsprt, ev. ,

n, =E/B,
DF'/Ar =rt, e/e p .

From these equations it is seen that

(II.1.5)

(11.1.6)

(11.1.7)

FIG. 7. This figure illustrates the essential decrease in magnetic
field intensity across any section of the HIPAC. When the mag-
netic Geld is due to a current Qowing along the major axis of the
HIPAC, as illustrated (and returning at a large distance), the
magnetic Geld is purely azimuthal, but decreases inversely with
distance from the major axis.

Note that this derivation depends on the fact that the
entire electric field is due to space charge, i.e., that the
electric field is not applied by means of external elec-
trodes. Finally, q is approximately the ratio between
the kinetic and potential energies of a typical electron.

In the equilibrium described above the electrons ca,n
be described as "cold," that is, they participate in the
directed motion associated with solid-body rotation.
They may also ha, ve a "thermal" motion which would
consist of Larmor orbits of a certain size superposed
on the general rotation. Such a thermal motion would
not affect the equilibrium condition. Note that this
equilibrium is fundamentally different from the equi-
librium postulated for the I layer in the Astron. " In
the Astron the electric force is negligible, and equi-
librium is established by balancing magnetic and
inertial forces. The drift velocities contemplated for
the HIPAC correspond to electron energies in the
ra, nge j.o—100 keV. This compares with 5 MeV or so for
the Astron.

The assumption of uniform electron density made
above is by no means necessary. Equilibrium is present
for arbitrary variation of density with radius, although
in general the rotation will be more complicated than
solid body a,nd certain configurations are known to be
unstable.

The electron motion produces currents which tend
to reduce the magnetic field at the axis of the HIPAC.
This effect can be estimated quantitatively as follows

~ N. C. Christofilos, in Proceedings of Znd U. X. Conference on
Peaceful Uses of Atomic Lrtergy (United Nations, Geneva, 1958),
Vol. 32, p. 279.

(II.1.8)

V,„,„=const. cBa. (II.1.9)

This maximum typically occurs for v, /'c around 0.7.
The above remarks all apply to equilibrium in infinite

cylindrical systems. We now turn to consideration of
equilibrium in toroidal systems where the situation is
not as yet clear although some relevant remarks can be
made. The basic fact is that in a toroidal geometry, the
curl-free condition on 8 requires that the magnetic-
field intensity decrea. se with distance from the major
axis. This feature is easily seen to hold if the magnetic
field in Fig. 7 is supposed due to a, current Qowing along
the major axis of the device in which case we have
B~ 1/R where R is the distance of any point in the
HIPAC from this axis. Now it is known from experi-
ence with stellarators" that static equilibrium in a
simple toroidal geometry is impossible for a, ventral

~'1. Spitzer, Jr., Phys. Fluids j., 253 (1958).

and hence that the reduction in magnetic field is not
important until the electron drift velocity approaches
the speed of light. More detailed investigation shows
that a,s n, ~ c at consta. nt magnetic-field strength (as,
for example, by increasing E at the wall), the total
potential across the system actually drops because of
the necessity for removing charge from the center when
the magnetic field there is practically annulled. As a
result, there is a maximum potential attainable for a
given magnetic-field strength a,nd radius a which is of
the form
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rIG. 8. This figure illustrates the e6ect of the gradient in the intensity of the magnetic Geld (as shown in Fig. 7) on the confinement
of (a) a neutral plasma and (b) an electron plasma. Case (a) represents the situation as it would exist in a stellarator without rotational
transform as shown. The electric field produced by charge separation leads to an E')&8 drift of the whole plasma to the outer wall,
that is, to a region of lower I3. In the case of the HIPAC LFig. 8(b)) the situation is dominated by the space-charge electric field due
to the electrons which is radial. This radial Geld produces a rotation of the electron cloud and appears to permit an equilibrium to exist
without the necessity for a magnetic rotational transformation. There may also be a slight shift of the whole electron distribution to-
wards the major axis. Added in proof: Highly preliminary toroidal experiments appear to support this point of view.

plasma, and this fact can be demonstrated from both
the particle and the continuum points of view. In the
first case, the inhomogeneity of the magnetic fieM
produces a drift which will be down for the electrons
if it is up for the ions [see Fig. 8(a)].The charge sepa-
ration that results then produces an electric fieM
parallel to the major axis which causes the entire
plasma to drift, outwards, away from this axis. This is
the particle view of the desire of the plasma to squeeze
itself out of regions of high magnetic field and expand
into a region of lower magnetic field. The same tendency
has been elegantly derived from the continuum view-
point by Yoshikawa, " who makes use of the virial
theorem.

For the stellarator, which is supposed to contain a
neutral plasma, this effect is overcome by the "rota-
tional transform. ""We need not describe this tech-
nique here, however, since it is not at all clear that any
such complications are required for the HIPAC.

We observe first that the addition of a radial electric
field (that is, an electric field of the type contemplated
in the HIPAC) has been shown both experimentally" "
and theoretically'7 " to reduce particle losses in the
stellarator. From the particle point of view it can be
seen (as shown by Bishop" ' and Budker") that the
rotating motion produced by the electric field tends to
cancel out the met particle drift —upward or downward—that would otherwise be present. This is illustrated
in Fig. 8(b). Instead, the circular (equipotential) tra-

'4 S. Yoshikawa, Phys. Fluids 7, 278 (1964).
'5 J. G. Gorman, Bull. Am. Phys. Soc. 10, 195 (1965).
~ J. G. Gorman and L. H. Th. Rietjens, Plasma Physics

Laboratory, Princeton University, Princeton, New Jersey,
MATT-346, 1965 (unpublished),

"A. S. Bishop and C. G. Smith, Bull. Am. Phys. Soc. 10, 23
(1965).' C. G. Smith and A. S. Bishop, Hull. Am. Phys, Soc. 10, 23
(1965)."G. I. Budder, in Plasma Physics and the I'roblem of Controlled
Thermonuclear Reactions, edited by Academician M. A. Leontovich
(Pergamon Press, Inc. , New Pork, 1961), Vol. I, p. 78.

jectory that would be present if the magnetic field were
uniform is slightly shifted towards the major axis but-
and this is the essential point —it remains closed, or
cyclic, and therefore does not lead to a loss of the
particles to the walls. A slight distortion or shift of the
orbit is, of course, of no consequence.

This apparent stabilizing effect of a radial electric
field has not yet been thoroughly analyzed from the
continuum viewpoint; a calculation performed by the
authors appears to give the same result as that obtained
by Budker, "but is still in too preliminary a stage to be
regarded as a proof. On the other hand, Yoshikawa's
method' of using the virial theorem to demonstrate
the impossibihty of a simple toroidal equilibrium for a
neutral plasma definitely breaks down when an im-
portant electric force is present; thus, the virial theorem
cannot be used to show that equilibrium in the HIPAC
is impossible.

In the HIPAC it is proposed to use an electric field
vastly stronger than anything contemplated or possible
in the stellarator. Thus, the effects of a radial electric
Geld—already shown both experimentally and theo-
retically to be favorable —can be expected to be of
great importance in the toroidal equilibrium of the
HIPAC.

In somewhat more general terms, it can be argued
that one would expect to be able to contain a chu~ged

electron plasma in a torus. This is because of the im-

portance of forces due to the image charges; these
forces cause the electrons to rotate and this rotation
tends to cancel any net upward or downward drift.
This argument may refer more to stability than to
equilibrium, but seems reasonable in either case. In the
end, however, while the situation looks hopeful, the
answer to the problem of containment in toroidal
systems is not yet known, and this problem is one of
many which urgently need further experimental and
theoretical study,
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2. Establishment

As in all machines in which charged particles are
required to move adiabatically on closed orbits, particle
injection is a problem needing careful attention. For
the HIPAC the difhcult part of the injection procedure
is to get the electrons into their positions; once this
has been done, ion injection should not pose any
problem. A workable method of electron injection has
been suggested and demonstrated experimentally at low

( 10-kV) voltage. No reason is known why the same
method will not operate well at much higher voltages.

This procedure, called inductive injection, depends
upon introducing the electrons near the outer wall of
the HIPAC while the magnetic field is rising to its
desired value. When the magnetic 6eld has reached its
final value, injection is completed and (apart from
losses) the whole device could be maintained indefinitely
at this condition as long as the magnetic field is main-
tained. Some additional comments on how this mode of
operation might be achieved are given in Appendix C.

The principle of inductive injection can be viewed
from several angles. Ke can consider that an electron,
once placed on a given Qux surface, will subsequently
follow the motion of this Qux surface, provided that it
moves sufficiently slowly. As the magnetic 6eld in-
creases, the Qux surfaces are compressed towards the
circular axis of the HIPAC, thus carrying the electrons
away from the wall. In carrying the electrons away
from the wall, the electrostatic 6eld is energized. The
source of this energy is in the capacitor bank energizing
the magnetic field. An alternative view is to observe
that as the magnetic 6eld increases, an induced electric
field will appear in the azimuthal direction (Fig. 9).
Electrons experiencing this electric field will (by virtue
of the presence of the magnetic field) drift radially
inward at right angles to both fields. This direction of
drift corresponds to the direction of the Poynting or
power Qow vector, and agrees with the idea that mag-
netic fieM lines are "born" near the windings, i.e.,

ELECTRON
PATH

FIG. 10. The tightly wound spiral electron orbits which result
from the inductive injection process are illustrated in this figure.
In practice, the spiral would be much tighter than that shown here.
Electrons follow the spiral trajectories inward when 8 is increasing
and vice versa.

2%'

r E's(r, 8)do= —— 27rrBdr. (II.2.1)
dt

There is, therefore, an average azimuthal electric field
Ez given by

(II.2.2)Ee ———,'rB.

