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Formation and Propagation of a Proton Ring

P. L. Dreike, ~'~ J. B. Greenly, D. A. Hammer, and R. N. Sudan
Laboratory of Plasma Studies, Cornell University, Ithaca, New York 14853

(Heceived 4 August 1980)

A magnetically self-confined ring of 430-keV protons with a field reversal on axis of
3' is formed in an. 8-kG solenoid, as evidenced by propagation more than 1 m in 15-400
mTorr air or hydrogen without dispersion. Up to 83% of the proton kinetic energy is in
rotation and inductive coupling of axial ring energy to azimuthal plasma current induced
in air (but not hydrogen) gives reflection of &50Vo of the ring from a 23% mirror.

PACS numbers: 52.55.Ke

Magnetic field configurations in which an ex-
ternally applied magnetic field is reversed by
currents flowing in the plasma itself are expect-
ed to have favorable plasma confinement proper-
ties and have, therefore, attracted considerable
interest for fusion reactors. The current may be
carried by either low-energy plasma particles or
by rings of high-energy particles. Synchrotron
radiation losses by energetic electrons, the pos-
sibility of plasma heating by the energetic ions, '
and theoretical predictions of a more stable con-
figuration' have lead to field-reversal schemes
with use of high-energy ions. Recent develop-
ments in intense ion-beam technology have made
it possible to attempt single-pulse injection and
trapping of a field-reversing proton ring in a mir-
ror well on a, time sca,le of 0.1-1.0 @sec. Indeed,
the transient reversal of an applied magnetic field
by a rotating proton beam has recently been re-
ported, ' although the average axial velocity and
its dispersion are too large for the beam to be
trapped in a mirror mell or confined in its own
diamagnetic well.

In this Letter we report experimental results
on the formation and dynamics of a rotating pro-
ton ring, whose quality is such that particles are
trapped in their own 3% diamagnetic well. To
summarize, an annular -430-keV proton beam
from a magnetically insulated diode is injected
through a cusplike magnetic field to form a ro-
tating proton beam. With ~ 15 mTorr air or s 50
mTorr H, in the experiment chamber, up to 83%
of the total kinetic energy of the ring is in rota-
tion, and the axial energy dispersion of the pro-
tons with enough energy to traverse the cusp is
sufficiently small so that &70% are held together
axially by their own 3% diamagnetic well as they
propagate more than 1 m in an 8-kG solenoidal
magnetic field. Up to 15% of the residual axial
beam energy is inductively coupled to azimuthal
plasma currents induced in the beam-generated
plasma in air, but such currents are not observed
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FIG. 1. (a) Schematic: A, to the Neptune generator;
B, anode; C, external coils; &, cathode, including 2
pm Mylar foil; E, typical proton orbit; E, upstream
mirror coil; , wall resistor wires; &, axis diagnostic
assembly with pickup loops; I, vacuum chamber wall.
Also shown is the total magnetic field at r =0 with the
upstream mirror field dashed. (b) Diode detail: A,
anode with coils; B, cathode foil; C, cathode foil hold-
e r; D, cathode edge for electron emission; &, cathode
ground return. Field lines shown dashed.

in hydrogen. Consequently, the proton beams a,re
more efficiently reflected from the 1.23-mirror-
ratio downstream mirror in air than in hydrogen,
with a 50% achieved in air. About 1% inductive
energy coupling to wall resistors was observed
in both air and hydrogen experiments.

