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1. INTRODUCTION

LEHNERT (1971) has recently reviewed rotating plasma
theory and experiments. These experiments include plasma
confinement and heating studies (LEHNERT et al, 1971),
element and isotope separation experiments (BONNEVIER,
1971), and simulations of fuel pellet injection into fusion
plasmas (@USTER and SILLESEN, 1972). In this paper a new
application for rotating blasmas is discussed. it is shown
that rotating plasmas can be used as supermagnetosonic
plasma wind tunnels. This development permits the experi-
mental investigation of supersonic plasma flow problems
which contain motional electric fields, i.e. a component
of magnetic field transverse to the flow velocity. The
interactions of bodies in the solar system with the solar
wind are examples of this class of problem (SPREITER and
ALKSNE, 1970).

If the azimuthal plasma flow velocity Ve is to be
supermagnetosonic, the ions must have a minimum directed
energy. The condition for supermagnetosonic flow is

vi > VZ + C:
where vp 1s the Afven velocity and Cq is the plasma
sound speed. This condition can be re-written for highly
ionized rotating plasmas as
e 5kTq

2
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%ml Ve > 7 N * > (1)
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where m; 1is the ion mass, B is the magnetic field value,

Uo 1s the plasma permeability, n and T, are the elec-

e
tron number density and temperature, respectively (assumed
to be equal for ions and electrons), and k is Boltzmann's
constant. The electron mass is neglected compared to the

ion mass, and the ratios of specific heats for ions and

electrons are both set at 5/2.

It is now known that densities ng =~ 5x 10%° -1 x 103y 3
and temperature T w5 -10eV are characteristic of high-
current rotating plasma devices which have vertical magne-
tic fields B, ~0.1-0.2T (LEHNERT, 1971). Using equation
(1), these parameters require %ng_v§a560-12C)eV for super-
magnetosonic flow. Although this ion energy is relatively
low, it is greater than the energy needed (~10-30eV) for
dissociation and single ionization of typical gases used
for plasma experiments. This comparison is significant if
the plasma flow interacts with néutral gas 1in the discharge
chamber.

The use of rotating plasmas for flow studies requires
flow time 7£>100us in most experiments, so that quasi-
steady conditions are reached. 1In the absence of dynamic
effects (e.g. vertical pinching), this time is sufficient
for plasmas with the above parameters to diffuse along B,
to the insulating surfaces cut by the magnetic field lines

(see Fig.1l). Neutral layers form at such surfaces by



recombination, and balance the plasma pressure.

Results from a number of rotating plasma experiments
show that vy can be limited by a plasma-neutral gas
interaction in these layers. Limitation occurs when Ve
reaches a critical velocity Vor defined by

%mi vi:ecpn | T ]
where e 1is the electron charge and %,  1s the ioniza-
tion potential of the neutral (ALFVEN, 1954; 1960).
Although this limiting effect is poorly qnderstodd, it is
likely that one or more collective phenomena convert
directed ion energy into thermal electron energy when
vg # v, (DANIELSSON, 1970). Among the proposed mechanisms
are space-charge effects due to non-thermal ions created
by symmetric resonant charge-exchange collisions, and
cross-field two-stream instabilities (see the'reQiew by
SHERMAN, 1969). The hot electrons ionize_thé wall neutrals,

and the drag on the plasma rapidly increases when vf2=vc

as the new ions are captured by the flow.