For simplicity, 8 has been assumed spatially uniform.
An electron making a circuit of the circular axis of the
HIPAC at radius r is subject to this average acceler-
ating electric 6eld. Instead of simply causing the
electron to move faster in its existing orbit, the electric
field Eg produces a radial drift in the direction per-
pendicular to Eg and to B. The average speed asso-
ciated with this drift, u, is given by

outside the HIPAC and are then carried away from the
coils towards the axis of the device as the fieM strength
rises.

The above remarks can be made quantitative as
follows: when the magnetic-field strength varies
temporally, there appears an azimuthal induced electric
field which must satisfy

lCAL ELECTRON
PATH

FIG. 9. Illustrates the principle of inductive charge injection.
When the magnetic field is steady the only electric field is the
radial field E, due to space charge, and the only drift is the
azimuthai drift B„/8,. When B is time varying, an induced
azimuthal electric Geld appears, Ee=rB/2, at radius r. This
electric Geld yields a radial drift speed Es/B, =rB/2B. This drift
is inwards when 8 is increasing and vice versa. Since this speed
will normally be small compared to E„/8„the electron paths will
resemble tightly wound spirals, as shown in Fig. 10.

where the minus sign indicates radiallyirImurd motion
when 8 is positive. The work done by the electric field
E& increases the potential, but not the kinetic energy
of the electrons. The velocity u can also be interpreted
as the radial "velocity of the field lines" (see Longmire"
for a discussion of this notion).

The net motion of the electrons in the presence of
the radial and azimuthal electric 6elds is illustrated in
Fig. 10.It consists of a very rapid azimuthal drift at the
speed E,/B, and a very slow radial inward drift at the
speed Es/B. The combination of these motions is a
tightly wound spiral orbit, as shown.

Equation (II.2.3) for the electron velocity is, of
course, an adiabatic approximation, but will be valid

~ C. L. Longmire, Elenserltary Plasma Physics (Interscience
Publishers, Inc. , New York, 1963).
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I (t) = 2zraten, (a, t)zz(a, t) . (II.2.7)

l is the total length of the injection system, and might
be equal to 2vrE, the major perimeter of the HIPAC.
Substituting for zz from (II.2.3), we find

injection to take place uniformly in the axial (magnetic
field) direction, and neglecting azimuthal asymmetries
in the injection process, the total injection current J is
just

L ELECTRON
PAT H

I(t)/etzra'B= ff a'B(t)j. (II.2.8)

FIG. 11.This figure illustrates an early experimental test of the
inductive charging concept. This experiment was straight (rather
than toroidal) and had insulators at the ends of the cylinder.
There was also an inner concentric cylinder of the same length
whose sole purpose was to facilitate the measurement of the
electrostatic potential between the axis and the outer cylinder.
The outer cylinder was lightly silvered on the inside, and the
inner cylinder was lightly silvered on the outside so that the
magnetic 6eld could penetrate both surfaces. Electrons were
injected by a small gun firing, as shown in the direction of the
J"„/B,drift. The electrons were then carried inward by the rising
magnetic 6eld, those emitted early in the cycLe being collected on
the inner cylinder. Typical experimental results obtained with
this apparatus are shown in Fig. 12.

88, 18—+——(n,zzr) =0.
8t r Br

(II.2.4)

This equation ignores the rapid azimuthal drift motion
of the electrons. This azimuthal drift is normally at a
speed far greater than N, but, for reasons of symmetry,
it does not contribute to the equation of continuity.
Substituting for zz from (II.2.3), and assuming that B
(and hence B) is approximately uniform in space, we

find
80, 18 8

(n,r') =0.
Bt 2r 8 ter

(II.2.5)

This equa, tion ha, s the general solution

n, (r, t) =B(t)f[r'B(t)] (II.2.6)

where f is an arbitrary function. The physics, l meaning
of this equation is that r'B(t) =constant is the char-
acteristic trajectory (in space and time) of a flux
surface, and that the quantity n,/B is conserved as this
surface moves about. The arbitrariness of the function

f has to do with the value of n, /B established by the
electron injection system (whatever this may be—see
below) at the wall r=a of the HIPAC. Assuming

as long as the chara, cteristic time for compression of
the magnetic field (B/B) is greater than the electron
cyclotron period —a, condition virtually impossible to
violate in practice.

To see how the motion described by (II.2.3) dis-
tributes the electrons, we write an equation of con-
tinuity for the electrons, assuming azimuthal sym-
metry. This is

This equa, tion shows how the function f is determined
by the ratio of the injection current to the total induced
electromotive force around a meridional section of the
HIPAC;

4= ~u'B. (II.2.9)

The left-hand side of (II.2.8) is indeed the ratio of
I/et (the number of electrons per unit time per unit
axial length entering the system) to raz'8, which, in
webers per second, is the rate at which Aux lines are
entering the system. In this way the ratio represents
the number of charges per unit axial length per Aux
line, or the number of electrons actually placed on each
field line as it passes into the HIPAC. This ratio is (a,s
a function of I:ime) to a large extent under our control.
Suppose, as a, simple example that we inject in such a
manner as to maintain I/B a constant. The function f
is then a simple constant. From (II.2.6) this implies
that the electron density is then at all times uniform
in space, but that the level increases with time as the
magnetic-field strength increases.

An interesting conclusion can be drawn from the
description (II.2.6) of the compression process. The
quantity q is proportional to n, /B', whereas n, /B is
conserved for each parcel of electrons. It follows that

50 p SEC/CM
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FIG. 12. A typical oscillogram obtained with the apparatus
illustrated in Fig. 11.In the upper half, the traces show B and 8;
the quarter-cycle time was 100 psec. The trace near the axis shows
the voltage applied to the electron gun; this was about 200 V for
15 @sec. The lowest trace shows the variation of the potential
between the inner and outer cylinders. A maximum of 4 kV was
achieved, representing a voltage multiplication ratio of 20. More
importantly, the distribution of electrons at different times was
calculated assuming ideal adiabatic motion. At each instant of
time, the distribution was integrated to give the radial potential;
account was taken of the collection by the inner cylinder of
electrons whose field lines were compressed inside it. These calcu-
lations are indicated by crosses, and are in excellent agreement
with the experimental data. The residual potential at the end of
the experiment represents the electrons collected by the inner
cylinder.
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the value of q for each parcel of electrons decreases by
the same factor by which 8 increases. This is con-
venient, since injection may take place at a value of q
not much less than unity, whereas it is desired that q
should be roughly between 0.001 and 0.05 in the final
state.

Although we have, in the preceding paragraphs,
brought up the subject of electron injection, the subject
has been treated only in generalities. We now consider
the process in somewhat finer detail. We note first that
the distribution of E& around the cylinder may or may
not be uniform. If the wall thickness of the HIPAC is
small compared to the skin depth (at the frequency
associated with 8/8), Es will be equal to E& uniformly
around the circumference. This was the basis of early
experiments on injection; these experiments are illus-
trated in Figs. 11 and 12. They involved the use of an
electron gun inside the HIPAC, however, and, while
they were reasonably successful as a first try, this
method of injection has since been abandoned in favor
of something much more elegant.

The new method involves making the wall of the
HIPAC out of a good conductor, and then splitting
the cylinder to make a slot, as shown in Fig. 13.In this
arrangement the cylinder is an equipotential, so that
the induced electromotive force @=xu'B all appears
across the slot, which can be quite narrow. All the field
lines now enter the system through the slot, and
electrons may be placed on them as they pass through.
This method has the obvious advantage of leaving the
interior of the HIPAC entirely clear of Ohstructions.
This method has been successfully demonstrated, and
an experimental oscillogram is shown in Fig. 14.

In general, the development of techniques for
injecting is an area that definitely requires attention
to the details of design, but which does not appear to
reveal any insuperable problems. The problems are
closely related to the problem of injecting into a
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magnetron which is reasonably well understood. "
Quantitative differences remain, however, and the
effect of these must be studied in detail. Among these
are the requirement of the HIPAC that an injected
electron acquire in the gun an energy not very much
less than the energy it will have in E„/8,drift once it is
inside the machine. Since the accelerating potential in
the "gun" as shown in Fig. 13 is less than xu'B, certain
fairly stringent requirements are imposed on the rise
time of the magnetic Geld. There may, however, be
ways to avoid this difhculty by independent means.

The rise and decay times for the magnetic Geld need
not be identical (nor even comparable). In a practical
device we envision a short rise time for the magnetic
field followed by a long period of substantially dc
operation. Thus, a requirement for a very short rise
time for the magnetic Geld would not preclude the
possibility of long duration operating times. These
ideas are discussed in greater detail in Appendix C.

GAP VOLTAGE: l35 VV„„:I2.5 kv

FxG. 14. Results obtained with the apparatus of Fig. 13. The
upper trace is 8; it peaks at about 100 @sec. The lower trace is
the potential between the cylinders. The maximum gap voltage
(induced by B) was 135 V, the peak voltage between the cylinders
was 12.5 kV, yielding a gain of about 90. The traces have no
significant interpretation after the magnetic field declines to zero
due to the occurrence of discharge on the insulating end plates. A
simple estimate of the injection current and hence voltage history
that this arrangement should yield has been made. The measured
voltage history is in good agreement with this prediction.

LIT STAINLESS
EEL CYLINDER

GLASS ENVELOPE
WITH SILVERED EXTERIOR

Fxe. 13.This experiment is similar to that illustrated in Fig. 11,
except that the outer cylinder is now solid metal (i.e., thick com-
pared to the skin depth at the frequency B/B), and it is slotted.
The entire induced electromotive force ma'B now appears across
the slot. Hence, all magnetic Geld lines enter through this slot.
The gun now consists of a long heated filament set well back in
the slot; no additional electric Gelds are applied. Results obtained
with this apparatus are illustrated in Fig. 14.

3. Stability

Turning next to the problem of stability, we note
first the existence of a large reservoir of potential energy
all of which is readily available for driving any insta-
bility mechanism that may exist. A serious instability
could cause the electric field to collapse in a micro-
second or less, and render the HIPAC totally useless.
As against this possibility, 2 years' experimental and
theoretical work on this problem has yielded highly
promising results.

