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lonizational instability in an ionized inert gas flowing in a magnetic field
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We discuss the evolution of ionization instability, which gives rise to the formation of regular structures in
plasma. The experiment was conducted in a disk magnetohydrodynamic channel in Xe. The evolution of
luminous inhomogeneities, and changes in the luminosities of individual inhomogeneities, are traced. Electron
concentrations and temperatures in fluctuations are measured. Average values of the electron concentration and
temperature, plasma conductivity, and the Hall parameter are estimated. The average conductivity and Hall
parameter are compared with the effective values. The influence of positive and negative fluctuations in plasma
parameters on the enhancement of ionization oscillations and average current is analyzed. Based on experi-
mental data, a mechanism is suggested that is responsible for the increase in the effective conductivity of
ionizationally unstable inert gas plasma with increasing magnetic induction.
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[. INTRODUCTION built, and the mechanisms responsible for the increase in the
effective conductivity of the ionizationally unstable inert gas
It is known[1—4] that ionization(electrothermalinstabil-  plasma could be revealed.
ity develops in closed-cycle magnetohydrodynarihtHD)
generator ducts earlier than other types of instability, and, Il. EXPERIMENTAL SETUP

therefore, can exert a greater influence on the channel char- , . .
acteristics. Experiments with generators of this type typically . 1N€ experimental setup consisted of a shock tube with a
employ inert gases with an alkali metal seed as a workinﬁ“SC_MHD channel_0.32 m in diameter and 0.01 m h|gh_. The
substancd3—6]. Since the development of ionization insta- M&Imum magnetic induction was 1.4 T. The experiment
bility in these mixtures leads to decreasing effective plasmd/as conducted in Xe at a Mach number of the incident shock
conductivity[7] and, hence, adversely affects energy converWVave of 6.9, and under an initial pressure of 26 Torr. The
sion, a method for the suppression of ionization instabilityChan’?el,'S shown schematically in Fig. 1. For a more detailed
has been suggestd8]. Another approach to a solution of description of the setup, see Ref§,14]. _

this problem involves the search for other conditions or !N @ disk channel, the MHD interaction gives rise to an

working substances, the ionization instability of which can@zimuthal Faraday current and a radial Hall field. Ohm’s law

be favorable for energy conversion. One of these substancdd’ @ Faraday channel with ideally segmented electrodes is

is an inert gas without an alkali seed, which can prove suit9Ven by
able for nonequiliborium MHD generatof®-12. From a B B .
physical point gf view, the major difference between an inert E,=kUB, =-o(1-kuB, j;=0,

gas and an alkali metal lies in the structure of the atomic E,=B(E,~uB),

energy levels, and, as a result, these substances have differ- ] ] ) o

ent kinetic laws of ionization and recombinatiph3]. For ~ Whereu is the flow velocity,B is the magnetic field induc-
instance, under MHD channel conditions, the characteristiéion, o is the plasma conductivity? is the Hall parameter,
time of three-particle recombination in inert gases can bénd indexespy andr refer to the azimuthal and radial direc-
several orders of magnitude longer than that in alkali metalstions, respectivelyE, , is the electric field strengthj,, , is
Our experiment$9,14—18 demonstrated that the evolution the current density, ankl is the load coefficient. Two con-
of ionization instability in a plasma of pure inert gases re-figurations of the setup were used. In the first—
sulted in an increasing effective conductivity, which seemed

surprising. The goal of the study described in this paper was shock tube

to gain a deeper insight into this phenomenon. To this end, it
was necessary to find the interrelationship between the struc-
ture of the inhomogeneities, the distribution of the plasma
parameters, and integral characteristics of the MHD channel.
Based on the obtained results, a physical model explaining
how ionization and recombination kinetics affect the ioniza-
tion instability evolution and plasma conductivity could be AL ® jo

