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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 obse
when an argon plasma, rotating at a supersonic speed, is injected into an argon gas along a ma
field line. As the gas pressure increases, two spirals develop due to the velocity shear at the pla
gas interface, and the ions inside the plasma core are cross-field transported outward along the s
forming a low-density-halo region there. The velocity-shear-formation mechanism and the relatio
other systems manifesting spiral structures are discussed. [S0031-9007(98)06966-X]
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FIG. 1. Experimental arrangement.
Collisionless plasma expansion across a magnetic fie
has been explored by many authors, in artificial relea
experiments in space [1,2], in laser explosion experimen
[3–5], and in computer simulations [6–9]. Their attentio
is focused on the formation of a diamagnetic cavity and a
instability evolving into regular and large-amplitude flute
structures, e.g., free-streaming flutes or jets [3]; they a
of current interest from the viewpoint of nonlinear self
organizing processes in continuous media.

In this Letter, we report a new plasma structuring: th
lagging-spiral-arm structure, which is observed when
plasma rotating at a supersonic speed interacts with a s
tionary gas. The physical origin of the structuring is a
tributed to the centrifugal instability driven by the velocity
shear at the plasma-gas interface and by the radial c
trifugal force as previously demonstrated in systems
rotating liquids and gases [10–12]. The velocity-shea
generation mechanism proposed here is found to be s
cessful in interpreting observations qualitatively. Figure
shows the schematic arrangement of experiment (GII d
vice), whose details are documented in previous pap
[13]. A rotating plasma is generated by a coaxial plasm
gun installed at an end of a uniform magnetic fieldBz

of up to 3.6 kG. The argon gas puffed between the ano
(25 mm o.d.) and cathode (10 mm o.d.) is rapidly ionize
by firing a four-stage pulse forming network charged i
9 kV. The current pulse has an amplitudeI of 10 kA and
a duration of30 ms. The operating pressure within the
annular diode gap is estimated to be 10–20 mTorr, a
the plasma is ejected in almost complete ionization. T
Lorentz forceJrBz (Jr : the radial current density) sets the
plasma into rigid rotation while the forceJrBu due to
the self-induced magnetic fieldBu ~ I accelerates it along
the axis. As a result, the plasma is ejected in the form o
rotating stream with both rotational and axial velocitiesyu

andyz . Prior to the experiment, the pressure in the cham
ber is below3 3 1026 Torr; thereafter, it is filled with
an argon gas of pressurePg from 1 to 500 mTorr. Time-
resolved plasma images are taken with an image-conve
camera (0.5 msyframe and0.1-ms exposure time) from
the front and side directions of the plasma stream. T
optical multichannel analyzer (OMA) is used to determin
0031-9007y98y81(9)y1853(4)$15.00
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the rotational velocity from the Doppler shift of the spe
tral wavelength.

a. Plasma parameters and neutral collision param
ters.—Typical plasma parameters forI  10 kA, Bz 
3.6 kG in vacuum are the ion densityni  s4 10d 3

1014 cm23, the electron temperatureTe ø 10 eV, the ion
acoustic speedcs ;

p
TeyMi ø 5 3 103 mys (Mi: the

ion mass), the rotational velocityyu ø 9 3 103 mys,
the axial velocityyz ø 2 3 104 mys, the electron gyro-
frequency Ve ø 6 3 1010 s21, the ion sAr1d gyrofre-
quencyVi ø 9 3 105 s21, and the rotation frequency (on
axis) v ø 1.2 3 106 s21 svyVi , 1d. In addition, the
electron gyroradiusre  yethyVe ø 3 3 1023 cm, the
ion sAr1d gyroradiusri  yuyVi ø 1.0 cm, the plasma
core radiusrc ø 2 cm, and the density-scale lengthln ø
0.8 1.2 cm sriyln , 1d.

(a) Electron-Ar0 collisions are dominated by the elasti
process sinceTe is as low as 10 eV. The cross sectio
sen becomesø2 3 10219 m2 for Te ø 10 eV. Then the
conditionlenyrc  1 gives the filling gas pressurePg 
10 mTorr. Herelen is the mean free path of electron
neutral collisions. (b) The cross section for Ar1-Ar0

collisions, sin, consists of elastic and charge-transf
processes and is given to be6 3 1019 m2 for 15 eV in
the ion drift energy. The conditionlinyln  1 requires
© 1998 The American Physical Society 1853
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FIG. 2. Typical framing photographs forPg  1, 5, 50, 80, and 500 mTorr atI  10 kA and Bz  3.6 kG. The upper images
are for the front view and the lower ones are for the side view.
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Pg  6 mTorr, wherelin is the mean free path of ion-
neutral collisions. (c) The mean free path for Ar0-Ar0

elastic collisions,lnn, is about 1 cm at 273 K andPg 
5 mTorr; therefore,lnnyln  1 applies atPg  5 mTorr.