A schematic drawing of the apparatus is shown
in Fig. 1(a). The 2.5-m-long solenoid is operated
at 8 kG in the experiments reported here. The
proton source is an annular magnetically insulat-
ed diode, similar to one described previously. '
Pulsed coils within the anode of the diode provide
both closed magnetic-flux surfaces around the
anode which insulate aga, inst electron Qow and a
cusplike transition to the solenoidal field, as
shown in Fig. 1(b). The diode is powered by a
90-nsec, 550-kV, 90-kA pulse. The annular pro-
ton beam is injected through a 2-pm-thick Mylar
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foil, with about 130 keV energy loss, into a, drift
chamber containing 15-400 mTorr of neutral gas
to provide spa. ce-charge neutralization. The radi-
al component of the cusp field converts beam en-
ergy to rotation as the beam drifts to the uniform
field section. The ring then propagates about 2

m to the fixed 1.23 downstream mirror, M„
where it is partially reflected. Mirror M „nec-
essary for ring trapping if sufficient axial energy
can be removed from the ring, is produced by a
pulsed coil within the vacuum vessel. The ring
may lose axial energy by inductive coupling to
plasma return currents or to an array of resis-
tor wires located between 70 and 190 cm from the
diode. The diagnostics used in these experiments
are (1) ten fast magnetic pickup loops to meas-
ure magnetic field changes on the axis at 20 cm
intervals from 32 to 212 cm from the diode,
(2) magnetically insulated Faraday cups oriented
to measure the rotating proton flux, (3) four mini-
ature Rogowski belts to measure the current in-
duced in four of the wall resistor wires, (4) mag-
netic probes outside the ring oriented to measure
axial and azimuthal magnetic fields of the ring,
and (5) Thermofax paper witness targets to meas-
ure the radial extent of the ring.

The magnetic field configuration near the diode
[Fig. 1(b)J is such that the anode emission sur-
face is nearly coincident with a magnetic-flux
surface. This minimizes the spread of the parti-
cles' initial canonical angular momenta and,
therefore, their spread in axial velocities after
traversing the cusp (if we assume azimuthal sym-
metry and space-charge neutralization). Further-
more, the radial component of the Lorentz force
on the protons is always directed inward which
minimizes the radial loss of ions in traversing
the cusp when the magnetic field is near the cusp
transmission limit. ' When the drift chamber is
pressurized to a few tens of millitorr of air, hy-
drogen, helium, or nitrogen, the beam is space-
charge neutralized by the beam-generated plas-
ma, and a clea, rly defined hollow ring is pro-
duced which propagates through the system with
little radial spreading and with 2 80% of its ener-
gy in the transverse direction. Thermofax paper
witness targets show its mean radius is 10 cm
and its thickness is 6 cm. When the bea, m is in-
jected into vacuum (( 10 ' Torr), it is radially
and axially dispersed on a —,

' m distance scale,
despite the presence of surface flashover elec-
tron sources in the cusp region, as previously
used, ' indicating inadequate space-charge neu-
traliza, tion in the cusp.

Proton beam dynamics in the magnetic mirror
region are a strong function of the gas species
and a weak function of pressure. A lower bound
on the beam-generated plasma density is obtained
by considering only impact ionization by the fast
protons. With use of tabulated cross sections, '
plasma densities of about 4x 10"and 1.5x 10"
cm ' are produced by the 25-A/cm' (1.7x 10"
cm ') beam in 100 mTorr of hydrogen and air,
respectively. Ionization by secondaries and ava-
lanching in the induced electric fields of the beam
will surely cause these densities to be substantial-
ly higher. Null measurements of azimuthal mag-
netic fields show that the ring is (90-100)%%up axial-
ly current neutralized by induced plasma cur-
rents. Azimuthal plasma currents, on the other
hand, are observed only in the heavier gases
air, nitrogen, and helium- but not in hydrogen
or deuterium. Three plasma current "signatures"
are seen: The magnetic signals (1) persist after
passage of the high-energy protons, (2) are often
flat topped, evidently because the plasma current
starts to Qow as some critical plasma condition
is reached, and (3) are pressure dependent. The
rotating proton flux is measured using small Far-
aday cups (magnetically insulated by the solenoi-
dal field) at various axial positions, and at 10 cm
radius, with their axes oriented in the azimuthal
direction. The cups' apertures were covered
with 2-pm-thick Mylar foil to discriminate
against low-energy particles, and the pressure
inside the cups was maintained at 0.1 mTorr.
Faraday cup and axis diamagnetic signals at the
same axial positions are compared in Fig. 2 for
shots into 240 mTorr hydrogen and 230 mTorr
air. There is good correspondence between the
two for a hydrogen fill. Moreover, the magnetic
signal amplitudes and widths are independent of
pressure in hydrogen. However, in air the mag-
netic signals are much longer than the pa,rticle
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FIG. 2. Beam diamagnetism and Faraday cup measure-
ments of the rotating proton. flux for (a) in 240 mTorr
H2 and (b) in 230 mTorr air. The time sweep is 200
nsec/div and the Faraday-cup signal is in A/cm .
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FIG. 3. (a) Ring diamagnetism at three axial positions
for a shot in 320 mTorr H2. (b) Diode voltage and cur-
rent waveforms for the shot of (a). (c) Ring diamagne-
tism at the same positions for a similar shot in 140
mTorr air. The 72- and 152-cm signals are time
synchronized at the right-hand side, but the 212-cm
signal is not.