In experiments with uniform vertical magnetic fields,

veS v, everywhere in the flow if the critical velocity

effect is present, since Ve is roughly constant along
B, for typical laboratory rotating plasma conditions
(LEHNERT, 1971). This effect can be observed by measuring

the voltage Vo  Wwhich develops radially across the plasma

during the rotation. If viscosity and particle pressure



pressure gradients are ignored, then

?2 s ) mj_'\r"a

vp=[ Boar =- f (veB, + =7 - nljr) dr + Vg
i e rl
1

where r, and r_~are the radii to the inner and outer
plasma boundaries, respectively, r is the radial position
in the plasma, E. and jr are the radial electric field
and current density, respectively, By is the electrical
resistivity across B, , and Vg is the voltage drop

across possible anode and cathode sheaths (ANGERTH et al,

1962). For most experiments, only the term containing B,

is important. If vemvV_, then the critical value of Vg
is
2
2en .k M (r. +r_)% 4
; T ms i 2
= - + g mm——
Ve Bzo \ W ) (r, rl)[l 2 (l 4r r, )J

isw 43
provided the plasma boundaries are flux-conserving

(LEHNERT, 1961; SRNKA, 1973a). Here BZO is the initial

=

(undisturbed) B, value, and How = P (v2-+CZ) is the

A

magnetosonic mach number. Results describing- Vip limita-

tion in VORTEX are given below.

One conseguence of v_-<vVv in rotatin lasmas 1is
£ g

c

the limitation of 5 If the ion ener regquired in
s ay

equation (1) exceeds the limit given by equation (2), then

Mo €L, For Mpg >1, these two equations require
B, 5kT
z e
> & .=
ech 2 o ne 2 (4)



Conversely, the number density required for a specified

MTHS is (Mrns BZ)B
H = . ... (5)
Ho(2 @ oy - 5 kTg Mrens)

If 2ep, <5kT, ans » then ng <0, which means that
no value of B, and ng, will give the desired Mog
Generally, equation (5) demands high n, values, as shown
by the following example. For Tg=1lev, Yn=13.6V
(hydrogen), and B,=0.1T, n,=6x 10°? m™2 for M.o=1,
It is difficult to produce such densities in highly ionized
plasmas which have sufficient volumes and lifetimes for
use in quasi-steady flow experiments.

There are two ways to produce vg>v, and Mms >1
in rotating plasmas. The first approach uses a non-uniform
magnetic field. If the field has a pOloidal or confinement.
geometry (as in magnetic mirror machines), the rotational
velocity increases along the field lines from vgwv, at
the end insulators to VgRR. .V, in the midplane of the
experiment. The 'radial ratio' R. 1is defined as the
ratio of the radial distance from the symmetry axis to a
field line at the midplane, divided by the radial distance
to that field line at the end insulator (i.e. R.. =21).
This geometric multiplication of Ve is due to the con-
stant angular velocity of the field lines, and assumes
the plasma is tied to the field. For this case, the ion

energy requirement for Mp.>1 in equation (4) becomes



e > — ( -+ e)
®n Ri‘ k2 Mo Ne 2

and the density required for a specified M, . is reduced

to:
(Mg B)?

2 2
o (2 e R_®p - SkTeMms)

Ng =

where B 1is the magnetic field value in the midplane.
Velocities vgm2-3v, can be produced in this way
(LEHNERT, 1964), but Mg, >1 has not been previously
reported. Attempts at using larger Rr values have

encountered plasma stability problems (LEHNERT, 1971).

The second approach is to reduce or eliminate the
plasma/neutral gas interaction responsible for the critical
velocity effect. This interaction can be avoided by intro-
ducing gas only at the midplane of the discharge chamber,
through a fast valve, and then operating the discharge for
a time less than the thermal diffusion time of plasma to
the end insulators (HALBACH et al, 1962). Such devices
have 1.<50yus, which is unsuitable for some flow experi-
ments. It may be possible to weaken the interaction by
placing suitable conductors in the neutral layers, to
remove any electric fields associated with the limiting
effect (LEHNERT, 1969). A test of this method is in pro-

gress, but results are not yet available (LEHNERT, 1972).