e

disk channel

*Present address: loffe Physico-Technical Institute, St. Peters- FIG. 1. Schematic representation of a disk MHD channel with a
burg, 194021, Russia. shock tubeB is the magnetic fieldu the flow velocity, and ., the
Email address: alex.erofeev@pop.ioffe.rssi.ru azimuthal current.
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electrodeless—configuration, a ring current was induced, i.e., p (atm) u (10’ m/s)
the duct was operated as a short-circuitée= Q) Faraday G (10°S/m) 1, (10" m”)
channel with ideally segmented electrodes. In the second

configuration, a narrow insert in the form of a sector with 0.6 15

three pairs of electrodes, to which a load resistance was con-

nected, was placed into the channel. In the experiment the 03 1.0

load coefficient was in the rangestk=0.2. In our earlier

papers9,14—-19 the interested reader can find a description o2 o5

of the procedures used for determining the gas-dynamic flow

field; measuring the effective plasma conductivity, the Hall o
parameter, the electron concentration and temperature; and 0.04 006 008 010  r(m

detecting luminous inhomogeneities. FIG. 2. Radial distribution of the flow velocity, conductivity

(o), electron concentratiom(), and pressurep). B=0.25 T. The
I1l. BASIC PLASMA CHARACTERISTICS curves show calculated values, the points the experimental results.

The MHD i . Its i . f The circles indicate the flow velocity, down triangles mark the con-
€ interaction results in a separation o tempera'duc'[ivity, squares show the electron concentration, and up triangles
tures of electrong . and the heavy plasma compondrn. show the pressure.

The temperature separation can be described by an expres-
sion similar to the Kerrebrok formulg2] which is obtained
by transforming the balance equation for electron energy, (V) =(Vea) T (Vei)-

Te—Th YK, B2M2(1—k)? , _

T, = 35 ) (1) Here n, and n; are the concentrations of atoms and ions,

respectivelyyc,) is the average integral velocity of the elec-

trons; and(Q., and{Q;) are the impulse transfer cross
sections in collision with atoms and ions averaged over the
dMaxweIIian distribution, respectively. The ratio between

dvei) and(vea) depends on the role of Coulomb collisions,
which becomes greater with increasing ionization degree. In

our experiment, 0.2 (vei)/(vea)<1. Thus, because of a sig-

wherey=c,/c,, M is the Mach number of the flovk, is a
correction multiplier used in conductivity calculatiofi30],
and § is the inelastic loss factor which is mainly associate
with the energy spent on gas ionization. The theory of th
ionization kinetics of inert gases was developed in [RES].

According to this, at temperatures typical of the MHD chan-

nel. the basic ionization mechanism can be described in Hificant contribution of Coulomb collisions to the average
simplified manner as follows. The ionization rate is governeolmlpuIse Lranslfer frequencyw), it bt:ecorrlles gependent nqt
by the rate of excitation of lower energy levels by an electrorPY ON the electron temperature but aso the concentration,

impact. As stated by the principle of detailed balance, th@nd this can affect the dependence of the Hall parameter on

recombination rate is determined by the reverse process. F agnetic |ndgct|on. o
instance, afT,=8000 K (which was characteristic of our In calculations of the conductivity tensor components, the

experimen), the three-particle recombination coefficient in complicated dependencg of th.e.impullse transfer cross section
Xe is K,=5x10~%* m/s. If the electron concentratiam, on the electron energy in collision with atoms, and the role
— 107 rrn‘3 the charactéristic recombination time underOf Coulomb collisions, were taken into account, according to
these conditions must bex210 2 s. Note that the flight Ref-[20], by introducing coefficients, andkg, which are

time was of the order of 10" s. functions ofn, ,Ne, Te andB;

In our experiment, the temperature separation was
T./Tp=4. In the absence of a magnetic field, the gas ioniza- B, (T)
tion degreex in the recombining plasma proved to be higher
than the equilibrium valuere(a/aeq>1) because of slow
recombination. When a magnetic field was applied, the pro- 10k
cesses of ionization began to dominate due to selective elec-
tron heating, i.e., the ratio between the nonequilibrium and °
equilibrium ionization degrees became less than unity, 0.8r
alagq<l. e