An experiment was performed (Figs. 15, 16, and 17)
in a geometry related to that of the HIPAC in which
electrons were contained for over a million orbits;
furthermore, the rate of loss of electrons (the anode

~' G. S. Kino, in Crossed-Field Jj/Iicromave Devices, edited by E.
Okress (Academic Press Inc. , New York, 1961), Vol. I, p. 164.
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LThis formula is the two-dimensional analog of
(11.1.1).) We observe that when q((1, as happens in
the cases of interest to us

GROUNDED
END PLATE

INSULATED
ANODE

SUPPORT cop(&o)„((co,. (II.3.2)

TYPICAL
ELECTRON

TRAJECTORY

F IELD
COIL

INSULATED
CATHODE
SUPPORT

-QUARTZ
TUBE

GROUNDED
END PLATE

The basic instability of electron clouds having shear
as above is called the "diocotron" or "slipping stream"
instability" ' and forms the basis of the theory of the
crossed-Geld microwave magnetron. While we do not
intend to give a review of diocotron theory here, the
following observations are worthwhile: in the presence
of a uniform (static) magnetic Geld, and in the absence
of collisions and other nonadiabatic effects the canonical
momentum

(II.3.3)

of each electron is conserved, and, furthermore, the
same value of this Inomentum is conserved for each
electron. We can therefore differentiate (II.3.3) in the
x direction to obtain

COP= eC (II.3.4)

FIG. 15. This steady-state inverted magnetron-type experiment
was performed with the object of studying the containment of
electrons in crossed electric and magnetic Gelds. The geometry
resembles that of the HIPAC except that it is linear rather than
toroidal, and that the anode is at the center rather than at the
outer wall. Electrons from a space-charge limited cathode are
attracted to the anode by an applied potential of up to 10 kV.
The anode current is then measured as a function of the applied
magnetic Geld. The results are shown in Fig. 16.
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current) scaled directly with background gas pressure
indicating that the diffusion was entirely classical. The
importance of this result lies in the observation that
instabilities can easily be imagined with growth rates
on the order of the circulation time; these evidently
did not exist at least for the experiment actually per-
formed. Of course, there might be one or more insta-
bilities with much slower growth rates, but even if such
instabilities did exist they should be easily controllable
by feedback means. Feedback. schemes have been used
with success in particle accelerators to control unstable,
slowly growing (radio-frequency) modes due to wall
resistance. "—"

To be more precise on the question of instability,
the basic driving mechanism for any interesting mode
can be seen to reside in the electric Geld; in the presence
of the electron cloud, however, the electric field has a
nonvanishing divergence and this leads to a shear in
the electron drift velocity, In a simple two-dimensional
conGguration as illustrated in Fig. 18, this shear or
"vorticity" can be calculated as follows;

du„d(Z,/8, ) 1 e,e or„'
~o= = — ——— —— = qa) . (II.3.1)

dX' ~z &p +c
22R. A. Otte, H. Kamei, and C. H. Pruett, Bull. Am. Phys.

Soc. 10, 457 (1965).
~ F. E. Mills, Bull. Am. Phys. Soc. 10, 458 (1965).' C. H. Pruett, F. E, Mills, and R. A. Otte, Bull. Am. Phys.

Soc. 10, 458 (1965).
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FIG. 16. Current-magnetic field plots for the apparatus of Fig.
15. For low 8, large anode currents were drawn and the experi-
ment emitted considerable rf noise. For 8 larger than a critical
value (dashed line) but at the same applied voltage, the current
stabilized at a low level, and the experiment became very quiet.
The final current scaled linearly with the background pressure
indicating that the anode current was principally due to classical
diffusion. The interpretation of these results is given in Fig. 17.

2' G. C. MacFarlane and H. G. Hay, Proc. Roy. Soc. (London)
63, B409 (1953)."O. Buneman, in Crossed-E~i'eld Microwave Devices, edited by E.
Okress (Academic Press Inc. , New York, 1961), Chap. 5.

~~ R. W. Gould, Tech. Rept. No. 3, Electron Tube and Micro-
wave Laboratory, California Institute of Technology, 1965
(unpublished).

B. Epsztein, Compt. Rend. 240, 408 (1955).
N O. Buneman, J. Electronics 3, 1 (1957l.



NEW TYPE OF ACCELERATOR FOR HEAVY IONS 937

IO,OOO—
9000—
8000—
7000—

6000—

5000—M
l~0 4000—

3000—
X
LUI-0
CL

2000—

C)

0

IOxIO

9
8

7

6
I-

5 v)

4J
CI

4
0
CLI-
O
LLI

Uj

K

UJ

1000—

I.5

IOO
I ttIO

200 300 400 500 600
8 (GAUSS) ~

FxG. 17. A cross plot of the critically stable points from Fig. 15.
The electron density was estimated from the applied voltage, the
dimensions of the system, and the knowledge that the cathode
was space-charge limited. Evidently stability is present for
g=cao'/co, '&0.05. A theory exists (Ref. 4) which explains this
phenomenon.

It follows from (II.3.1) and (II.3.4) that

q= 1
&

ol cop= co&=co

Since the above conditions are thought to apply to
magnetrons, it is for the special case q=1 that the
diocotron theory has been developed. The state de-
scribed by q=1 is often called the "Brillouin state. "
On the other hand, we have seen that we require q«1
in the HIPAC, and we have also seen how such values
of q are attained in the injection process. A different,
though analogous, way of viewing this effect is to note
that by injecting later electrons into a higher magnetic
iield, each electron acquires a different value of p„,so
that the differentiation leading to (II.3.4) is invalidated.

The extension of magnetron theory to values of q«1
was undertaken. The results of this extension were as
follows: for q= 1 (magnetron case) two classes of waves
propagating in the drift direction are unstable; those
having wavelengths long compared to the thickness of
the electron beam, and those having wavelengths short
compared to the same thickness. The growth rates of
both classes of waves are on the order of any of the
frequencies too, too, and oo, (which are all equal in this
case).

For q(&1, both classes of waves are still found to be
unstable. However, the growth rate of the short waves
is on the order of cope «. For q&0.05 this growth is so
slow as to be essentially unobservable in time scales of
interest. 4 These waves, therefore, are not a problem for
us. The long waves also remain unstable, and grow in
times like cop

—'. For q((1, these waves closely resemble
the waves causing the so-called Kelvin-Helmholtz

instability of Quid mechanics. ""We can dispose of
them by observing that the electron drift orbits are
periodic; the longest permissible wavelength in the
drift direction is just the length of the drift orbit. If
the electron beam is thick relative to the length of the
drift orbits, there may be no possibility of fitting in an
unstable wave. Further stabilization against long waves
is provided by the proximity of conducting walls. The
remarks above are based on detailed quantitative
analyses of these phenomena, ' '2 and also appear to be
in qualitative agreement with experimental obser-
vations made both by the authors (Figs. 15, 16, and
17) and by others. The theoretical discussion is sum-
marized in Figs. 19, 20, and 21. The essential point is
that while the magnetron industry exists by virtue of
an inherent instability of crossed-Geld electron beams,
it is possible, by appropriate selection of parameters,
to construct crossed-Geld electron beams which exhibit
a considerable degree of stability. It is further possible
to suggest theoretical reasons for this stability.
Knauer" '4 quotes evidence of crossed-Geld electron
beams having electron containment times up to 15 sec,

The exhibition of control over the basic diocotron
instability modes is of considerable importance, since
it is thought that these modes have intrinsically the
highest growth rates. It does not, however, exhaust the
list of possible instabilities. Several other possible modes
of instability have been investigated theoretically, some
superGcially, some in fair detail. Undoubtedly others
still remain to be found. The difGculty at present lies
in deciding which of the possibilities to investigate in
detail, in the absence of Grm experimental evidence of
any instability. In spite of this situation, some of the
modes considered will be brieQy described here:

First, residual resistance in the walls will undoubtedly
cause an instability to appear. " '~ On the other hand,
for reasonable parameters, the growth rate of this
instability should be quite low, namely less than the
fraction (tooeo/a)'" of the growth rate associated with
the diocotron modes. For the example quoted in the
next section, cop = 10' sec ', and for copper with
o /e=e.655X1 '0ssec ', we obtain a growth rate less
than 1.25X104 sec—'. One would expect to control a
slow growth of this type with some form of feedback
system analogous to that used in particle acceler-

' S. Chandrasekhar, Hydrodynamic aed IJydromageetic Stabile'ty
(Clarendon Press, Oxford, England, 1961)."C.C. Lin, The Theory of Hydrodynamic Stability (Cambridge
University Press, New York, 1955).

32 R. H. Levy and J. D. Callen, Phys. Fluids 8, 2298 (1965).I W. Knauer and E.R. Stack, in Transactions of the Tenth Na-
tional Uacuum Symposium, Boston, 196' (The Macmillan Com-
pany, New York, 1963), p. 180.

~ W. Knauer, J."Appl. Phys. (to be published).
350. Doehler and Gorges Guilbaud, Compt. Rend. 238, 1784

(1954).
36 Iwao, Sugai, and G. Mourier, Polytechnic Institute of

Brooklyn, Electrophysics Group, Memorandum No. 30, 1957
(unpublished).

'7 C. K. Sirdsall, G. R. Brewer, and A. V. Haeff, Proc. I.R.E.
41, 865 (1953).
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FIG. 18. Illustration of the in-
herent presence of shear in crossed-
fl.eld electron beams.

DR I FT SPEED E/B

ators."—'4 The use of such schemes with charged beams
is in principle not at all dificult. This contrasts with the
situation in neutral plasmas where applied electric 6elds
are screened out by the plasma within a Debye length.