flux signals and they tend to be flat topped at
pressures &100 mTorr. The duration of their
tails increases with the square root of the fill
pressure, and they oscillate at low pressures,
s 30 mTorr. This plasma current behavior as a
function of ion mass is as predicted theoretically
for the similar problem of return currents in-
duced by a rotating electron beam in a plasma in
an axial magnetic field by Lee and Sudan' and by
Chu and Rostoker. ' To summarize, the hydrogen
ions can undergo drift motion in response to the
ring electric fields on the time scale of beam
transit, but the heavier ions cannot. Therefore,
net plasma currents can flow only in the heavier-
ion plasmas.

Oscillographs of the ring's diamagnetism at
three different axial positions for a shot into 320
mTorr hydrogen are reproduced in Fig. 3(a) to-
gether with the diode voltage and current histor-
ies for this shot in Fig. 3(b). The average inject-
ed proton energy is 430 keV during the 60-nsec
usable portion of the pulse, corresponding to a
total velocity of 9.1x10' cm/sec. The ring prop-
agates with an axial velocity of 3.8x 10' cm/sec,
corresponding to an average axial energy of 8',
=75 keV. Within 10% the magnitude of the dia-
magnetism is 225 G and the full width at half
maximum is 100 nsec at all probe positions be-
tween 72 and 172 cm. This implies an axial ener-
gy spread of AW, ~ 15 keV since protons with larg-
er ring frame energies would not be confined by
the 3%%u& magnetic well produced by the ring. (The
alternative explanation of an axial energy disper-
sion of ~ 0.2 keV is not reasonable. ) Because the
inferred ratio of total particle kinetic energy to
perpendicular energy is 1.21+ 0.07=M, = 1.23, a

fraction of the ring is expected to reflect from
M, . Indeed, the long tails on the diamagnetic sig-
nals at 72 and 152 cm are due to particles which
are too slow to be contained in the main ring,
and which reflect from M, . This interpretation
is supported by (1) the absence of a tail at 212
cm, implying a transmission cutoff, (2) backward
propagation of tail features which can be seen in
full sets of diamagnetic signals from 32 to 192
cm, and (3) negligible tails for shots with M„
& 10%, for which the slowest particles are reflect-
ed at 50-55 cm, i.e. , before they enter the mir-
ror region.

The total charge and energy in the ring can be
estimated from the diamagnetic signals with use
of a solenoid model for the ring and its measured
axial velocity. One obtains Q~ = (0.9+ 0.3)x 10 ' C
or (5.5+2)x10" total protons. The corresponding
energy is 380 J, with an axial energy of 65 J,