For the gas ionization degrees realized in our MHD chan- 0.6}
nel (2x 10 *<a<2x 10 3), the electron velocity distribu-
tion can be assumed to be Maxwelligk8]. Another charac- 04l
teristic of the plasma, which is important for a proper
understanding of the experiment, is the ratio between the
impulse transfer frequencies in collision with iofs,;) and 02—, 6 ) 10
atoms(vey):

r(10% m)

FIG. 3. Critical magnetic field as a function of the channel ra-

<Vea>:na<ce><Qea>’ <Vei>:ni<ce><Qei>v dius.
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An analysis of critical conditions of the ionization insta-
bility evolution, carried out in the linear approximatig2],
showed that the critical Hall parameter appreciably depends
on the plasma equilibrium degre€ aq. It was found that,
at a low equilibrium degree/ aqq< 104, an instability can
develop at any Hall parameter, however low. The lower the
Hall parameter, the longer the time needed for the instability
development. Calculations have shown that the angle be-
tween the wave vector and the electric current direction is in
the range 90°-180°. The critical magnetic fiddd, was
measured at various radiFig. 3). The critical magnetic in-
duction B, was taken to be the induction at which fluctua-
tions in the Hall parameter and plasma luminosity sharply
increased. As is evident from Fig. 3, at the channel inlet,
where the gas density is higher, the instability develops at
higher magnetic induction than at the channel exit.

FIG. 4. Observation of luminous inhomogeneities. The rect- IV. LUMINOUS INHOMOGENEITIES

angles show the strata fragments photographed through mirrors; the Dynamics of luminous inhomogeneitiémagnetic strata
strata outside the rectangles were reconstructed by analyzing a sgas studied by a high-speed filming of the disk channel seg-
quence of frames. ments. The magnetic strata pattern is shown in Fig. 4 for
5 B/B.,=2. The fragments of the luminous layers, shown in
o=k € Ne B=k We Fig. 4 by rectangles, were observed using three mirrors
“mg(v)’ B(v) placed at an angle of 45° to the disk surface. Using the
sequence of frames, the entire pattern of the strata was re-
wheree is the electron chargey, is the electron mass, and constructed. Analysis of the data obtained with a high-speed
w.=eB/m,. motion-picture camera revealed that the strata were in the
The full set of equations describing the motion of a two-form of spokes making an angle of 20°-30° with the azi-
temperature stable plasma with nonequilibrium ionization inmuthal direction, which means that the angle between the
a disk MHD channel, and the method for a determination ofinitial current and the wave vector was 110°-120°. The dis-
initial conditions, were given in Ref[9]. The one- tance between the strata in the radial direction was about
dimensional radial expansion of the flow begins mat 0.03 m. Two or three strata were observed simultaneously in
=0.04 m, which was thought of as the disk channel inletthe disk. The strata appeared at intervals, and the strata
The parameters at the channel inlet were flow velocity propagation velocity was close to the flow velocity, i.e., it
=1.27x10* m/s, gas density=0.45 kg/n¥, heavy com- was as if the strata were frozen in the flow. When propagat-
ponent temperaturd ,=2600 K, electron temperatur€,  ing in the channel, the strata became more luminous, some-
=3100 K, ionization degree=2.6x10 4, and Mach flow  what wider, and better aligned with the initial current direc-
number M=2.45. Figure 2 shows radial distributions of tion. Figure 5 presents photographic blackening in the radial
some plasma flow parameters for a weak MHD interactiordirection. Here we can see the appearance of individual
B=0.25 T. In the case of an unstable plasma it was assumegirata, and their increasing luminosity as they propagate in
that plasma fluctuations did not result in considerable perturthe channel. Attention is drawn to the fact that, once formed,
bations of the gas-dynamic parameters. To estimate chang#®e strata do not decay.
in gas-dynamic parameters due to MHD deceleration of an It is possible to follow the strata evolution in more detail
unstable plasma, effective conductivities were used in théy detecting temporal variations in electron concentration at
calculations. different fixed locations in the channel. To this end, photo-