A related mechanism of instability has to do with
the possible destabilizing effect of coherent radiation
on the electron cloud. This possibility has been studied
in detail3' for the geometry of the plasma radiation
shield, "where it appears that the impedance of free
space acts somewhat like a resistive wall facing the
electron beam, and can in fact excite an instability.
For the HIPAC, radiation directly to in6nity cannot
take place in view of the conducting (i.e., reflecting)
wall. Viewed as a waveguide, the HIPAC is "cut off"
at the frequencies possible for the electron cloud. It
therefore seems likely that no radiative instability need
be expected in the HIPAC. This point, however, cannot
as yet be regarded as Anally settled. It is of importance
to the HIPAC to settle it because radiative eGects of
this type are certainly enhanced when the electron
speed approaches the speed of light and, as we have
seen, we are tempted to make it do just this, both to
economize on magnetic field, and to give the electrons
sufFicient energy to ionize. Apart from radiation, there

may very well be other important relativistic eBects on
stability resulting from the high electron speeds con-
templated, but no knowledge of the nature of these
presently exists.

The same lack of knowledge exists in all other aspects
of the stability problem. Even though we can give a list
of some possibilities, no reliable estimate of the im-
portance of any item in it can be made. This situation
is likely to prevail until experimental indications of
instability come to hand. Possible sources of interesting
instabilities are:

(1) Effects associated with the motion of electrons
along magnetic-field lines. All theories to date (and
this includes the theories which underlie the magnetron)
ignore this eGect which may be of importance in deter-
mining allowable major to minor axis ratios for the
HIPAC.

(2) Effects of a thermal spread in electron velocity.
The same comment about magnetron and other work
applies here, too.

(3) Toroidal effects on stability, as opposed to the
toroidal eGects on equilibrium discussed earlier in this
section.

GROWTH
RATE

GROWTH
RATE

GROWTH
RATE

q=o

WAVE NUMBER

HAY ( MACFARLANE

BUNE MAN

(0)

WAVE NUMBER

BUNEMAN $ LEVY

(b)

WAVE NUMBER

GOULD.
ALSO KELVIN, HELMHOLTZ ETC.

(c)

FIG. 19. Schematic diagram of growth rate versus wave number for waves propagating in the drift direction for the geometry of Fig.
18. The maximum growth rate for the long waves is on the order of cop=co~'/co, . The wave number scale is such that the growth rate
for the long waves vanishes for waves whose length is comparable to the beam thickness. For q(=co„'/coP) = 1 (the magnetron case)
growth is predicted for long and for short v aves. For q«1 (HIPAC case) the growth of the long waves is unaffected, but the growth
rate of the short waves is reduced to cope /(f—a negligible number for q&0.05. In the limit q =0, the short-wavelength growth disap-
pears altogether; the instability is then perfectly analogous to the Kelvin-Helmholtz instability of Quid dynamics with cop representing
the vorticity. For an explanation of how this long-wavelength instability is avoided in the HIPAC, see Figs. 20 and 21.

's R. H. Levy, J. Appl. Phys. 37, 119 (1966).
"The plasma radiation shield is a topologically involuted version of the HIPAC intended for use in space. Described elsewhere

(Ref 5G), its phys. ical basis is essentially identical to that of the HIPAC.
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4. Samyle Calculation

The preceding material enables us to undertake a
"sample calculation" whose object is to illustrate in
detail the properties of a typical HIPAC. Before doing
this calculation, however, some remarks on scaling laws
are appropriate.

The electric field E, the total potential t/' and the
minor radius a are related through

ONDUCTING
YLINDE R

E~ V/a,

the electron drift velocity is

thus
z, ~E/8,
t/" ~ ae,B

provided t,&0.7c. From Poisson's law we 6nd

N, ~ V/as.

The volume of the HIPAC, 'U, is given by

(11.4.1)

(II.4.4)

FIG. 20. We consider the geometry illustrated above for the case
q((1, so that only the long waves need be treated. Instead of
having waves of arbitrary length propagating parallel to the drift
direction (azimuthally), we now have mode numbers l=0, 1, 2,
etc. A stability plot for these modes is given in Fig. 21.

'U ~ a'E ~ a'(R/a) ~ a' (11.4.5)

if the radius ratio is fixed.
As a "clashing-beam" machine, the total reaction

rate S is given by
(II.4.6) n, = ,, (N./Z) . — (II.4.7)

With regard to the ion density, it is not at present
very clear what values can be achieved. For the
moment, we shall therefore make the following some-
what arbitrary assumption

t.0

,9

.8

~7

FIG. 21. A stability plot
for the geometry of Fig. 20.
The modes 1=0 and 1 are
always neutrally stable in
these cases, and the other
modes exhibit stability or
instability as shown. The
mode I,=2 is clearly the
most dangerous, but this
mode (and hence all the
others) can be stabilized by
having the electron cloud
thick enough or near
enough to the outer wall.
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FIG. 22. A singly ionized atom released
at rest at potential V& will become highly
stripped in the HIPAC. To become
stripped, however, requires a time such
that the atom will traverse its potential
well a large number of times. After being
ionized n times, its energy will generally
be less than eeVI since some ionizations
may have occurred at low potential; these
ionizations reduce the depth of the well in
which the particle oscillates from VI to
V„&V~. This figure shows the expectation
g(V }= 8 (i.e., the average value of V„)
and the standard deviation 0.„=(G(V„')—Ls(V„ljsl'~'. lt can be seen that after
90 or 100 ionizations most atoms will have
well depths of V„around —,'VI, and will
therefore have energies like 4eeVI. The
probability functions p„(V) from which
this figure is constructed are illustrated
in Fig. 27, and the method of calculating
them and the assumptions used are given
in Appendix A. The fact that the ion is
moving slowest, and therefore spends
most of its time at high potential has been
taken into account. The degree of ioniza-
tion e is equivalent to the e6ective atomic
number Z,qf.

This assumption guarantees that the ions are not
suKciently numerous to depress significantly the depth
of the potential well. However, the eRect of this
quantity of ions on the stability of the electron cloud—
treated hitherto as consisting solely of electrons —is not
known. It is known that in the presence of net charge
neutrality instabilities of various kinds can lead to an
anomalous diffusion of the entire plasma. An important
area of research will be the establishment of the stability
boundary that apparently exists between pure electron
plasmas on the one hand, and neutral plasmas on the
other. In the absence of knowledge of this boundary,
(II.4.7) will have to serve as a working hypothesis.

If the 10% neutralization assumption turns out to
be appropriate, (II.4.7) may turn out to be conser-
vative since it is not in principle necessary to have the
heavy ions completely stripped. . If a number Z,«of
electrons is removed from the atom, the resulting ionic
charge is Z,tte, and the 10% neutralization assumption
should contain Z,« instead of Z. The fundamental
uncertainty of (II.4.7), however, rend. ers such precision
unjustihed and, for lack of anything better we shall use
(II. 4. 7) in the form stated.

With respect to the ion velocity, the following com-
ment is of some importance; if every ionization took.
place at the outside wall, the energy of each ion would
be Z,«eV, where Z,« is the number of electrons re-
moved from a given atom. If the atomic number
(nucles. r charge) is Z, (Z—Z,~r) is the number of
electrons remaining in inner Bohr orbits. An atom can
be injected in a singly or doubly ionized state at the
outside wall. Once injected, however, the ions accelerate
rapidly and on the average cross the system many times
before the occurrence of the next ionization. Thus, the
second and succeeding ionizations have a reasonable
probability of occurring near the center of the well with

& .~ Z 1/3 t/ 1/2 (II.4.8)

provided (as is generally the case) that this velocity is
less than the E/8 velocity.

Collecting the previous formulas, we find that the
total reaction rate varies as

P5/2 Z 1/3

@oc
8 Z

(II.4.9)

We conclude the collection of scaling laws by ob-
serving that the magnetic energy stored, U&, varies as

Ugg OC 8203 (II.4.10)

Since 2/8 v„the stored electric energy

Us rc (e '/c') U~.

With these scaling laws it is possible to consider a
whole family of possible HIPAC's; from this family it
would in principle be possible to choose an optimum
design for any particular purpose. Such an optimization
has not yet in fact been done, and instead, we shall
consider a single machine as representative of the kind
of thing that can be expected. The machine chosen will

a consequent reduction in the final ion energy. This
eRect which is probabilistic in nature is considered in
detail in Appendix A where it is shown that for large
Z,g~, it is equivalent to a reduction in the average ion
energy by a factor 1.1 Z,« '/'. This result is also illus-
trated in Fig. 22 where the expected. spread in ion ener-
gies is shown together with the average degradation.
(In the Appendix the notation "n" is used for Z,H.)

These remarks make it clear that the typical ion
velocity, for use in calculating the reaction rate (II.4.6),
should be taken as
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TABLE I. Parameters of a typical HIPAC.

Geometrical
Minor radius
Major radius
Volume

Electrostatic
Voltage
Wall electric Geld
Electron density
Plasma frequency
Number of electrons
Electric Geld energy

Magnetic
Magnetic Geld
Cyclotron frequency
Magnetic Geld energy
Flux

Electromagnetic
COy Mc

~~2 COc

Electron drift velocity
Electric/magnetic energy
Injection time

Ions
Number density
Number of ions
Electron drift energy
Electron Qux
Oscillation time in potential swell
Ion velocity (fully stripped)

Nuclear
Total cross section (very rough)
Volumetric reaction rate
Total reaction rate
Nuclear lifetime

V

Se
G)y

Ne
U@

8
Cdc

Ug
7fe'8

g
COO

s, =E/B
(E/cB)' = Uz/Us

&inj

Ss
N;

+e8e
+OSC

Ss

0.5e;2v;0;.;
(R=0.5n;9;0; 0

E;/6t

20 cm
100 cm
7.9X105 cm~

2X10' V
2X10' V/cm
1.1X10~' cm 8

1.9X10M sec '
8.7X10"
1.4X10' J

26 kG
4.6X10"sec '
2 1X106J
0.33 Webers, i.e., V-sec

1.7X10-3
7.7X108 sec '
7.7 X10' cm/sec =0.26c
0.066
20 ysec

1.1X10"/Z cm '
8.7 X10"/Z
18 k.eV
8.5X10'0 cm 2 sec '
10 ' (2/Z, ii)'~' sec
4.5X109 cm sec I

4X10~'S'/' cm'
1.1X10'Z '/'cm 3 sec '
8.4X10MZ 4/' sec '
10'Z'/' sec

have a minor radius the radius a yield the characteristic electric field:
a=20 cm

and major to minor radius ratio of 5:1
E= 100 cm.