Finally, it is possible to overcome the limiting
effect if sufficient azimuthal force is applied to the
plasma. Then the restrictions imposed by equations (4)
and (5) do not apply. This approach is used in the VORTEX
experiment to produce the first supermagnetosonic rotating
plasma in the laboratory. Results presented by ANGERTH
et al (1962) have motivated this work. It is found that
Mys >1 can be produced in a rotating argon plasma if the
radial discharge current In exceeds 10-15 kA, depending
on the value of the magnetic field. The presence of out-
gassed hydrogen in the discharge chamber may help to

for argon (i.e. a 'super-critical'

produce Vg >V,

velocity) in this experiment.

2. APPARATUS

A schematic view of the experiment is shown in Fig.l.

A homopolar configuration with R.=1 is used for simpli-
city (ANDERSON et al, 1958).

VORTEX has two features new to rotating plasma
experiments: a narrow (0.10m) discharge channel with a
large radius of curvature, to reduce radial plasma gradients;
and a preheat discharge, to give uniform starting conditions

for the flow and to help prevent azimuthal current spoking.

The discharge chamber is an annular region between

two cylindrical stainless steel electrodes, radii



r1==0.251n and r;=0.35m. These electrode walls are
flux-conserving on the time scale of the plasma discharge,
as recommended by MHD stability theory (MILANTIEV and
@STER, 1969). Glass end plates seal the 0.30m high
vacuum chamber, and provide high voltage insulation. A
vacuum system consisting of a rotary pump, oil diffusion
pump, and a liguid-nitrogen cooled trap gives a base
pressure of 2 x 107® torr in the chamber. A constant-flow
gas system provides filling pressures p, in the range

5<p_ < 1l00Omtorr in a variety of gases.
o Y

Energy for the experiment is stored in three capacitor
banks, which are switched using conventional ignitron tech-
nigues. The magnetic field bank drives a set of four coils,
which give a vertical field Bz==0.0l-O.20fP, uniform to
+ 5% over the discharge channel. The preheat (P.H.) and
radial electric field (Eg) banks discharge into the chamber
through sixteen coaxial cables, connected to a copper trans-
mission platé and evenly spaced around the azimuth, to dis-

tribute the current uniformly.

The discharge sequence for the capacitor banks is

shown in Fig.2. B rises in 27ms , and is clamped at its

Z

peak value. B, falls with a characteristic decay time of
91l ms after the clamp, but is essentially constant over the

plasma lifetime (0.5 - 1ms) .



The preheat is an undercritically damped discharge

across B_,, of frequency

- =4.8 x 104 s™! and duration

Ypy
105 ys . A peak current of 140kA is obtained at a P.H.

bank voltage of 12kV. Floating double Langmuir probe
measurements show that typical P.H. parameters are
ne=2.4x10%° m™® and T.=1-2eV at the end of the P.H.
discharge, for p,=30mtorr and B,=0.1T. The ringing
discharge encourages mixing and uhiformity in this initial
plasma, as shown by probe measurements.

The Ej discharge is started in the quiescent after-
glow plasma of the preheat. A low-inductance series
resistance in the Ep circuit is varied to chénge the Eq
discharge characteristics. When the Ep Waveform is under-
critically.damped, a clamp ignitron is used to maintain a
unidirectional radial current in the flasma; The Eg
risetime is chosen sufficiently long (~70-110yus) so as
not to cause vertical compression or ion heating in the
initial plasma (@STER, 1969). The decay rate for the total
plasma current I is determined by the external circuit
parameters if the Ep waveform is critically or overcritic-
ally damped, and by the plasma parameters if the discharge
is undercritically damped.

Magnetic probes, high-impedance double electric probes,
and floating double Langmuir probes are used for diagnostics.

The Langmuir probe tips can be directed upstream, downstream,



or transverse to the flow. VARY (1970) shows that directed
probes can accurately measure n, and T in flowing

plasmas, provided the thin-sheath approximation is valid.