FIG. 5. Film blackening along
the channel radiug\ is the current
reading of the microphotometer,
and A* is the current reading for
the photographic fog. Roman nu-
merals are the numbers of appear-
ing strata, figures along the diago-
nal axis are the numbers of
frames, and the time interval be-
tween frames is 3.2us.
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FIG. 6. Time variations in electron concentration at two loca- 8000
tions along the channel radius fBe=1 T. ty; andtg, are the times
of the shock wave arrival into the first and second measuring sec- 5000 . .
tions, respectively. 200 300 400t (us)

h FIG. 7. Variations in inhomogeneities of electron concentration

multipliers were used to measure plasma luminosity throug ;
o) and temperatureT(,) at a radiug,=0.096 m.

windows in the disk channel wall. Figure 6 demonstrated”
how the electron concentration changes at distangesnd .
r, as different volumes of plasma move past the measurdlon temperature$, at radiir, andr, revealed that average
ment window. It can be seen that the time interval betweef€mperatures at these radii were nearly equal.

the first electron concentration maxima is close to the time Figure 8 shows electron temperatures averaged over fluc-
difference between the shock wave arrivalsratandr, ~ tuations in the regionrg—r,). (Te) was obtained by aver-
which suggests that the same strata are observedaatdr ,. aging the results of several experiments. Figure 8 also de-
The electron concentration in the strata grows as they propd¥cts the calculatedr.=f(B) dependence foB<B,,. It
gate downstream. The electron concentration distributioshould be emphasized that an extension of the calculations
shown in Fig. 6 is seen to have large-scale inhomogeneitig§iade concemning the assumption of a stable plasma in the
with a duration of 25-50us. During a flow time of 4.5 region of high magnetic fields yields a nonmonotofii¢
X107* s, about eight large-scale strata pass through the f(B) dependence. This can be explained by the fact that
channel. On their background, small-scale inhomogeneitieghe role of Coulomb collisions grows as ionization develops.
which are more pronounced at larger radii, are present. Herhis gives rise to a higher energy transfer frequency and,
we find a certain analogy with the development of classicanence, weaker selective electron heating. The measured av-
turbulencg 22] when small-scale pulsations are regarded as &'age values ofT in the ionizationally unstable plasma

fine structure superimposed on a large-scale inhomogeneitproved to be lower than those calculated on the assumption
of stable plasma.

V. ELECTRON CONCENTRATION AND TEMPERATURE <T.> (K)
©

Figure 7 presents electron concentrations and tempera- !
tures in the inhomogeneities that move past the measurement
window atr=0.096 m forB=1 T. It can be seen that, on
the whole, large-scale regions with higher temperatures
(strata have higher electron concentrations and, conversely,
that lower-temperature regions are characterized by lower
electron concentrations, though the positions of nheand
T, maxima and minima are somewhat shifted. In the large-
scale inhomogeneities, the highest and lowest electron con-
centrations differ by approximately a factor of 3—-3.5, the 0.0
electron temperature varying from 8500 to 7000 K. In the o
small-scale inhomogeneities, variations in the electron con- F|G. 8. Average electron temperature for various magnetic in-
centration are weaker by about 50%, while the temperaturguctions. The points are the experimental values, and the curves
may rise as high as 10000-11000 K. The average value Ghow the temperatures calculated on the assumption of stable
T, over fluctuationg T,) is 7800 K. Measurements of elec- plasma.

8000

6000

unstable
4000

[0 ] D R

08 B(T)

oL
'S
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<n > (10" m?) 6 (10° §/m) (@

200 300 400 t (us)
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0.0 04 B_ 08 B (T) Bg - ®
cr
FIG. 9. Average electron concentration as a function of mag-
netic field for two radii. 2
Figure 9 demonstrates electron concentrations averaged 1f
over fluctuations for different magnetic fields at radjiand
r,. Each point was obtained by processing several measure- 0 . .
ments. It can be seen that,) grows in a radial direction 200 300 400 t{us)

with increasingB. . o .
9 FIG. 11. Time variations in the local conductivityg) and Hall

arameter .