The volume is then

'U = /. 9X10' cm'.

(II.4.12)

(II.4.13)

(II.4.14)

E=2X10' V/cm.

The electron density is

e.= 1.1X10"cm—'

and the value of q is

q=1.7X10 '.

(II.4.18)

(II.4.19)

(II.4.20)
We choose the magnetic field strength to be

(II.4.15)

This machine is therefore of quite modest proportions.
The magnetic energy stored is

Un=2. 1X10'J
We next choose the total voltage to be

V=2X10' V.

(II.4.16)

(II.4.17)

The purpose of this choice is to make clear that the
highest voltages presently attainable can be reached
in a HIPAC of quite small dimensions. Furthermore,
exciting possibilities are available with this voltage
which are not available either in Van de Graaff machines
which can make voltages approaching this figure, or in
other types of heavy ion accelerators. The voltage and

The drift speed of the outermost electron is

t, =7.7X 10' cm/sec =0.26c. (II.4.21)

The drift (directed) energy of this electron is about 18
keV. The various frequencies in the electron cloud are

~y=1.9X10"sec ',
o= 7.7X 108 sec

co,=4.6X10"sec—'

(II.4.22)

(II.4.23)

(II.4.24)

If 18 kV is to be generated across the slot in the torus
(see the section on injection), the quarter-cycle time
of the capacitor bank must be about 20 @sec.

An important calculation shows that the effect of
the magnetic field on the ions is negligible. ,At the E/8
velocity the Larmor radius of a proton would be about
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100

80

reaction of interest is

r ="7r(2R )'=4X10 "Z'"

we Q.nd a total reaction rate

(R=8.4X10"Z 4",

(II.4.27)

(II.4.28)

60

40

20

20 40 60 80

ATOMIC NUMBER Z

100

FxG. 23. For the HIPAC whose parameters are listed in Table
II, a certain degree of stripping for heavy ions is required if these
are to have sufhcient energy to overcome the nuclear Coulomb
barrier. This figure shows the number of electrons which it is
required to remove from an atom of atomic number Z in order to
accomplish this objective, taking into account the loss of energy
associated with ionization at low potential, as calculated in
Appendix A. Single ionization proves to be adequate for Z(17,
and complete stripping is not required for any ion. The ionization
times shown in Fig. 24 and calculated in Sec. III are based on
achieving the ionization state indicated on this figure.

30 cm, i.e., 1.5 times the radius of the containing vessel.
In fact, in falling through 2X10~ V, a proton would

pick up a velocity somewhat lower than the E/8
velocity, but the conclusion still stands. For any heavy
ion at all, the ratio of charge to mass is lower than for a
proton, so that we may conclude that the effect of the
magnetic field on the ion orbits is to cause these to
precess slightly (Fig. 5), but that all the ions are mag-
netically free to fall through practically all of the
available potential drop.

We can now view the HIPAC as containing a cloud
of highly stripped ions oscillating backward and forward
across the potential well. The number of reactions per
second between the ions will be

which is, however, divided among a number of com-

peting reactions. The results obtained thus far are
summarized in Table I.

It is of interest to compare this reaction rate to those
available in conventional heavy ion accelerators. This
we have done in Table II in which we have estimated
the reaction rates available for various projectiles from
a proposed high intensity cyclotron. ' It is important to
note that the ion currents assumed from this cyclotron
are at least an order of magnitude, and in many
instances several orders of magnitude, greater than
those currently available. Nevertheless, we see that
the best reaction rates for the heaviest available ions
are not appreciably greater than those achievable in the
relatively small HIPAC. As shown in Fig. 1, for re-
actions between heavier nuclei there is no competitor
to the HIPAC.

In Fig. 1 we display against Z the Coulomb nuclear
barrier potential and our estimate of the maximum
available energy per proton in the center-of-mass co-
ordinate system for the machine described in Table I.
It is seen that the maximum available energy for fully
stripped atoms is well in excess of the barrier potential
for all elements, and that relatively incomplete stripping
would be adequate for the lighter elements. Figure 23
displays the minimum degree of ionization which is
required for penetration of the Coulomb barrier in a
collision between like nuclei in the 20-MeV well depth
HIPAC taking into account the effect described in
Appendix A. A 20-MeV well depth produces 40 MeV
in the center-of-mass coordinate system which, for
singly ionized particles, is adequate for penetration of

TABLE II. Yields from proposed Argonne heavy ion cyclotron.
(See Ref. 6.) (Assume target of same material as projectile. )'

R= ql, 'Ur, P;=
4.7X10"

Oils ~

Z2

Effective
target

II 4 25 Ion Energy Flux thickness (R/0
accelerated (MeV) (iona/sec) (g/cm') (reactions/sec cm')

2.1X10 5

(R= (II.4.26)

The factor Z—' arises because the ion density is pro-
portional (III.4.7) to Z '. The typical ion velocity will

be in the range of a few times 10' cm/sec. Very roughly,
then, the total number of reactions per second will be

C3+
C4+

7N»+
N5+
0+
05+

IpNe4+
gpNe5+
isAr'+
sAr6+

IsAr'+
IsArs+

1X10'4
500 6X10'2
520 2 X10'3
615 6X10"
450 1X10»
625 2 X 10&&

370 1X101'
560 2 X10&&

285 1X101s
420 3X10~
560 2X10~
720 4X10"

0.26
0.53
0.38
0.52
0.20
0.38
0.077
0.16
0.011
0.017
0.028
0.045

13 X10"
1.6 X10"

32 X1084

13 X10'»
73 X10'4
0.29X10'4

23 X10~
0.94X10~
1.6 X10"
0.77X10~
0.84X10~
0.27X10»

The cross section 0-;; will naturally depend on exactly
what reaction is of interest; however, if we assume in
a very gross way that the cross section for some nuclear

a Note: We have assumed a universal energy loss law dE/Ch =Zeff2f(v)
with f(e) the same as for protons and Z&ff —Z, except for Ar~+, for which
Zeff = j.6. We also assume the effective target thickness t =$E/(dE/dh) and
(R/~ =aux &g X6 &&&01/a.
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FrG. 24. The principal times relevant to the
HIPAC whose parameters are listed in Table
I are shown on this 6gure. The area of useful
operation is hatched and is limited on the one
hand by the necessity of ionizing at least to
the degree indicated in Fig. 23, and on the
other by the collisional cooling of the ions.
Although nuclear "burn-out" cannot be
achieved in this time, a reasonable fraction of
the ions can be reacted. The "L/R time" for
copper coils corresponds to the natural decay
of the magnetic Geld. The rise in the tempera-
ture of the copper accompanying this decay
is, however, only a few degrees, so that by
supplying power, copper coils could be used
for durations comparable with the ion cooling
time. Optimization of the duty-cycle based on
this type of consideration has not yet been
performed. Furthermore, the L/R consider-
ation can be completely eliminated by the use
of a superconducting dc Geld coil as outlined
in Appendix C.
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the nuclear Coulomb barrier for Z(1'I. Multiple
ionization is required for heavier elements, but com-
plete stripping is never required.

In order to establish the operating requirements for
this machine, it is obviously necessary to estimate the
time required for the production of the required degree
of ionization, however, this calculation has been deferred
to Sec. III.1. These ionization times must be compared
with the characteristic time for oscillation of ions in
the potential well. The oscillation time is roughly

1 /FFI,„)'I'(A )'" f A )"
(II.4 29)'"

~„Em,/ &Z,tr) IZ.,ri
Comparing ~„,with the ionization times estimated in
Sec. III.1, it is clear that each ion will cross the system
numerous times between ionizations.

It is characteristic of all ion sources that the time for
crossing the device in a typical electric field is short
compared to the time required to achieve a really
high degree of ionization. The great virtue of the
HIPAC is that the electric field in the ion source
actually traps the ion, and also accelerates it so that
all ions will eventually achieve high states of ionization.
Ionization, trapping, and acceleration all take place in
the same geographical region.

Some of the time scales for various processes in the
HIPAC have been calculated; these include the various
electron frequencies, (II.4.22), (II.4.23), and (II.4.24),
the ion oscillation time (II.4.29), the field buildup time
and the nuclear lifetime. These times and others are
shown in Fig. 24. The times that have not yet been
calculated are derived in the next section. For operation
to be reasonable, the HIPAC equilibrium must last
longer than the time necessary for adequate ionization
(as indicated in Fig. 23) to take place. The most re-
strictive limit on the duration of the HIPAC is ap-
parently (and assuming stability!) the cooling of the
ions as a result of collisions with the electrons. Between
the times corresponding to these events is a useful
region; the hatched area on Fig. 24 corresponds to this
region.

We conclude this section by displaying in graphical
summary form the parameters available to the HIPAC
when the radius of the cross section u is chosen as
either 10 cm, 20 cm, or 1 m. These graphs, or "maps, "
are shown in Figs. 25, 6, and 26, and they show how
the selection of two parameters (in addition to the size)
effectively fixes everything else.

