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Persistent Spiral-Arm Structure of a Rotating Plasma in a Stationary Gas
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A lagging-spiral-arm structure which is quite regular in shape and persists for a long time is observed
when an argon plasma, rotating at a supersonic speed, is injected into an argon gas along a magnetic
field line. As the gas pressure increases, two spirals develop due to the velocity shear at the plasma-
gas interface, and the ions inside the plasma core are cross-field transported outward along the spirals,
forming a low-density-halo region there. The velocity-shear-formation mechanism and the relation to
other systems manifesting spiral structures are discussed. [S0031-9007(98)06966-X]

PACS numbers: 52.35.Py, 47.20.Ft, 52.30.—q

Collisionless plasma expansion across a magnetic fielthe rotational velocity from the Doppler shift of the spec-
has been explored by many authors, in artificial releasé&ral wavelength.
experiments in space [1,2], in laser explosion experiments a. Plasma parameters and neutral collision parame-
[3-5], and in computer simulations [6—9]. Their attentionters— Typical plasma parameters fér= 10 kA, B, =
is focused on the formation of a diamagnetic cavity and ar3.6 kG in vacuum are the ion density; = (4-10) X
instability evolving into regular and large-amplitude flute 10'* cm™3, the electron temperatu® =~ 10 eV, the ion
structures, e.g., free-streaming flutes or jets [3]; they aracoustic speed; = /T./M; = 5 X 10> m/s (M;: the
of current interest from the viewpoint of nonlinear self-ion mass), the rotational velocity, =~ 9 X 10° m/s,
organizing processes in continuous media. the axial velocityv, =~ 2 X 10* m/s, the electron gyro-

In this Letter, we report a new plasma structuring: thefrequency Q, = 6 X 10'°s7!, the ion (Ar*) gyrofre-
lagging-spiral-arm structure, which is observed when ajuencyQ); = 9 X 10° s™!, and the rotation frequency (on
plasma rotating at a supersonic speed interacts with a staxis) w =~ 1.2 X 10°s™! (w/Q; ~ 1). In addition, the
tionary gas. The physical origin of the structuring is at-electron gyroradiuso, = vem/Q. = 3 X 1073 cm, the
tributed to the centrifugal instability driven by the velocity ion (Ar*) gyroradiusp; = vy/Q; = 1.0 cm, the plasma
shear at the plasma-gas interface and by the radial cegere radius-. = 2 cm, and the density-scale length~=
trifugal force as previously demonstrated in systems 00.8-1.2 cm (p;/l, ~ 1).
rotating liquids and gases [10-12]. The velocity-shear- (a) Electron-Af collisions are dominated by the elastic
generation mechanism proposed here is found to be suprocess sincd’, is as low as 10 eV. The cross section
cessful in interpreting observations qualitatively. Figure 1o, becomes=2 X 107! m? for T, = 10 eV. Then the
shows the schematic arrangement of experiment (Gll decondition ., /r. = 1 gives the filling gas pressui, =
vice), whose details are documented in previous paperf) mTorr. HereA,, is the mean free path of electron-
[13]. A rotating plasma is generated by a coaxial plasmaneutral collisions. (b) The cross section for "AAr°
gun installed at an end of a uniform magnetic fiédd collisions, o;,, consists of elastic and charge-transfer
of up to 3.6 kG. The argon gas puffed between the anodprocesses and is given to I6ex 10'° m> for 15 eV in
(25 mm o.d.) and cathode (10 mm o.d.) is rapidly ionizedthe ion drift energy. The condition;,/l, = 1 requires
by firing a four-stage pulse forming network charged in
9 kV. The current pulse has an amplitutlef 10 kA and Fillng gas inlet Diaphragm
a duration of30 us. The operating pressure within the pressure gage
annular diode gap is estimated to be 10—-20 mTorr, and B, (up 10 3.6 kG)
the plasma is ejected in almost complete ionization. The ‘_i s L—C>_>°MASYS'G”‘
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plasma into rigid rotation while the forcé.By due to
the self-induced magnetic fieRly « I accelerates it along
the axis. As aresult, the plasma is ejected in the form of a

Lorentz force/, B, (J,: the radial current density) sets the :w

rotating stream with both rotational and axial velocitigs el
andv,. Prior to the experiment, the pressure in the cham- Fsphs camer

ber is below3 X 107° Torr; thereafter, it is filled with :@m
an argon gas of pressuRg from 1 to 500 mTorr. Time- -
resolved plasma images are taken with an image-converte = 0330, 40 uF =
camera (.5 us/frame and0.1-us exposure time) from | 1]t o, e plasma gun

the front and side directions of the plasma stream. The —

optical multichannel analyzer (OMA) is used to determine FIG. 1. Experimental arrangement.
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FIG. 2. Typical framing photographs fa@t, = 1, 5, 50, 80, and 500 mTorr dt= 10 KA and B, = 3.6 KG. The upper images
are for the front view and the lower ones are for the side view.