3. PLASMA CURRENT-VOLTAGE CHARACTERISTICS

Discharges in hydrogeh, helium, and argon were studied
in VORTEX. Voltage limitation is observed in these dis-
charges if I;<5kA when the 'ER circuit is resistively
damped. Typical oscillograms for a hydrogen discharge,
Bs= 30mtorr , B,=0.1T, and Ep bank voltage Vg =3 kV,
are shown in Fig.3. Oscillograms for helium and argon
discharges are similar. Note that Vp 1s nearly constant
while Ig is flowing. Increases in Vg do not increase
Vp, as shown in Fig.4. The dashed lines are the Ve
values predicted from equation (3), with Myg <1. The
linear portions of the three voltage curves for £ 1.3 kv
demonstrate charge-sharing between the Ep capacitor bank
and the hydromagnetic capacitance of the plasma, when
Vip < Vg (ANDERSON et al, 1959). The variation of the peak

v value with B, for In<5kA is shown in Fig.5, where

T
the full and dashed lines are the predicted Vo values.
It is also found that the peak value of Vi is independent

of p, 1in the range 5 €£p, = 100mtorr, as in other rotat-

ing plasma experiments (LEHNERT, 1971).

- 10 -



These results show that the critical velocity effect
is present in VORTEX. Measurements of ng and Tg in
the flow, using a swept floating double Langmuir probe;
show that ng <10°' m™® and T, >1eV for the range of
gases, p , and B, used. When B,<0.05T, ng<5x 10°°m=2
due to plasma losses to the walls. Thus M s <1l when
Ipn<5kA, since vavC "

It is found that Vp >V, in argon discharges when
In>5kA. Oscillograms for an argon discharge, Py = 30mtorr ,
By = 0.1T and Vp=1lOkV, are shown in Fig.6. The first
plateau on the Vg trace is the V. value for argon. The
second plateau appears superimposed on the first, and
approaches the V. value for hydrogen wheh‘ Ip >20KkA.
Similar double—plateaﬁ VT traces were reporﬁed by ALFVEN
(1960) and ANGERTH et al (1962). Theksecond plateau does
not appear for hydrogen or helium discharges in VORTEX,
although there is an upward trend for Vo in these gases
for IT:>lO]da. These results are summarized in Fig.7,
where the ER discharge has been critically damped. The
Alfven mach number MA==Vf/VA was computed using ng
values from Langmuir probe results, and assuming
Ve sEI_/Bz #Vp/By, + (r, - &, ). This figure shows that My >1
is possible for argon if the increase in Vp represents

a true increase in vf.

e b



A high-impedance floating double electric probe was
used to measure the radial electric field E, in the flow.
The Ey values obtained in the centre of the discharge chan-
nel (r'=5cm, r’zzr—rl) at the midplane (z=0cm) are shown
in Fig.8. The discharge is undercritically damped, with
I7=40kA (peak) at Vp=10kvV. Note the similarity of the
curves in Fig.7 and Fig.8. The critical value of Ey for

argon at Bz =0.1T 1is

f2eawA\% .
E . MB,  ;, — = 1.2% 16° v
Z a_\ mA /

where ¢,=25.6V and m,=6.68x10"%° kg. Thus E_>E_
for argon when Vp26.5%kV, for this discharge circuit.
The electric fields measured for hydrogen and helium dis-

charges do not exceed their respective critical values.

These results indicate that, for B,=0.1T, only the
argon discharge in VORTEX can have Mpg >1. A study was
made of the discharge properties of all three gases, over
a range in B,, vp., and Ip . in order to determine the

conditions which give the maximum value of Mg +

4. OPTIMIZATION

Probe measurements show that Tty increases with IT'

and that E, generally increases with VT‘ Therefore the
maximum discharge power (Vg=10kV, Ip=40kA peak) was
used in the optimization. The plasma parameters are

insensitive to P if 1lO= P, = 100 mtorr , and Po = 30 mtorr

is used as the minimum required neutral density.



It is found that T, is insensitive to B, and m; o,
and has a peak value To=7.0+1.5eV when I is peaked.

The temperature increases rapidly with increasing I,

which suggests that the plasma is ohmically heated.