The relations used in calculating these maps were just
Poisson's law, the definition of q =oI„'/co,', and
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FIG. 25. This "map"
shows the various combina-
tions of parameters permis-
sible for a HIPAC having
minor radius u =10cm. The
ordinate represents the po-
tential dif'ference between
the circular axis and the
wall, and the abscissa is
L(1—s'/c')»' —1], where
e=E/8, the drift velocity
at the wall. Lines of con-
stant electric field E~ (wall
value), magnetic held 8,
electron density n„and
g =~„'/co,s are shown. A
proton released at the wall
will acquire an energy of
100 keg, or 10 MeV along
the lines so mark. ed: the
bends in these lines occur
roughly where the ion
Larmor radius is 10 cm, i.e.,
the dimension of the
HIPAC. For stronger mag-
netic fields, the proton
energy is limited to the
value associated with the
8/8 drift speed. The
hatched area represents an
estimate of attainable con-
ditions. It is limited by
practically attainable mag-
netic fields on the order of
100kG, and by the stability
boundary at q=0.03. Ex-
periments already per-
formed are shown in the
lower left-hand corner.

vdrift E/&. Some care was exercised in calculating the
effect of the electron current on the applied magnetic
Geld.

The experiments performed so far are picked out on
the 10-cm map. The dc experiment is the one illustrated
in Figs. 15, 16, and 17, and the inductive charging
experiment is the one illustrated in Figs. 11, 12, 13,
and 14. It will be seen that a considerable degree of
extrapolation is involved in going from the present
experiments to a useful HIPAC, but so far there is no
indication of any reason why this extrapolation could
not be accomplished.

The lines marked 100 keV and 10 MeV (on the 10-
and 20-cm maps) and 10 MeV, 100 MeV, and 1 IleV
(on the 1-rn map) have the following interpretation:
They represent conditions under which a proton
released at rest at the wall of the HIPAC would acquire
the stated energy. Under weak magnetic-field con-
ditions, the requirement is simply that the total
potential across the device be the appropriate amount.
However, under strong magnetic-field conditions a
proton will not penetrate to the region of low potential,
and will only acquire an energy corresponding to the
E/8 velocity. The bends in these curves occur where
the proton Larmor radius equals the apparatus size.
Since the proton Larmor radius is nearly 2000 times the
electron Larmor radius, and since the ratio of the

electron Larmor radius to the apparatus dimension
has been shown to be the ratio q, it follows that the
bends in the curves occur near q= 1/2000. For ions with
smaller charge-to-mass ratios the bend would occur at
correspondingly smaller values of q.

The shaded areas on the maps correspond to an
estimate of the range of conditions available to the
HIPAC. This area is limited on the one hand by prac-
tical magnetic-6eld strengths ( 100 kG) and on the
other by a stability boundary in the vicinity of g =0.03.
Note that this boundary has been extrapolated far
beyond the range for which there is experimental
verification. The extrapolation assumes, for example,
that there is no effect of increasing t,/c on the location
of the boundary.

The HIPAC discussed in detail in this section is
represented by the point called "Sample Calculation"
on the 20-cm map. For a 20-cm apparatus, this map
enables one to estimate other achievable conditions
than those listed in Table I.

III. IONIZATION, COLLISIONS, AND
OTHER PROCESSES

%'e have so far restricted our attention to an idealized
stable system in which the ion density is negligible and
in which collisional and classical radiative effects have
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been ignored. The applications put forth in this paper
require the presence of ions. It is therefore necessary
to maintain the electric and magnetic Gelds for a
period of time which is long relative to r;,„,the time re-
quired to produce the necessary degree of ionization.

In the absence of instabilities, losses due to various
classical collisional effects can be expected to control
the length of time for which the desired experimental
conditions can be maintained. In general, collisional
effects will discharge the electric Geld by allowing
electrons to move towards the outside wall and reduce
the kinetic energy of the ions. Radiative effects will
act as a cooling mechanism which limits the electron
temperature.

The possible radiative effects are cyclotron radiation
and bremsstrahlung. Collisional-loss effects can arise
as a result of electron-ion Coulomb collisions, electron-
electron Coulomb collisions, ion-ion Coulomb col-
lisions, charge-exchange collisions, electron neutral
collisions, ion neutral collisions, and wall outgassing.

1. Ionization

We first proceed to estimate the time required to
produce the necessary degrees of ionization for pene-
tration of the Coulomb barrier as estimated in Sec.
II-4 and Fig. 23. Ionization can occur by either electron

or ion impact. However, in estimating the time re-
quirements we will primarily concern ourselves with
electron impact ionization even though ion impact
will contribute quite signiGcantly to the production of
multiple ionization in higher Z elements. The resulting
time estimates will thus be conservative in that they
represent an upper bound to the ionization times.

The cross section, cr;,;, , for removal of the jth
electron from an atom by electron impact is given by
Eq. (III.1.1):

(III.1.1)

where I; is the corresponding ionization energy, E is a
constant =~~, m, and e refer to the electron mass and
charge, respectively, and ~, is the velocity of the
incident electron. In order to Gnd the total cross section,
o-;, , o-, ,;, must be summed over all remaining electrons.
Since the radiation relaxation times are short relative
to ionization times, the inner electrons will be in their
lowest energy states which have large values of I.
Thus, the primary contribution to ionization will come
from the outer few shells for which I is relatively small.
As the outer electrons are removed, however, contri-
butions from the inner shells will become more and
more important.
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The value of I can be estimated by use of Slater's
screening constants. In estimating the electron energies
and Quxes, we have taken into account both the drift
energy and the thermal energy of the electrons. We
assume equal thermal and drift energies at injection
and include the increase in thermal energy associated
with their subsequent adiabatic compression in the
rising magnetic Geld. This leads to an electron-energy
distribution which varies as r (i.e., has a maximum
at the center) and which has a value of about 18 keV
at the outer wall. In estimating ionization rates we have
averaged the ion motion over the radial variations in
electron Qux and electron energy, and taken into
account the effects of loss of well depth discussed in
Appendix A. The details of these calculations and
ionization rates are straightforward but tedious and are
therefore Dot reproduced here. The results are plotted
in I'ig. 24 which displays the estimated time required
to produce the necessary degree of ionization for the
attainment of sufhcient ion energy to penetrate the
Coulomb barrier (see Fig. 1).

d(kT, ) &8 l kT,

dt E3) r„' (III.2.1)

where v.,=(3/8') sec. For 8=2.6 W/m', we have
z„=0.45 sec. This time is long relative to the ionization
times for all but the heaviest elements and will not
affect the ionization time calculations very signifi-

cantly. The effects of radiative cyclotron cooling will,
however, have to be considered if the plasma is con-
tained for times much longer than a second. Electrons
can also radiate energy by virtue of their E/8 circular
drift motion; however, the accelerations are much less.
In this case, the acceleration of the electron is reduced

by the factor g, and the radiative power by q2, while
the energy reservoir which is the electric Geld is in-
creased by q

—'. Times in excess of 10' sec would be
required to radiate away a significant portion of the
electric-Geld energy by this process.
&' Bremsstrahlung proceeds at a rate given by Eq.
(III.2.2):

or

dP /u=zme~. 1.7X10-32(T )'"~/~', (I» 2 2)

e eT T &/21 6X]0—r9 (T r/2)

~10' sec.
(dP„/d() Z'e;1.7X10 '2 k Z r

2. Radiative Electron Cooling

Before discussing the various collisional diffusion

processes, almost all of which contribute to raising the
electron temperature, it is important to note that the
incoherent cyclotron radiation associated with the
electron thermal motion in individual Larmor orbits
will contribute to cooling the electrons at a rate such
that

If T,=10' eV, then

rg, =1000 sec))7,„.
This is a relatively slow process compared with cyclo-
tron cooling, and can be ignored as a cooling process.
Bremsstrahlung also acts to slow down the circum-
ferential electron drift. However, the energy for this
process is taken out of the electric field rather than out
of the electrons thermal energy. It would require more
than 10' sec to deplete the electric-field energy reservoir
by this process.

In Eq. (III.3.1),

10—13@2

0„(E//8)e;.
1010

(III.3.1)

cm', e;=, E/8= 7.7X10' cm/sec,Z'

and w, =18X10' eV. Hence, r„=38/Z sec. On the
average, each 90' collision results in the radial displace-
ment of an electron by a distance r,= (E/8)/or, =qa
=1.7&(10—'a. Hence, the average time for an electron
to move to the outer wall is r,„=r„(a/r,)=38/. qZ.
=220(100/Z) sec. Each time an electron moves a
distance r„it receives approximately (2re) (E/8)2= 18
keV of energy input to electron temperature from the
electrostatic Geld.

3. EBects of Electron-Ion Collisions

Electron-ion collisions produce a radial drift of
electrons towards the outside wall and also cool the
lons.

There are three important particle velocities which
must be considered. There are the electron-drift
velocity E/8, the electron thermal velocity c„andthe
velocity of the ions associated with their motion in the
potential well. Because of the nature of the ion acceler-
ation process, the ion velocity can never exceed the
electron E/8 drift velocity. Actually, the electron
thermal velocity is always comparable with the E/8
drift velocity. Initially, this is a result of the injection
and adiabatic compression processes. However, its
persistence for times long relative to the cyclotron
cooling time is a quantitative consequence of a corn-
petition between collisional heating and cyclotron
cooling. Discussion of the competition between these
processes will be postponed.