P, = 6 mTorr, where);, is the mean free path of ion- the change im; is within a factor of 2p1,,/n; changes from
neutral collisions. (c) The mean free path for’4ar® 0.1 to 50 approximately in proportion t8, [Fig. 3(a)].
elastic collisions,,, is about 1 cm at 273 K an#, =  The hatched region corresponding 29 = 5-10 mTorr
5 mTorr; therefore,, /1, = 1 applies atP, = 5 mTorr.  denotes the threshold pressure over which neutral
b. Pressure dependeneeTypical framing images of collisions become effective. Note that,/n; = 1 at
rotating plasmas af = 10 kA, B, = 3.6 kG, and P, P, = 30 mTorr. We define three regions, I, II, and IIl,
from 1 to 500 mTorr are given in Fig. 2. with respect to the pressure. Figures 3(b) and 3(c) show
At P, = 1 mTorr, the gas little affects plasma behav-andv, as a function of,, respectively, where, is evalu-
ior. Short-wavelength—flute modes (the azimuthal modeted from plasma framing images (circles) and from the
numberm = 15, A = 6 mm) develop on the outer sur- Doppler shift of the Arll-480.601-nm line (squares).
face immediately after the plasma ejection just as obThey are in fair agreement with each other, while
served in vacuum [13]. The relative amplitude of flutes,is derived from the time-of-flight (TOF) analysis of ion
li/re (I;: the amplitude of flutes) grows up to 0.5 in current signals. In region I, velocitiag andv, are the
maximum in10 us. Thereafter, flutes appear to diffuse same as those in vacuum and are supersonic. PAs
out and form a low-density-halo region around the plasmancreases exceeding 5—10 mTorr, they start to decrease
core. Since weak field-aligned striations observed in thelue to neutral collisions (region 1) and become subsonic
side-on image imply thak; < k, and the structure is at P, = 100 mTorr (region Ill). Figure 3(b) also sug-
two dimensional, the instability is of flute mode. As gests thatvy in region | is limited to Alfvén’s critical
P, is increased to the range from 5 to 80 mTorr, fluteionization velocity (CIV),v., = 8.7 X 10° m/s (dashed
modes are fully suppressed; instead, two pieces of lagine) [14]. Other solid curves in Figs. 3(b) and 3(c) are
ging spirals(m = 2) develop on the outer boundary of predictions from a plasma-gas-momentum-coupling model
the plasma. The relative amplitude of spirals is most apedescribed later. From Fig. 3(d), there appear three insta-
preciable atP, = 50 mTorr. Suppression of flute modes bility structures, short-wavelength flutes, large-amplitude
is supposed to be due to collisional damping of electrorspirals, and small-amplitude vortices, characteristic of
drifts by electron-neutral collisions as predicted by Hubapressure regions I, Il, and I, respectively. In other words,
et al. [9] and observed by Ripirt al. [3]. The side-on the structures are closely correlated with the degree of
image at 50 mTorr shows a pair of twisted arms or fila-collisionality.
ments around the axis. This suggests that spirals driven c. Origin of the flute structure—The relative azi-
by the azimuthal velocity shear lag axially behind themuthal drift v, of magnetized electrons to unmagnetized
plasma core proceeding af. At P, = 500 mTorr, both  ions on the plasma surface has been proposed as the
rotational and axial velocities decrease down to less thamechanism of flute modes [1-6]. This drift gives rise
one-tenth of those in vacuum and become subsonic. Thi® a diamagnetic current and leads to the formation of
spiral-arm structure disappears; instead, a small-amplitude diamagnetic cavity if the plasma beta is high enough.
wavy pattern(m = 8) is recognized on the surface. It Herewv, is written as
looks like Kelvin-Helmholtz vortices observed previously _ .
in fluid flows with the weak velocity shear [10,11]. va = “E/B + vne = vg + v + e, (1)
Figure 3 summarizeB, dependence of;, the neutral- where v, = Mg/eB is the gravitational drift veloc-
to-ion density ratio, /n;, vg, v;, m, andl;/r.. Because ity, g = —dv,/dt + w’r., v, is the radial expansion
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10 . 1000 & I, = 0.8-1.2cm. They are quite similar to previous
ool 3 z'n n, N R, observations [3,6].
T < | Ly Oy 8 d. Origin of the spiral-arm structure—The centrifugal
2 10" \nn/nl ;,1/5/’ —10 E instability [10—12] driven by both the velocity shear at the
S e : % plasma-gas interface and the centrifugal force is proposed
g T P ot : 17 8 to be the origin. Convective rolls driven by the shear-
S 10} g_/_ ot o1 & driven instability are unfolded under the radial centrifugal
5 ) i 2 force into a spiral form. The Kelvin-Helmholtz instability
o r N 1% £ is destabilized at a subsonic speed of Mach nunier
i R E——— sl o 2 vg/cs < 1 and is fully stabilized at a supersonic speed of
01 ! 10 100 1000 M > 24/2[10]. In addition, Kelvin-Helmholtz instability
14 N does not depend on the sign of the velocity shiaai/dr .
@ Framing images (o) On the other hand, the centrifugal instability develops
1.2 - &1 Doppler shif Vo>Cyi Vo <Cq only whenM > 1 and dvy/dr < 0; namely, the inner
. part of a rotating fluid needs to move faster than the