Electric probe measurements show that, for maximum

\Y and I

B T VE increases with increasing B, . These

results were confirmed using an upstream-directed DC_leat-
ing double Langmuir probe, biased to collect saﬁurated ion

current. The velocity increases rapidly for B, €0.1T, ahd
more slowly for 0.1<B,;<0.2T. In hydrogen and helium dis-
charges, vg<vg. This velocity increase is'dﬁe to the grow-

ing azimuthal force (i.e. torgue) on the plasma as B, increases.

Magnetic prcbe measurements show that B, is unchanged
at the centre-midplane position during the discharge,
although 3B,/3dr >0. This result is used together with
those presented above to derive the varia£ion of Mo
with B, , shown in Fig.9. The indicated values refer to
the time of peak directed plasma flux (nevf) at the centre-
midplane. Note .that the M. <1l for hydrogen and helium.
Argon discharges have a peak Mmsﬁs2 at an optimum
B, #0.125T. The decrease in Myg for B, >0.125T is
due to a rapid increase in v,, and only a moderate

increase in vg, when B, is greater than optimum. "

- 13 -



5. ARGON PLASMA FLOW CHARACTERISTICS

Both spatial and temporal variations of the argon flow
parameters have been studied. It is found that the flow
contains a core of supermagnetosonic plasma, of radial
extent ~5cm and height ~20cm, which persists for 200-

300 uys in a guasi-steady phase of the flow.

The rotation has three phases, as shown in Fig.10.
Electric probe and directed Langmuir probe measurements
at the centre-midplane were used to derive the Ve values.
An acceleration phase begins at the start of the Ep dis-
charge (t=0), and continues to the Ip current peak

(t = 100ys) . 1In this phase the plasma is compressed

radially and vertically, and MHD instabilities sometimes
occur. A constant-velocity phase follows, for 100 € t < 300 ys,
which corresponds to the Ip decay time. During this time
the plasma is stable, and all parameters are guasi-steady.
The third phase, a deceleration and decay period, begins

when I; ends. Calculations show that Ve decays due
primarily to ohmic and viscous losses, at a rate set by the
conditions produced in the quasi-steady phase.

Swept and DC measurements from the directed Langmuir
probe show that ng, and T, vary with time at the centre-
midplane in a similar way to vg. These results are used
to derive the time variation of Mpg shown in Fig.ll. The

flow becomes supermagnetosonic during the acceleration phase,

- 14 -



and Mp. >1 persists until well into the deceleration
phase. The maximum duration of the supermagnetosonic

regime is ®~300ys at this plasma position, when B,=0.125T,
Ip=40kA (peak) ' and Vg = l1o0kv. 1If B, <0.05T, My >1
cannot be produced in argon using the present Er discharge

circuit.

5.1 Radial Variations
Radial gradients develop in- Ng » Te » Vg and B,
dqring the rotation, due to the centripetal acceleration
of the plasma and the loss of plasma to the walls. 1In
the region O<r’s6cm, dn,/0r and 3B,/d3r balance the
centripetal force nemiv;/r. For 6<r’<1lOcm, 3B,/3rmO

and 3ng/dr <0. The classical ohmic diffusion time across

M wjw

the channel is 'rDaalO‘aT (re—:;:l)rd In A~ 120us for a
typical Tg=5eV, where 4in ) is the Coulomb logarithm
(SPITZER, 1962). Thus Tp<Tg and cross-field diffusién
is an important process. A neutral layer forms at the
outer wall, and the neutral pressure gradient balances
ngmy v;/r for 8<r’<10cm.

The electron temperature is uniform for 2<r’ <8 cm,
and has a typical value Te®5.5eV in the steady rotation.
For r’>8cm, T, decays through the neutral layer to
zero at the wall. For r’ <2cm, swept probe measurements

of Ty are irreproducible, but all measurements show

Te > 10 eV there at the peak Negve time when Ip >20KkA.