Inasmuch as the ions are essentially stationary rela-
tive to the electrons, we may use the electron drift
velocity E/8 for the purpose of computing the collision
rates. In Eq. (III.3.1), r„is the time required for an
electron to undergo a 90' scattering as a result of
collisions with ions.
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In Eq. (III.3.2) we estimate the mean electron velocity for computing the electron temperatures
temperature by equilibrating this energy input to the
radiative electron cyclotron cooling. 1

&ee
e, oE/8

(0.45Z~
kT,= ',m, (-E/8)'T„/T„=18kVi

k 38 i 1.1X10"X (7.7X10')[10 "/(18X10')'j

~21 keV. (III.3.2)
(Z )
(100)

d(-,'m vP) =—(-',m, v 2)
dt S;

—
i
= —,'m;vP —, (III.3.3)

where

The electrons will also acquire an energy increment of
m, (vP/2) per 90' collision as a result of the center-of-
mass motion of the ions. Since ~; is smaller than the
E/8 velocity ([E/ 8/ vJ'=3), we can neglect the effect
on electron temperature. This phenomenon does, how-
ever, represent a significant ion cooling mechanism.
The resulting ion cooling time is estimated in Eq.
(III.3.3) and (III.3.4):

=3.8 sec. (III.4.3)

3.8
7 Q

-= 1.3X10' sec.
(1.7X10-')'

S. Ion-Ion Coulomb Collisions

Since there are fewer ions than electrons, ion-ion
collisions cannot affect the potential distribution. They
can, however, affect the ion-velocity distribution. In
general, the effect of ion-ion Coulomb collisions will be
to transfer some of the ion energy into nonradial com-
ponents of ion motion and to elevate the energy of some
of the ions at the expense of others (i.e., Maxwellize
them). In principle, this could result in the ejection of
some particle out of the potential well. The mean time
for an ion-ion Coulomb scattering which accomplishes
either of these effects may be estimated as follows:

(&;q m'~ (38~=T„/—
/

—
/

=
/

—
/

/(2Z1837)
4V.) m,) EZj 10'

(100
140 sec. (III.3.4)

Z

where

and

T;,= 1/e, ov;,

rs, = 10"/Z o = [Z410 "/(w;)'j cm'

v;&4.5X10' cm/sec.

4. Losses Due to Electron-Electron Collisions

Like particle collisions do not represent a diffusion
mechanism except in the presence of a gradient in
density or temperature. There is no need to maintain
electron density gradients signficantly steeper than
(e,/a). The mean radial diffusion velocity v associated
with such a gradient is given by Eq. (III.4.1):

Since nr, =ZV and V=2X10 we see that

a=z 10 '/V =2 SX10 Z'
and

1 (10/
7 e ~ 8.9X10' sec.

2.5X10—"Z'(10"/Z)4. 5X10' k Z ]
Since this is a very long time, the effects of ion-ion
collisions can be neglected.

1 (r,2) 1) a'q') aq'
v= —V~I

[
= —

~ ~

=, (111.4.1)
'Ne ~ Teel a~ Teel Tee

Te„a/V= Tee/q (III.4.2)

We compute T„in the usual way using the 8/8

where 7„is the mean electron-electron collision time
for a 90' deflection (T„is also the electron-electron
thermal equilibration time) and q is (&u„/co,)'= 1.7X10 '.
The radial electron diffusion time, v„associated with
this effect is given by Eq. (III.4.2):

6. Recombination and Charge Exchange Effects

If an ion picks up an electron in the center, near the
bottom of the well, and loses it near the top of the well,
it will increase its total energy (and vice versa) and a
series of such events may eject the ion over the top
of the well to the wall. If, however, the particle is in a
high state of ionization, the fractional change in its
energy per event will be small and a large number of
random events will be required before a signi6cant
number of ions have acquired enough energy to be
ejected in this manner. It is relatively easy for an ion
to lose an electron; hence, the rate at which this process
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proceeds will depend upon the rate at which electrons
can be pick.ed up near the center. The electron (and
ion) energies and densities are such that three body
recombination is highly unlikely and can be neglected
entirely. Radiative recombination is somewhat more
probable" but still only occurs at a rate of one per
second for Z=100 and is much less probable at lower
Z (see Fig. 14).

The most probable way of gaining an electron is by
charge-exchange collisions which in themselves do not
change the total energy in the ions. Charge-exchange
collisions can occur when two atoms approach each
other within a distance such that the electron can easily
tunnel across from one atom to the other. This distance
is proportional to the atomic radii, but somewhat
larger. We can thus expect the charge-exchange cross
sections to have the same (1/Z)' dependence as the
cross section for ionization by electrons.

Charge exchange cannot occur if every ion is fully
stripped. Our estimated calculations of electron energies
indicate that atoms with atomic number Z in excess of
30 will not be fully stripped by electron-impact ioni-

zation. However, ionization by ion impact is always
energetically possible and can be expected to proceed
at a rate which is almost within a factor of 10 of the
rate for charge-exchange collisions, since the ion-

impact velocities are almost comparable with the
characteristic electron velocities for the residual Bohr
orbits. For this reason, we expect that the ions will

become fully stripped by ion impact before a sufGcient

number of charge-exchange collisions have occurred to
eject them to the wall.

7. Losses Due to Background Gas

It is proposed to fill the HIPAC with electrons to a
density of 10" cm '. At a background pressure of 10 '
mm Hg, the number density of background neutrals
would be 3.5X10' cm '. Each neutral will certainly
become ionized; and even if each one underwent 28
ionizations (i.e., fully stripped N2), the depth of the
potential well could only be reduced by 10'P&. This
effect can be described as a burnout. While it seems
clear that it should occur, it has not yet been observed,
since experiments carried out to date have had too
short a duration.

8. Wa11 Outgassing

Another source of background gas is outgassing from
the walls. Wall outgassing can be described by attrib-
uting to the wall an effective vapor pressure which is
the minimum pressure which can be obtained in the
region near the wall with a perfect pump. If this
pressure is p„,then in a containment time of r we have
an effective background pressure due to wall effects

~ H. A. Bethe and E. E. Salpeter, QNuntlm M'echanics of Qne-
and Two-L~'Lectron Atoms (Academic Press Inc. , Nevr York, 1957).

which is equal to p, ff —p (rc*/u) where c is the
velocity of sound. Values of p„in the range of 10 '4 mm

Hg have been attained and would lead to effective back-
ground pressures in the range of 10 mm for times
comparable with 1000 sec. This indicates that a very
high quality vacuum system will be required. However,
we suspect that the apparatus will tend to clean its
own walls by bombardment after being placed in
operation.

9. Breakdown

At several places in the preceding pages it has been
mentioned that it is hoped to generate steady potentials
of several tens or even hundreds of millions of volts.
Such potentials have not yet been demonstrated and
the question arises as to what the effect on the HIPAC
will be of the type of breakdown mechanism which
limits other types of high-voltage machines. In par-
ticular, the highest voltages so far obtained are in the
neighborhood of 10' V, and these are reached in very
large and elaborate Van de Graaff machines. Naturally,
a definitive answer to this question can only be obtained
experimentally.

For the HIPAC, the relevant experience is not so
much in the area of the Van de Graaff (in which
pressurized dielectrics are commonly employed) as in
the area of high vacuum breakdown between plane (or
spherical) electrodes. The amount of matter in the
HIPAC is quite insufhcient to permit any form of gas
discharge to occur. There remain only the processes
having to do directly with the properties of the electrode
surfaces. As we shall see from a review of these processes,
it is quite unlikely that the HIPAC can suffer break-
down as the term is currently understood. There are,
presently, a number of theories about the origin of
electric breakdown in vacuum. "These are'.

(1) Field emission at the cathode. 42 44 At the nega-
tive terminal, electrons are pulled out of the surface by
the electric Geld. The electrons come out by quantum
mechanical tunneling of conduction electrons through
the potential barrier at the surface of the metal, ac-
cording to the Fowler-Nordheim theory. 4' On large
cathodes most of the current drawn in this way comes
from tiny projections on the cathode surface where the
electric Geld is enhanced. Catastrophic breakdown
occurs when Ohmic heating of the projection by the
Geld emission current causes the projection to explode.

From the point of view of the HIPAC, there being
no material cathode, this mechanism is impossible.

4' D. Alpert, D. A. Lee, E. M. Lyman, and H. E. Tomaschke,
J. Vacuum Sci. Tech. 1, No. 2 (1964).

W. P. Dyke and J. K. Trolan, Phys. Rev. 89, 799 {1953).
~ W. P. Dyke, J. K. Trolan, E. E. Martin, and J. P. Barbour,

Phys. Rev. 91, 1043 (1953).
44 W. W. Dolan, W. P. Dyke, and J. K. Trolan, Phys. Rev. 91,

1054 (1953).
4'R. H. Fowler and L. Nordheim, Proc. Roy. Soc. (London)

A119, 173 (1928).
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Field emission of ions at the anode by the tunneling
process will be negligible at the electric fields
contemplated.

(2) Surface regeneration processes. Van Atta et al.4'

have proposed as an initiating event for breakdown
the interchange of charged atomic particles between
cathode and anode, that is, a chain reaction in which
particles ejected from one electrode produce particles
of the opposite sign upon impact at the other electrode
surface. Break.down occurs when the regeneration
coefficient exceeds unity.

This model is clearly not applicable to the HIPAC
which has only one electrode.

(3) In the so-called "clump hypothesis, " Cranberg'7
has attributed breakdown to the transfer of charged
clumps of material ripped from one of the electrode
surfaces and accelerated to the opposite electrode. If
the particle is given suKcient energy, it will produce
upon impact localized temperatures in excess of any
known boiling points. Breakdown might then take
place in the vapor of the metallic particle if the
Townsend criterion for minimum sparking potential
is met.

From the point of view of the HIPAC, as it stands,
this theory is not applicable. However, it is worth
considering the fate of a positively charged "clump"
pulled from the wall of the HIPAC by the electric 6eld.
Such a clump would immediately be exposed to the
crossed-6eld electron beam and, for reasonable num-

bers, it is easy to show that the clump would very
rapidly be vaporized and ionized. The resulting ions
would be trapped in the potential well. There is,
therefore, no possibility of a catastrophe caused by
impact of the clump with the nonexistent cathode. On

the other hand, the trapped ions from even quite a
small clump could easily take up the entire energy of
the electrostatic 6eld, thereby effectively causing a loss
of potential.

It may be guessed that the effect of this phenomenon
would be to clean the surface, higher potentials being
obtained with clean surfaces.