outer part. This condition is marginally satisfied in the
present study becaus¢ = vy/c; = 1.8 is measured and

the plasma core inside rotates faster than the surrounding
gas. Characteristic features of observations are (a) the
instability is fluidlike because the plasma is collisional;
(b) two lagging spiralgm = 2) are formed over a wide
range of parameters and have the largest amplitude near the

|V, =8.7x10° m/s
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se —— condition n,,./ni = 1; (c) the spiral-arm structure persists
= 251 : gr a; long tlme(f:j)> 20 ,(tjs, SI(chIh thatwr/lzwd>/2.9 and
€ a1 . i7/2m > 2.9; (d) a predicted large amplitude/p; > 1
‘.'f_: 20 ‘.\\Suxzefg:'cfs\l,’fiocn;c [11]is marginally satisfied suchthgy p; =~ 3, lj/?rc =~ 1.5.
-~ 15F —.—> Similarity among different physical systems which
Z 1ol \ : manifest spiral structures has been discussed by scien-
° Plasma.qas tists of the former Soviet Union [10-12]. They showed
Z 05F Coup"nggmoder a possibility that spiral arms of galaxies and spiral vor-
2 ool o Lt tices in the rotating shallow water have the same origin:
0.1 1 10 100 1000 the centrifugal instability of two-dimensional, differen-
30 . 3.0 tially rotating flows. Furthermore, Nezlin [11] suggested
@ m ) that the same structure should appear in plasmas also.
s O ik T Amagishiet al. [15] reported the spiral structure of a ro-
E 20-&%%5%_ 20 tating mercury in a magnetic field. Morozov [12] ana-
8 : o lyzed hydrodynamic-instability-driven spiral modes in a
S ®r- L 1 = galactic gas disk. He assumed a model that the inner part
8 ok \\ Y 410 of the disk R in radius and(); in angular frequency)
s \. /. rotates at a supersonic spe@d = QR/c, > 1) faster
51 \ ' - 08 than the outer paKi(),) and a transition layer (or velocity-
P RN, .\ A A \P a0 shear layer) of widthL exists between them. Disper-
0.1 1 10 100 1000 sion relations derived fof),/Q < 1,M > 1,L/R < 1
Py (mTorm) predict the growth of spiral modes witlk decreasing
FIG. 3. P, dependence of;, n,/n;, vy, vz, m, andl;/r.. toward 2 with increasing/ and L/R and with decreas-

ing Q,/Q ;. Especially in the case of our plasma condi-
velocity, and v,; [v,] = —(T;/n;eB) (dn;/or)[(T,/ tionsQ,/Q; =0, M = 1.8, andL/R ~ 0.6, it predicts
n.eB)(dn,./dr)] is the ion [electron] diamagnetic drift m = 2; two spiral arms just observed. In the present ex-
velocity. Previous investigations on the cross-fieldperiment, spiral arms rotated @33 x 10° rad/s, about
plasma expansion [1-5] are based gn= —dv,/dt, a half of 0.8 X 10° rad/s of the plasma cordP, =
while in the present investigation, the centrifugal 50 mTorr); this is reasonable because the center of the
acceleration g = w?r, primarily drives the instabil- velocity-shear layer should rotate #&,/2 = w/2 if
ity (w?r. =4 X 10°m/s> > —dv,/dt = (1 —2) X Q,=0. Itis worth noting thatB, makes the plasma
10° m/s?). Characteristic features of the instability structuring virtually two dimensional.
are (a)kp; > 1, namely, the instability should be ki- e. Possible mechanism of velocity sheaHere we
netic rather than fluidlike; (b) in the nonlinear region, discuss the mechanism for generating the velocity shear
the wavelength27/k = 0.6 cm is nearly equal to by ion-neutral collisions. Because the ion and neutral
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n=r/l, n=r/l, FIG. 5. Rotational velocity profiles faP, = 1 and 50 mTorr;

v, is the critical ionization velocity of Ar.
FIG. 4. (a),(b) Velocity-shear generation through the plasma-
gas coupling. 0.033) and 50 mTorr(a = 1.67). The velocity profile