- 15 -



This Te value may be related to the large E, values
measured for r’ <2 cm when Vp and Ip are high.

Figure 12 shows the Ve midplane radial profile.
Electric probe measurements give E,>6 x 103 V-m ! at
r’'=1lcm when B,=0.1T, Vg=10kV, and I is peaked
at 40kA . This observation is interpreted as the detec-
tion of a space-charge sheath near the inner electrode
(anode). A similar observation was reported by @STER
(1969). Such sheaths can form in rotatipg plasmas when
n./B, 1is sufficiently small (EBEL and TREIMAN, 1959;
LONGMIRE, 1963), and result from the difference in the ion
and electron mobilities across B,. It is found that the
sheath forms in VORTEX argon discharges at B,=0.1T when
centrifugal forces reduce n, below 5 x 10*°m™® near
r’ a0, provided the radial current density approaches
jr =eng Cg there. This suggests that the E. and Tg
values near the anode may be connected with a current-
driven cross-field instability (éee BARRET et al, 1972),
although the results are preliminary.

The radial variation of M o at B,=0.1T is shown
in Fig.13. Note that M, >1 far from the walls. For

r’">7cm, low values of vge probably due to viscous drag,

prevents M_ . >1.



5.2 Vertical Variations

The parameters T, , B, , and Ve are essentially
uniform over the channel height, to within 1l ecm of the end
insulators. When Vg approaches the Vc value for hydro-
gen, measurements of Ef and T, near the end insulators
become irreproducible, and high-frequency noise (w> 107s~1)
appears on the Vg, E. and B, oscillograms (see ANGERTH
et al, 1962). Similar effects afe observed in hydrogen and
helium discharges when Vp sV, for those gases, which
suggests that the critical velocity effect is responsible
for the fluctuations.

Vertical plasma pinching is observed when Ip>10-15 kA,
depending on the B, Qalue. The pinching begins simultan-
eously with the rise in Vg above the V. level for argon.
At the Ey start time (t ), ngw2x 10%°°m™® for-14<z <14 cm
at Bz=0.1T, where 2z is the vertical position measured
from the midplane. At t,, the peak I time (temlOOLm),
nem4x10%° m™® for -12<zs12cm and ng~2x 10°°m™® near
the insulators. Pinching continues during the constant-vg
flow phase, as shown in Fig.l4. Here ta e 150 us ,
t4 e 275 us , B,=0.1T, and Vg=1l0kV. For t >t4, the
vertical ng profile again becomes more uniform; and ng
decreases in the deceleration phase of the flow.

The asymmetry in n shown in Fig.1l4 results in a

a: .

non-uniform Mpg vertical profile, as shown in Fig.15

- 17 -



(Bg = 0.1 T). The region 9<z<15cm has Mus < 1 at all
times. These asymmetries may be due to'a nonuniform distri-
bution of j,, as I; follows the minimum inductance path
through the plasma. However, the data is insufficient to
uniquely determine the causes for the asymmetry.

5.3 Stability

Magnetic probe measurements show that the argon flow
is hydromagnetically stable during the constant-velocity
and deceleration phases of the flow. This stability is
attributed to Coriolis forces, finite gyro radius effects,
and radial gradients in ng and By.

The region O<r’<6 cm is stable against the Rayleigh-
Taylor interchange mode since 3neg/3,>0 and 3B,/3, >0
(MILANTIEV and @STER, 1969). This is a result of flux-
conservation by the electrodes. The outer region 6 <r’ <10 cm
is stable against flutes for frequencies w‘éwci==eBz/mi,
and all mode numbers, since

on

e
s CWe o — T
[a 8 f ne 3r !

2w

as shown by probe measurements (BARBIAN and RASMUSSEN, 1969).
The Coriolis force on the ions provides a restoriné force

for density perturbations in the radial direction, and the
large ion gyro radius a; ®l-2cm helps to smooth out

radial perturbations.