b. Pressure dependence.—Typical framing images of
rotating plasmas atI  10 kA, Bz  3.6 kG, and Pg

from 1 to 500 mTorr are given in Fig. 2.
At Pg  1 mTorr, the gas little affects plasma behav

ior. Short-wavelength–flute modes (the azimuthal mo
numberm ø 15, l ø 6 mm) develop on the outer sur
face immediately after the plasma ejection just as o
served in vacuum [13]. The relative amplitude of flute
ljyrc (lj : the amplitude of flutes) grows up to 0.5 in
maximum in10 ms. Thereafter, flutes appear to diffus
out and form a low-density-halo region around the plasm
core. Since weak field-aligned striations observed in t
side-on image imply thatkk ø k' and the structure is
two dimensional, the instability is of flute mode. A
Pg is increased to the range from 5 to 80 mTorr, flu
modes are fully suppressed; instead, two pieces of l
ging spiralssm  2d develop on the outer boundary o
the plasma. The relative amplitude of spirals is most a
preciable atPg  50 mTorr. Suppression of flute mode
is supposed to be due to collisional damping of electr
drifts by electron-neutral collisions as predicted by Hub
et al. [9] and observed by Ripinet al. [3]. The side-on
image at 50 mTorr shows a pair of twisted arms or fil
ments around the axis. This suggests that spirals driv
by the azimuthal velocity shear lag axially behind th
plasma core proceeding atyz . At Pg  500 mTorr, both
rotational and axial velocities decrease down to less th
one-tenth of those in vacuum and become subsonic. T
spiral-arm structure disappears; instead, a small-amplitu
wavy patternsm ø 8d is recognized on the surface. I
looks like Kelvin-Helmholtz vortices observed previousl
in fluid flows with the weak velocity shear [10,11].

Figure 3 summarizesPg dependence ofni , the neutral-
to-ion density rationnyni , yu, yz, m, andljyrc. Because
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the change inni is within a factor of 2,nnyni changes from
0.1 to 50 approximately in proportion toPg [Fig. 3(a)].
The hatched region corresponding toPg  5 10 mTorr
denotes the threshold pressure over which neut
collisions become effective. Note thatnnyni  1 at
Pg  30 mTorr. We define three regions, I, II, and III,
with respect to the pressure. Figures 3(b) and 3(c) showyu

andyz as a function ofPg, respectively, whereyu is evalu-
ated from plasma framing images (circles) and from th
Doppler shift of the ArII-480.601-nm line (squares)
They are in fair agreement with each other, whileyz

is derived from the time-of-flight (TOF) analysis of ion
current signals. In region I, velocitiesyu andyz are the
same as those in vacuum and are supersonic. AsPg

increases exceeding 5–10 mTorr, they start to decrea
due to neutral collisions (region II) and become subson
at Pg  100 mTorr (region III). Figure 3(b) also sug-
gests thatyu in region I is limited to Alfvén’s critical
ionization velocity (CIV),ycr  8.7 3 103 mys (dashed
line) [14]. Other solid curves in Figs. 3(b) and 3(c) ar
predictions from a plasma-gas-momentum-coupling mod
described later. From Fig. 3(d), there appear three ins
bility structures, short-wavelength flutes, large-amplitud
spirals, and small-amplitude vortices, characteristic
pressure regions I, II, and III, respectively. In other words
the structures are closely correlated with the degree
collisionality.

c. Origin of the flute structure.—The relative azi-
muthal drift yd of magnetized electrons to unmagnetize
ions on the plasma surface has been proposed as
mechanism of flute modes [1–6]. This drift gives rise
to a diamagnetic current and leads to the formation
a diamagnetic cavity if the plasma beta is high enoug
Hereyd is written as

yd  2EyB 1 yne  yg 1 yni 1 yne , (1)

where yg  MgyeB is the gravitational drift veloc-
ity, g  2dyrydt 1 v2rc, yr is the radial expansion
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FIG. 3. Pg dependence ofni , nnyni, yu, yz , m, andljyrc.

velocity, and yni fyneg  2sTiynieBd s≠niy≠rd fsTey
neeBd s≠ney≠rdg is the ion [electron] diamagnetic drift
velocity. Previous investigations on the cross-fie
plasma expansion [1–5] are based ong  2dyrydt,
while in the present investigation, the centrifuga
acceleration g  v2rc primarily drives the instabil-
ity sv2rc ø 4 3 109 mys2 . 2dyrydt ø s1 2 2d 3

109 mys2d. Characteristic features of the instability
are (a) kri ¿ 1, namely, the instability should be ki-
netic rather than fluidlike; (b) in the nonlinear region
the wavelength 2pyk ø 0.6 cm is nearly equal to
ld

l

,

ln  0.8 1.2 cm. They are quite similar to previou
observations [3,6].