Oscillographs of the ring diamagnetism from a
similar shot into a 140-mTorr air fill are repro-
duced in Fig. 3(c). Because of the plasma cur-
rents, the diamagnetic signals in air are small-
er and have longer durations than those in hydro-
gen. The second peak is due to reflection of the
ring from M„as seen from the direction of prop-
agation, and the considerably reduced diamagnet-
ism at 212 cm. Rings were consistently reflected
in an air fill, while a coherent ring reflection in
hydrogen was rarely observed. This is attribut-
ed to transfer of some of the ring's axial energy
to the magnetic energy of the plasma currents. '
For a typical shot with M =200 G, nearly 10 J of
the 65 J of axial energy is left behind in the -10-
cm-radius, 1.5-m-long return-current configura-
tion. Within bounds allowed by the presence of
plasma currents, comparison of the incident and
reflected diamagnetic signals at 152 cm and the
transmitted signal at 212 cm suggest & 50% re-
flection of ring protons. The gradual loss of par-
ticles in the reflected ring, exemplified by the
152- and 72-cm traces in Fig. 3(c), has an in-
verse pressure dependence and is not explained
by classical binary collisions or charge exchange
with background neutrals.

Three other noteworthy observations have been
made. First, measurements of the current in-
duced in the resistor wires showed that up to 1%
of the ring's axial energy was dissipated in the
wires in agreement with models of this mechan-
ism." Second, a peak ring diamagnetism of 875
G+ 10'%%uo was observed 50 cm from the diode with

1 2 5 Note that our peak diode power is only
0.05 TW. Third, ring trajectories as a function
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of diode voltage are in good agreement with the
calculated orbits of typical single particles.

In summary, an ion source giving sufficient
beam quality for self-confined ring formation has
been developed. Axial energy has been extracted
from the ring by two collective interactions, with
return currents and with a resistive wall. Final-
ly, the ring has been reflected from a weak mir-
ror. Based upon these observations, the theo-
retical scaling of energy dissipation in a resis-
tive wall, ' and extensive computer simulations, '
it is expected that a proton ring can be trapped if
the injected proton current is increased by a fac-
tor of 3-4, the resistive wall is optimized, and
the shape of mirror region is modified.
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Bounds on the Electromagnetic, Elastic, and Other Properties
of Two-Component Composites
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A simple relation between three-point correlation functions is derived for two-compo-
nent materials. This relation enables one to find concise expressions for the Beran,
Molyneux, and McCoy bounds on transport and elastic coefficients in terms of the volume

fraction, f &, and two fundamental geometric parameters, gl and gl. The paraxneter g~

also determines bounds on the complex electrical permittivity. No simple interpretation
of && and ql has been found.

PACS numbers: 62.20.Dc, 72.15.Eb, 78.20.Dj

This work is concerned with estimating the
transport and elastic properties of a macroscopi-
cally homogeneous and isotropic composite, given
the transport and elastic properties of the two
components. Once a relation is found for any one
transport coefficient it applies to any other trans-
port coefficient. Indeed finding the effective elec-
trical conductivity, heat conductivity, magnetic
permeability, or diffusivity is mathematically
analogous' to finding the effective electrical per-
mittivity, e„given the permittivities, &, and E'2

of the components.
The effective thermal expansion coefficient and

consequently the specific heats of the composite
can also be determined, "once we have found the
effective bulk modulus, K„and the effective
shear modulus, p„ in terms of the bulk moduli,

Kj and K2 and the she ar moduli, p, and p.» of
the components. Furthermore' the work of Good-
ier' relates the effective viscosity of a composite
(such as a suspension of particles in a. fluid) to p, ,
for a composite of incompressible materials
(such as a suspension of particles in a solid ma-
trix). Because of these relations, I focus on find-

g ~et Ke& and LILet given E~~ f2~ K~~ K2~ p ~~ p, 2
and information about the structure of the materi-
al, including the volume fractions, f, and f,= 1
f» of the com-ponents.
Beran, Molyneux, and MeCoy' have derived

bounds on ~„K„and p, , which provide both an
estimate of each quantity and the uncertainty as-
sociated with the estimate. They assume that the
scale of inhomogeneities is much larger than
atomic dimensions and that the composite is free
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