Finite gyro radius effects also stabilize the Kelvin-
Helmholtz velocity shear instability. Ignoring viscosity,

a sufficient condition for stability against the Kelvin-

Helmholtz mode is 1 Ohg.a
CESETS
ne or 1
for wsSwgj and small mode numbers (@STER, 1966). This

condition is satisfied in VORTEX.

Fluctuations in B, with frequencies w>w,; are
sometimes observed in the acceleration phase of the flow,
as shown in Fig.l6. The lower trace is the field change
AB, measured by a search-coil magnetic probe at r’=8cm,
z=0, for an initial B,=0.1T. The In trace is shown
for comparison. An instability develops with

4 =1 .
wee 7 x 10% s "‘3wc1

after the rotation begins, but is damped as Ip reaches
its peak. Phase measurements from electric and magnetic
probes indicate that the B, fluctuations are a flute
instability at the outer plasma boundary, of mode number
met 12-15. It is likely that this interchange mode is
stabilized by Coriolis forces, as Ve increases from

~3x 10° m-s~! at the onset of the instability to

~2 x 10* m-s~! at the end of the acceleration period.

- 19 -



6. SOLAR WIND SIMULATION

The optimum argon plasma flow (BZ==O.l25’T) is used
in VORTEX to model some aspects of the interaction of the
supermagnetosonic ‘quiet' solar wind with the Moon and
asteroids. Table 1 gives a comparison of the important
dimensionless parameters for these interactions, selected
from both the Vlasov and MHD scaling laws (SCHINDLER, 1969).
The solar wind parameters are from the review by HUNDHAUSEN
(1970). An asteroid radius R=25km was chosen as an
example.

As in all simulations, it is difficult to correctly
scale all of the interaction parameters. The principal
difficulty in using the VORTEX plasma for solar wind
simulation stems from the argon ion mass and the short
mean free path in the flow. Since ve<3 x 10* m-s™!, a
high mass density is needed to produce Mg >1. This is
a direct result of the critical velocity effect, which
keeps vg one order of magnitude smaller than the guiet
solar wind flow velocity. Thus the ratio xei/ai§>l in
the solar wind is not preserved in this experiment, where
kei/ai 2L,

Most aspects of the solar wind/Moon interaction are
poorly scaled in VORTEX. However, the scaling for the
solar wind interaction with a 50 km -diameter asteroid at

a heliocentric distance of 2.5 AU is more accurate. - Only

- 20 -



TABLE 1
Parameter comparison for three supermagnetosonic plasma
interactions. R

is the obstacle radius, Ap is the Debye

are the electron and ion gyro radii,

length, ag and a;

respectively, adi==vf.w;; is the directed ion gyro radius,
hei is the electron-ion mean free path, c/wpe and c/wpi
are the electron and ion inertial lengths, respectively, D
is the flow scale, Bty and den are the thermal and dynamic

betas, respectively, and Mg, Mp and M,s are the sonic,

Alfven, and magnetosonic mach numbers, respectively.

Obstacle 1in Asteroid in Moon in
Parameter VORTEX argon solar wind solar wind
plasma (2.5 AU) (1 AU)
R (m) 5 x 10—@ 2.5 x 10* 1.74 x 10°
Ap/R 1.4 x 107 7.7 x l1l0™* 5.2 % I
ae/R 1.5 x 107" 0.18 1.7 x lo~s
. a;/R 2-4 3.3 3.5 x 1077
| ag/R 17 51 0.35
! hei/R 0.82 ~ 107 ~ 5 x 10°
! c/wpeR 3.8 x 1073 0.19 I.1 . x 107°
| c/wpiR 5 8 4.6 x 102
D/R 8-10 ~ 10° ~ 107
Ben 0.12-0.19 0.8 2
Bayn 6 80 130
Mg 4.7 4.4 3.5
M, 2 6.3 8
Moo 1.9 4.6 6