. . at 1 mTorr was almost the same as in vacuum; the
have the same mass, the momentum of a moving |or$:

: lasma core is in rigid rotation with = 1.2 X 10° rad/s
is completely transferred to a neutral by one head-o 9 d

e ) hile the maximum velocity is limited te.,. While P,
collision. Then it may be reasonable to assume tha]- creases to 50 mTor decreases t6.8 X 10° rad/s

masma |0ns|an.(3 neutra(ljs areLst:oneg co_L(ijIe<r:l1 antz[lhha 33% and the maximum velocity appearingg, ~
€ same velocities, andv,. Lel Us consider NOW INe %5, gacreases t6.4 x 103 m/s by 40%. In the

velocity shear happens under the following model velocityregion x/lI, > 1 the velocity decreases with. These
and density distributions: " '

observations are in qualitative agreement with the above

ni(r) = ’;0 i n,(r) = ang, model and demonstrate that the velocity shear is generated
ri/ + 1 near the plasma boundary.
vio(r) = or, vae(r) = 0, (2) The authors acknowledge helpful discussions with
Dr. K. Akimoto, Dr. H. Nakashima, Dr. M. Tanaka, and
viz(r) = vz, vnz(r) =0, Dr. Y. Amagishi on the origin of flute modes and spiral
wherea is the initial neutral-to-ion density ratio at= 0. ~ Structures.
After collisions, we have
ve(r) = vig(r) = vap(r) = “2 —"=— (3)  [1] P.A Bemhardetal,J. Geophys. Re€2, 5777 (1987).
>+ 6 [2] J.D. Huba, P.A. Bernhardt, and J.D. Lyon, J. Geophys.

Res.97, 11 (1992).
5 , 4 [3] B.H. Ripin et al., Phys. Fluids B5, 3491 (1993).
>+ 6 [4] G. Dimonte and L.G. Wiley, Phys. Rev. Let7, 1755

wherevgy = l,w, n = r/l,, andé = 1 + 1/a. Model (1991). o
equations (3) and (4) were evaluated for parameters® ié %l;z;da,g%)Sato, and T. Sekiguchi, J. Phys. Soc. Jpn.
= 6 — \ .
gl)ssur#ezd; L()lgd/%?ngé" (S)I'ch(:jr% Eu(;t?grrrréoqre,(é\ll\)/e [6] I(( Ak)imoto etal., J. Geomagn. Geoelectd0, 1161
L : : 1988).
e ™ ) 5 ort s, s 2050009
¢ = =Tre/ly = 1.0/, D. Winske, Phys. Fluids B, 1 1 .
TOF measurement, should virtually be determined by [9] J.D. Huba, Phys. Fluids B, 3491 (1993).
bulk plasma ions located near the axis. Results havg0] A.M. Fridmanet al., Phys. Lett.109A, 228 (1985).
been plotted in Figs. 3(b) and 3(c) by solid lines. The[11] M.V. Nezlin, E.N. Snezhkin, and A.C. Trubnikov, in
agreement between the measurement and calculations is Proceedings of the International Conference on Plasma
fairly good except that in region | is influenced by the Physics, Kiev, 1987World Scientific, Singapore, 1987),
p. 1184.
CIV effect.
Equations (3) and (4) are plotted for = 0 (P, = 0) [12] A.G. Morozov, Sov._Astron23, 278 (2979).
and 1 (P, — 30 mTory) in Figs. 4(a) and 4(b). This [13] T. lkehata etal., in Proceedings of the Interna-

. . v . tional Conference on Plasma Physics, Foz do Iguacu,
figure shows that in the case of = 1, the maximum Brazil, 1994 (INPE, Brazil, 1995), Vol. 3, p. 173;

value of vy /vg is limited to 1/2a+/§ = 0.35 at 5 = T. Kikuchi et al., J. Fac. Eng. Ibaraki Univ3, 8 (1995).
/6 = 1.4 and the velocity-shear layer appears aroungi4] N. Brenning, IEEE Trans. Plasma S2D, 778 (1992).

r =21, = 1.7cm. Figure 5 shows velocity profiles [15] Y. Amagishi, Y. Yoshikawa, and J. Ohara, J. Phys. Soc.
measured by the Doppler shift f&t, = 1 mTorr (a = Jpn.60, 2496 (1992).
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