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High-Temperature, High-Density Plasma Production by Vortex-Ring Compression
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The TRISOPS III machine at the University of Miami has been modified by improving
the preionization of the plasma and increasing the ring frequency of the conical 0-pinch
coils. The secondary magnetic compression field has been increased to 120000 G at the
conjugate points of the mirror. It has been possible, with this modified machine,
TRISOPS IV, to obtain ion temperatures of 5 keV with corresponding electron tempera-
ture of less than 800 eV. The electron density was 2&&10 cm ~. This plasma was held
in stable equilibrium for 5 psec.

Previous efforts to produce a high-temperature,
high-density plasma by vortex-ring compression
have been described elsewhere. ' A schematic
diagram of the machine used to produce and heat
the plasma is shown in Fig. 1. Two conical 9

pinches were placed at the conjugate points of a

primary magnetic mirror guide field with a mir-
ror ratio of 1.2. The vacuum system was con-
structed of ceramic in the region of the conical
coils and preionization coils, and Pyrex in the
region of the pumping port and optical access
window at the center of the rnachine. Preio»&a-
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tion was accomplished by single-turn coils,
placed close to the pinch coils, which were en-
ergized by single individual 1-pF, 30-kV capaci-
tors. The conical 0-pinch coils were energized
by single individual 1.5- p. F, 30-kV capacitors
directly coupled to the coils. The vacuum cham-
ber starting at a base pressure of 2 &10 ' Torr
was filled to a pressure of 300 pm with deuter-
ium.

It is now well known that each half-cycle of the
current oscillation of each conical 0-pinch coil
produces a plasma vortex ring. ' ' Every other
ring produced by each conical pinch coil is not in
equilibrium and breaks up. The remaining rings
from each coil are either all corotational or con-
trarotational~' (have their magnetic induction
and mass velocity fields parallel or anti-parallel,
respectively) and coalesce to form one strong
corotational or contrarotational ring. These two
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FIG. 1. Schematic diagram of machine used for sec-
ondary compression of plasma vortex structures. Pri-
mary mirror field strength was 500 G.

coalesced rings then move to the center of the
primary guide field mirror and collide.
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FIG. 2. Streak picture and schematic diagram illustrating collision of vortex structures at center of secondary
mirror system. Time goes from top to bottom of the picture and diagram. Streak time is 50 @sec. The horizontal
slit was placed along the centerline of the machine, between the secondary compression coils,
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Since they are corotational and contrarotational,
they do not coalesce but interact, forming a mag-
netic barrier or septum which keeps each compo-
site ring from overlapping with the other. ' ' This
is illustrated in Fig. 2.

After collision, the rings are stationary in the
laboratory frame of reference. A secondary mag-
netic mirror (Fig. 1) is now used to compress
and heat the vortex structures. In results pre-
viously reported, ion temperatures T,. = 180 eV
with corresponding electron temperatures T,= 30
eV were obtained during compression. The elec-
tron density was 1 &10"particles/cm' and the
compressed rings remained in stable equilibrium
for about 18 p.sec.

In the new machine, TRISOPS IV, the preionizer
coils and conical 0 pinches are energized collec-
tor plates which allow higher ring frequencies.
The secondary mirror coils have been decreased
in diameter from 12.5 to 8.8 cm, in order to pro-
duce higher compression fields with the same
capacitor bank (240000 J at 20 kV). The ma-
chine is again run in the static mode by filling the
vacuum chamber with 300 pm of deuterium and
then sealing off the system. The preionizer con-
sists of a single-turn coil energized by a single
GE clamshell capacitor. This system rings at
500 kHz. The capacitors are charged to 20 kV.
The conical 8 pinches are powered by GE 1.5- p, F,
30-kV energy-storage capacitors. The current
oscillates in this circuit at 450 kHz for 6 csee.
The compression mirror coils hav'. . a quarter-
cycle rise time of 10 @see. They are crowbarred
at peak current to give an effective "field on"
time of 5 @see. The large mirror coils, which
act as a guide field for the plasma rings before
compression, are powered by a rectifier and
maintain a steady magnetic field of 500 G (mirror
ratio is 2.8).

The preionizer coils are energized first. After
2 @sec, the conical 0-pinch coils are activated.
8 @sec later, the compression field coils are en-
ergized. Exact timing of the compression coils
is adjusted by observation of streak pictures of
the discharge. The compression field must be
activated about 1 csee before the rings reach the
center of the mirror for best results.

Ion temperatures in the rings after they meet
at the center of the primary mirror but before
secondary compression are approximately 350 eV
in the currently operating machine, TRISOPS IV.
The electron temperature is very low (T, =30 eV)
and the density is typically 10"particles/cm'.
The septum and the rings are observable for
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FIG. B. Ion temperature of deuterium vs voltage ap-
plied to capacitor bank that powers the secondary mir-
ror coils. The temperatures were measured with a
multichannel monochromator.

about 30 @sec after they meet at the center of the
mirror if no secondary compression is applied.
It is believed that the precompression ion temper-
ature can easily be increased into the keV range
with suitably designed conical 6I pinches energized
by Marx capacitor banks. %hen the coalesced
rings are compressed, the ion temperature rises
into the keV range. Results are shown in Fig. 3.
Ion temperatures as high as 5.0 keV have been
measured optically with use of the 4686-A He
line and C III and C IV lines at 3170 and 3936 A,
respectively. These ion temperatures were mea-
sured by observation of Doppler broadening of
spectral lines. '

Temperature measurements have also been
made by observing the neutron flux from the fire-
ball. Neutron flux measurements were obtained
by activation of metal foils fabricated from vari-
ous elements with known neutron cross sections
for fast and slow neutrons. Temperature obtained
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by using neutron flux measurements fall on the
temperature curve obtained by optical measure-
ments of Doppler broadening of spectral emis-
sion lines. (See Fig. 3.) Total integrated neutron
flux is 10' neutrons per shot.