P ) [



the sense of ),;/R 1is not preserved, and this discrepancy
could be used to advantage. When space probe measurements
of asteroid interactions are obtained, a model experiment
of this kind may allow the relative importance of a; and
Nl in the flow features to be determined.
Cylindrical obstacles of 1cm diameter are inserted
into the VORTEX flow with their axes aligned with B, .
Framing camera photographs of the obstacle interactions have
been obtained in total light, exposure time 1pus. Typical
photographs for a glass obstacle interaction are shown in
Fig.17, where BZ==O.125'T. Four flow regimes are encoun-
tered in the course of each discharge, as the flow para-
meters change. Comparison of the flow patterns with brobe
measurements in the undisturbed flow shows that a bow wave
develops when Mpg>1 (Fig.l7c¢). The propagation angle
of the luminous front corresponds to a mach number ~2,
in good agreement with i valges derived from probe
results. This suggests that the bow wave may be a perpen-
dicular hydromagnetic shock. No measurements have been
made of the disturbed plasma parameters near the obstacles,
so that the flow patterns have not been compared in detail
with MHD and shock wave theories.

Induced currents have been detected in a graphite
obstacle by means of a Rogowski coil buried in the graphite

(SRNKA, 1973b). The current is induced by the motional
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electric field E,. A similar induction process may have
an important role in the interaction of stellar winds with
Moon-like objects (SONETT and COLBURN, 1968; SONETT et al,

1970).
7. CONCLUSIONS

Results from this experiment show that supermagneto-
sonic flows can be produced using a gquasi-steady rotating
argon plasma. When the discharge current and voltage are
sufficiently large, the plasma is pinched away from the
end insulators cut by the magnetic field lines, and the
flow velocity increases as the radial voltage across the
discharge tube rises. The pinching force is due to the
azimuthal current Jg in the plasma, which arises from
the difference in drift velocities of the ions and elec-
trons in the presence of the centripetal acceleration. It
is jg which produces the aBZ/af force that partly
balances the centripetal force on the plasma.

The flow velocity exceeds the value predicted for
argon by the critical velocity theory, but is always less
than the critical velocity for hydrogen. This effect may
be aue to the presence of hydrogen in the flow, outgassed
from the chamber walls during the discharge. Lighter
gases should collect near the insulator surfaces, due to
centripetal accelerations and ion-ion collisions (LEHNERT,

1971), and the limiting voltage of the discharge may be
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determined by the properties of the lighter species.

ANGERTH et al (1962) have shown that the second
plateau on the discharge voltage for heavy gases, which
approaches the limiting hydrogen value, can be removed by
baking the electrodes to remove water vépour and absorbed
hydrogen. It is not known whether .vf:>vc was achieved
in their experiment when Vg >V_, or if vegmv, after
baking. If this is the case, the flow characteristics
could be those of a hydrogen plasma interacting with both
argon plasma and neutral hydrogen at the end insulators.

A model for the critical velocity effect in multi-component
plasmas does not exist, and the VORTEX electrodes are not
bakeable, so that further discussion of this effect is
speculative. However, it is clear that if the ions are
sufficiently massive, so that their diffusion rate to the

" insulators is low, and if the discharge current is suffi-
ciently large, so that some vertical plasma pinching Occurs,
then the plasma/neutral interaction is weakened (i.e.
momentum losses are reduced) and veg>v, can be produced.

The supérmagﬁetosonic flow in VORTEX could be used in
a number of investigations. One interesting experiment is
the laboratory simulation of the solar wind flow near

asteroids and other small bodies in the solar system..
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Fig.3 Tube current and voltage oscillograms for a
hydrogen discharge. Top trace: I, 500 A/cm,
bottom trace: Vr, 500 V/cm; time base: 50 ups/cm.
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(a) sub-magnetosonic (b) transonic

(c) supermagnetosonic (d) supermagnetosonic
Fig.l7 Glass obstacle interaction. Bz is out of

the page, the flow is from the right, and the inner

electrode is at the bottom of each photograph.
CLM-P 371.