(4) A theory exists' "which ascribes breakdown as
being due to localized heating of the anode caused by
narrow beams of electrons drawn by Geld emission from
the cathode. This theory is clearly inapplicable to the
HIPAC and need not concern us further.

While we cannot, in this paper, attempt a critical
evaluation of these various theories, it is evident that
past experience will be a very poor guide in predicting
the nature of breakdown in the HIPAC. If it does
break down in some identi6able manner, it would be
surprising if this did not throw some light on the older

'L. C. Van Atta, R. J. Van De Graaff, and H. A. Barton,
Phys. Rev. 43, 158 (1933).

'r L. Cranberg, J. Appl. Phys. 23, 518 (1952).
W. H. Bennett, Phys. Rev. 45, 890 (1934).

9 W. S. Boyle, P. Kisliuk, and L. H. Germer, J, Appl. Phys. 26,
720 (1955).

problem, for example by allowing measurements on
clumps, if any, drawn from the anode surface, or by
clarifying other features of the anode surface.

In summary, existing breakdown theories do not
appear to be relevant to the HIPAC. In some ways it
might be argued that any serious instability of the
electron cloud (Sec. II.3), since it would result in a
catastrophic loss of potential, should be regarded as a
breakdown initiated from the cathode. Although a
plausible case might be made for this extension of the
meaning of the word "breakdown, " it seems on balance
better to reserve the word for its usual meaning (i.e.,
breakdown between two solid electrodes) and to de-
scribe loss of the electron beam due to some coherent
oscillation as an instability.

10. Summary

The results of the foregoing time calculations have
been collected and displayed in Fig. 24 as a function
of Z, the atomic number. The ordinate is time. The
estimated available "cooking" time has been hatched.
It is bounded on the lower side by the 6eld buildup
time and by the time required to produce the requisite
degree of ionization. It is bounded on the upper side
by electron-ion collision effects which both cool the
ions and allow the electrons to diffuse to the walls. The
line labeled I/I' corresponds to the time after which
the integrated Joule heating in the most eKcient
copper coil which fits the system exceeds the magnetic-
field energy. The primary power requirements are
associated with creating and maintaining the magnetic
field. Thus, cycle durations longer than a few seconds
will inevitably result in an increased energy require-
ment per nuclear reaction, unless the design involves
superconductor or cryogenic coils. Such approaches are
believed to be possible, but their economics have not
been studied.

In general, the effect of these various forms of loss
can be seen to limit the duration of an experiment, but
not to limit it to uselessly short times. In this con-
nection it may be noted that the plasma radiation
shield" (a device closely related to the HIPAC) is
expected to decay by diffusion in about 48 h—indeed,
it is this long time, which is like the time of duration
of a solar Gare, which renders the entire concept
interesting. For the HIPAC, with its higher densities,
smaller sizes and trapped ions, times as long as this
cannot be expected. But useful numbers of reactions
will occur in times like a second or so, so that larger
times than this are quite unnecessary.
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APPENDIX B: NUCLEAR DIAGNOSTICS

The HIPAC is a machine of the "clashing-beam" type
rather than a machine producing a highly collimated

beam of monoenergetic ions. It is worth making the

point that the reason for going to a machine of this

type is somewhat different from the reason for con-

sidering clashing beams as a useful tool for high-energy

physics. In the case of high-energy physics, the basic
reason is to overcome the relativistic loss of center-of-
mass energy. In our case, we are not dealing with

appreciably relativistic particles: rather, the reason for
considering a clashing-beam device is that it enables
one to make a closed trapping region (potential well)
in which there are no solid surfaces, and in which the
containment time is long enough to accomplish com-

plete stripping. Of course, as a clashing-beam machine,
the diagnostics and other experimental arrangements
will be substantially different from collimated beam
arrangements.

The experimental problem of extracting the infor-
mation on nuclear reactions produced in the HIPAC
will present new problems requiring serious study. It
has only been considered in a most preliminary fashion
at this stage. The most direct application is one in which

the ions introduced as a gas into the accelerator serve
as both projectile and target. The reaction products
are produced in this gas, but would eventually be
deposited on the walls unless special extraction pro-
cedures are introduced. Probably the simplest such
would involve establishing a region (protrusion) of low

potential on the wall of the accelerator, on which there
would be a tendency for ions to be deposited. This
"catcher" would be removed at an appropriate time,
the various reaction products extracted by appropriate
radiochemical techniques and their radiations and other
properties studied.

The frequency of removal of the "catcher" and per-
formance of the chemical extraction of reaction prod-
ucts, would, of course, depend on the mean life of the
radioactivity in question. For lifetimes shorter than, or
on the order of, the cycle time of the HIPAC, extrac-
tion would have to be performed after each pulse. For
longer lived nuclei, the products of many pulses could
be accumulated.

In some special cases, it might be possible to extract
reaction products as a gas, possibly using mass-spec-
trometer techniques to separate and identify different
radioactive species without the necessity of resort to
chemistry. This possibility, especially if the gas ex-
traction could be continuous, would be most signiGcant
for the study of very short-lived radioactive species.

Some preliminary consideration has been given to
the possibility of utilizing a solid target. Such a target
could be provided by inserting into (or dropping
through) the device a pellet of the target material in
such a way that it would be at the center of the device
at the time of Inaximum voltage. The reaction products

produced in this target could then be extracted by
conventional techniques after the pellet emerged from
the device. However, simple computations indicate that
the energy accumulated by the target during its passage
would be sufEcient to evaporate a surface layer in excess
of the range of the projectile nuclei; hence, the reaction
products would remain in the device, to be extracted
by other means, such as discussed in the preceding.
Nevertheless, such introduction of targets of foreign
material might still be highly desirable as a means of
increasing the range of reactants available.

APPENDIX C: A SCHEME FOR GENERATING
FAST-RISING LONG-DURATION

MAGNETIC FIELDS

A C FIELD COI

STRAY INDUCTANCE SPARK
GAP& I

,r
ZT

~SPARK
GAP 42 &nc

DC POWER
SOURCE

FIG. 28. Schematic diagram of possible apparatus for use in
generating fast-rising long-duration magnetic fields in the
HIPAC.

GAP W I

B

TIME (t )

FIG. 29. Time history of the magnetic 6eld in the HIPAC pro-
duced by the arrangement shown in Fig. 28.

There are several possible methods of producing a
magnetic Geld with both a short rise time and a long
steady-state time duration. One of the simplest systems
consists of a dc field coil (which may be supercon-
ducting) inside of which is located an ac coil which is
pulsed for one-half of a cycle in order to temporarily
reduce the dc Geld to zero for a short period of time.
Such an arrangement is indicated schematically in
Fig. 28. The resulting magnetic Geld history is indicated
in Fig. 29.
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The sequence of operations is as follows. First the
dc magnetic field 80 is produced at relatively slow pace
by building up the current in the dc superconducting
field coil from an external power source. The capacitor
C is then discharged through gap No. 1 causing the
magnetic 6eld in the HIPAC to temporarily decrease
to zero as a result of currents Rowing in the external ac
Geld coil. The electron injection occurs on the second

half of the ac cycle while the ac current is returning to
zero and the magnetic field is returning to 80. When
the ac current has returned to zero, the capacitor C is
charged in the reverse direction. At this point, spark
gap No. 2 is ignited, short circuiting the ac coil and
quenching the current in spark gap No. 1.The function
of the ac shield is to prevent image currents from heating
the dc superconducting field coil.

PHYSICAL REVIEW VOLUME 145, NUM HER 3 20 MA Y 1966

Effect of Backscattering on the Helicity of g Radiation
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Experimental investigation has been carried out on the dependence on the energy of the average longi-
tudinal polarization of P particles of ' Sr+'0Y, backscattered by a lead target. The ratio of the polarization of
backscattered to incident electrons was obtained in the energy ranges 0.3—0.8, 0.55—1.2, and 0.75—2.0 MeV
with respective results of 0.657+0.192, 0.503&0.284, 0.650&0.369. The effect of a perturbing magnetic
field on helicity was also studied. The results are discussed with reference to the mechanism of the back-
seat tering process.

jk. INTRODUCTION

'HE main features of the P-radiation longitudinal
depolarization were experimentally investigated

by transmitting electrons through foils of different
materials' '; on the other hand the depolarization of
electrons due to backscattering has not yet been care-
fully investigated. This paper describes our research
on the effect of backscattering from lead on helicity
of the P radiation from a "Sr+ "Y source; the average
polarization of the backscattered electrons was meas-
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FIG. 1. Geometrical arrangement of the source, the back-
scatterer, and the input collimator of the polarimeter; the mag-
netic circuit is also shown.
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ured by a Mfiller polarimeter at different energy
intervals.

The eGect on the depolarization of a static magnetic
field perpendicular to the backscatterer was also in-
vestigated with the aim of further clarifying the mech-
anism of depolarization in the backscattering process.

2. EXPERIMENTAL METHOD

A. The Apparatus

The Mpller-type polarimeter, used in our measure-
ments, was the same as described in one of our previous
papers. ' The collimators were enlarged in such a way
that the electrons entering the polarimeter were re-
ceived in a solid angle of about 1.4&10 ' sr, and the
electrons scattered by the analyzer foil in the angular
range between 26' and 48' were detected.

Three sources of P radiation were employed: each
source consisted of 50 mCi of "Sr (E,„=0.545 MeV),
evaporated into a sintered alumina holder, covered by
a layer of stainless steel 0.1 mm thick; the diameter of
the active area was 10 mm. The "Sr is in equilibrium
with its daughter "Y (E, =2.26 MeV). The de-
polarizer target was a disk of lead, of a thickness equal
to the range of the P rays of "Y.The target was placed
on the surface of the magnet pole, as may be seen in
Fig. 1.The magnetic-induction value was 1740 G at the
position of the target; the variation of the magnetic
field was about 3 and 5% along the thickness and
along the radius of the backscatterer, respectively.

The three sources were located at 60' from each other
On a plane parallel to the target.