d. Origin of the spiral-arm structure.—The centrifugal
instability [10–12] driven by both the velocity shear at th
plasma-gas interface and the centrifugal force is propo
to be the origin. Convective rolls driven by the shea
driven instability are unfolded under the radial centrifug
force into a spiral form. The Kelvin-Helmholtz instability
is destabilized at a subsonic speed of Mach numberM 
yuycs , 1 and is fully stabilized at a supersonic speed
M . 2

p
2 [10]. In addition, Kelvin-Helmholtz instability

does not depend on the sign of the velocity shear≠yuy≠r.
On the other hand, the centrifugal instability develo
only when M . 1 and ≠yuy≠r , 0; namely, the inner
part of a rotating fluid needs to move faster than t
outer part. This condition is marginally satisfied in th
present study becauseM  yuycs $ 1.8 is measured and
the plasma core inside rotates faster than the surround
gas. Characteristic features of observations are (a)
instability is fluidlike because the plasma is collisiona
(b) two lagging spiralssm  2d are formed over a wide
range of parameters and have the largest amplitude nea
condition nnyni  1; (c) the spiral-arm structure persist
for a long timet . 20 ms, such thatvty2p . 2.9 and
Vity2p . 2.9; (d) a predicted large amplitudeljyri ¿ 1
[11] is marginally satisfied such thatljyri ø 3, ljyrc ø 1.5.

Similarity among different physical systems whic
manifest spiral structures has been discussed by sc
tists of the former Soviet Union [10–12]. They showe
a possibility that spiral arms of galaxies and spiral vo
tices in the rotating shallow water have the same orig
the centrifugal instability of two-dimensional, differen
tially rotating flows. Furthermore, Nezlin [11] suggeste
that the same structure should appear in plasmas a
Amagishiet al. [15] reported the spiral structure of a ro
tating mercury in a magnetic field. Morozov [12] ana
lyzed hydrodynamic-instability-driven spiral modes in
galactic gas disk. He assumed a model that the inner
of the disk (R in radius andV1 in angular frequency)
rotates at a supersonic speedsM ; V1Rycs . 1d faster
than the outer partsV2d and a transition layer (or velocity-
shear layer) of widthL exists between them. Disper
sion relations derived forV2yV1 , 1, M . 1, LyR , 1
predict the growth of spiral modes withm decreasing
toward 2 with increasingM and LyR and with decreas-
ing V2yV1. Especially in the case of our plasma cond
tions V2yV1  0, M ø 1.8, andLyR , 0.6, it predicts
m  2; two spiral arms just observed. In the present e
periment, spiral arms rotated at0.33 3 106 radys, about
a half of 0.8 3 106 radys of the plasma coresPg 
50 mTorrd; this is reasonable because the center of
velocity-shear layer should rotate atV1y2  vy2 if
V2  0. It is worth noting thatBz makes the plasma
structuring virtually two dimensional.

e. Possible mechanism of velocity shear.—Here we
discuss the mechanism for generating the velocity sh
by ion-neutral collisions. Because the ion and neut
1855
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FIG. 4. (a),(b) Velocity-shear generation through the plasm
gas coupling.

have the same mass, the momentum of a moving
is completely transferred to a neutral by one head-
collision. Then it may be reasonable to assume th
plasma ions and neutrals are strongly coupled and ha
the same velocitiesyu and yz . Let us consider how the
velocity shear happens under the following model veloci
and density distributions:

nisrd 
n0

r2yl2
n 1 1

, nnsrd  an0,

yiusrd  vr , ynusrd  0, (2)

yizsrd  yz0, ynzsrd  0 ,

wherea is the initial neutral-to-ion density ratio atr  0.
After collisions, we have

yusrd  yiusrd  ynusrd 
yu0

a

h

h2 1 d
, (3)

yzsrd  yizsrd  ynzsrd 
yz0

a

1
h2 1 d

, (4)

whereyu0 ; lnv, h ; ryln, andd ; 1 1 1ya. Model
equations (3) and (4) were evaluated for paramete
v  1.2 3 106 radys andln  1.2 cm. Furthermore, we
assumedh  1.67 for Eq. (3) andh  0 for Eq. (4)
separately sinceyu was measured at the plasma cor
radius rc  2 cm so h  rcyln  1.67, while in the
TOF measurementyz should virtually be determined by
bulk plasma ions located near the axis. Results ha
been plotted in Figs. 3(b) and 3(c) by solid lines. Th
agreement between the measurement and calculation
fairly good except thatyu in region I is influenced by the
CIV effect.

Equations (3) and (4) are plotted fora  0 sPg  0d
and 1 sPg  30 mTorrd in Figs. 4(a) and 4(b). This
figure shows that in the case ofa  1, the maximum
value of yuyyu0 is limited to 1y2a

p
d  0.35 at h p

d  1.4 and the velocity-shear layer appears aroun
r 

p
2 ln  1.7 cm. Figure 5 shows velocity profiles

measured by the Doppler shift forPg  1 mTorr sa 
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FIG. 5. Rotational velocity profiles forPg  1 and 50 mTorr;
ycr is the critical ionization velocity of Ar.

0.033d and 50 mTorrsa  1.67d. The velocity profile
at 1 mTorr was almost the same as in vacuum; t
plasma core is in rigid rotation withv  1.2 3 106 radys
while the maximum velocity is limited toycr . While Pg

increases to 50 mTorr,v decreases to0.8 3 106 radys
by 33% and the maximum velocity appearing atxyln ø
1 also decreases to5.4 3 103 mys by 40%. In the
region xyln . 1 the velocity decreases withx. These
observations are in qualitative agreement with the abo
model and demonstrate that the velocity shear is genera
near the plasma boundary.
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