Density measurements have been made utiliz-
ing the Stark broadening of spectral lines. ' When
ion temperatures are not precisely known, mea-
surements are made on the line profiles of two
hydrogenic spectral lines with greatly different
sensitivity to Stark effect. It is then possible to
solve simultaneously for the contribution because
of Doppler and Stark broadening and thereby ob-
tain both the ion temperature and electron den;
si.y. The initial data are presented in Fig. 4,
which is a plot of plasma density in the fireball
versus compression. When the ion temperatures
determined by neutron fluxes are compared to
temperatures obtained with the monochromator,
a plasma density of about 10"at 12 kV on the
bank gives an excellent fit to the "neutron" tem-
perature data.

Plasma volume was remeasured using streak
and framing camera images over several hundred
shots. The results are shown in Fig. 5. An at-
tempt to measure electron temperature with
metal-foil absorbers in front of x-ray film yield-
ed the result that T, &300 eV. A rough check on
this using line ratio techniques has been attempt-
ed. The ratio of C III to C II was used, assuming
local thermodynamic equilibrium. The results
indicate a T, of less than 50 eV. High ion tem-
peratures and electron temperatures of less than
300 eV have been attained. This is characteristic

of 0 pinches and mirror compression devices.
The large difference between the magnetic pres-
sure at the center of the mirror and the pressure
in the quasi-force-free core requires explanation.
For equilibrium,

0 = —v( p + -,' pv') + j x B —p(g x v),

where p = pressure, p = mass density, v = velocity
of center of mass of a fluid element, j = current
density, 8 = magnetic induction field, g= Vx v.

For force-free collinear flow with the ions
carrying the conduction current, the equation
takes the form

Vp+ —,V(pv') = 0.
Measured velocity is close to sound speed (I vI
~ 6x10' m jsec). A force balance is obtained in
which hydrodynamic (kinetic) pressure supports
the hot gas. The relatively low magnetic field
merely guides the flow. The force bearing shell
is the gun itself. (IBI and Ivi are a maximum
at the boundary. )

Estimates of particle confinement time at high
temperatures are given by the "time one" of the
ionized light used in making temperature mea-
surements and the duration of the image on
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FIG. 4. Plasma density vs compression bank voltage
based on Doppler- and Stark-broadening measurements. FIG. 5. Plasma volume vs compression bank voltage.
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streak pictures. By both methods, the decay
time of the measured T,. is 5 psec. The com-
pression field is effectively at close to peak val-
ue for about 5 p,sec. The ion electron equilibra-
tion time for these structured plasmas is evi-
dently greater than 4 p,sec at 5 keV. The fast
moving (~ v~ =4 x 10' m/sec) ions are cooled by
the cold electrons which act as field particles
whose center of mass is stationary in the labora-
tory frame. The corresponding equilibration
time for the compressed plasma is of the order
of microseconds. "
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Observation of Stimulated Raman Backscatter from a Preformed, Underdense Plasma
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Observations of stimulated Raman backscatter in an underdense hydrogen plasma are
reported. The wavelength shift associated with the backscattered Raman component is
consistent with a plasma with the measured electron density. The Raman backscatter is
seen to decrease below detectable levels when the incident CO&-laser intensity is atten-
uated approximately 50%, consistent with theoretical intensity thresholds of the Raman
process.

The problem of parametric instabilities in
plasma has been examined extensively in the lit-
erature. ' ' Two types of solutions emerge, char-
acterized by an infinite, homogeneous plasma' '
or finite, inhomogeneous plasma. ' ' In the in-
finite, homogeneous case, the three-wave inter-
action takes place throughout the entire plasma,
and the applicable controlling equations can be
solved to find threshold intensities and growth
rates. The growth is primarily temporal but
may have a spatial gain associated with it (abso-
lute instability) in some circumstances. In the
finite inhomogeneous case the interaction is treat-
ed as a local phenomenon which grows in space
(convective instability). Here also in some in-
stances there may be both spatial and temporal
growth. Both approaches predict a number of
different instabilities. The decay of an incident
photon into a backscattered photon and an ion-

acoustic wave [stimulated Brillouin scattering
(SBS)] has been observed in numerous experi-
ments, primarily in Nd:glass-laser-heated solid
targets" and in CO, -laser —heated linear de-
vjces ao-i2 Decay of an jncjdent photon jnto two
electron plasma waves (two-plasmon decay mode)"
or into one electron-plasma wave and one ion-
acoustic wave (parametric decay mode)" have al-
so been observed. The observation reported here
is the decay of an incident photon into a backscat-
tered photon and an electron plasma wave t

stimu-
lated Raman scattering (SRS)]. Simulated Raman
backscatter is characterized by an exponential
backscattered-intensity dependence on the inci-
dent intensity and a backscattered frequency
which is shifted to a lower frequency than the in-
cident frequency by the electron plasma frequency
&u~=( ne, /e, m, )~'. Possible indirect evidence of
the Raman process has been reported in the liter-
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