VI. IONIZATION RATE P #)
Average ionization rates were estimated by processing d({ng) 5 (ng) dny
measurements ofn,) for two radii, r;=0.069 m andr, — 7 = (NNafKi) =(ne) (Kp) = — —,
dt n, dt

=0.096 m:
A(ng)  (Ngp)—(Ne1)  (Ne1) Nao— Ny wheredt=dr/u. The dependences of the ionization and re-
At At g At 2 combination coefficient&; andK, on the electron tempera-

ture were taken from Refl13]. (K;) and(K,) were calcu-
The first (basig term of the right-hand side of Eq2) was lated forT,=(T,). Experimental values ofne;) were used
derived from the experimental data. The second term takeas the initial values ofn.) atr=r;. Then,(t) dependence
into account variations in the atomic concentration. As estiwas obtained through calculations. It is evident from Fig. 10
mates have shown, this term is small compared with the firsthat the measured ionization rates in the stable plasma region
term, and therefore it could be obtained by calculations(B<B.,) are lower than calculated. However, the discrep-
Since the flow velocity in this part of the channel changed ancy is within the limits of experimental error, because,
only slightly, we obtained\t=(r,—r,)/u. Figure 10 shows in this region was determined as a small difference between
ionization rates for different magnetic inductions. The averdarge values. Conversely, in the ionizationally unstable
age ionization rates derived in this fashion were compareglasma region B>B,), the average ionization rates prove
with the ionization rates calculated for average measuretb be much greater than those calculated for average tem-

electron temperatures, peratures. It is likely that this is because a dominating con-
tribution to the increase of the average electron concentration
An /At (10% ms”) comes from regions with higher temperatures.
8-
v VIl. CONDUCTIVITY AND HALL PARAMETER
6F

Local values of the conductivity and Hall parameter were
calculated from measured electron concentrations and tem-

4t | v peratures and calculated atomic concentrati@®§. Figure
! 11 shows thes(t) and B(t) dependences obtained by pro-
ol ! v cessing theT(t) and ng(t) curves given in Fig. 7. Local
| L—/ values of o change similarly to those of o(t) and ng(t).
!)/4 \ This means that regions with high€g andn, correspond to
%.0 04 B 08 B (M) regions of higher conductivity and, conversely, that regions

9

with lower T, andn, correspond to regions of lower conduc-
FIG. 10. Average ionization rate as a function of magnetic in-tivity. The Hall parameter is out of phase with the conduc-

duction. The points are the experimental values, and the curveldvity. This can be explained by the fact that under the con-

show the calculated ionization rates. ditions discussed here the role of Coulomb collisions is
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FIG. 12. Average and effective conductivities vs magnetic in-
duction. FIG. 13. Average and effective values of the Hall parameter vs

magnetic induction.

rather large, and, as a consequence, the impulse transfer fre-
quency grows with increasing,. Dependences of the type ViIl. ON THE ELECTRON ENERGY BALANCE
shown in Figs. 7 and 11 serve to determine average values of 1ne electron energy balance is given by
(Te), (ng), (o), and(B). It is important to note that fluctua-
tions inng, Te, o, and B, shown in Figs. 7 and 11, are 3m,
fluctuations with respect to average values. The behavior of ~ Te(UB)*(1—k)*= KN ((Te)—T)
positive and negative fluctuations with respect to the initial @
undisturbed plasma conditions will be discussed below. 5 (An)

E+ §k<Te>> T+AW.

The onset of fluctuation currents due to the ionization +
instability evolution affects the average azimuthal current

and average radial field. This implies that the integral charThis expression shows that the Joule heating powgris
acteristics of the MHD Channel, such as the effective Conspent on energy transfer to the heavy Component in elastic
ductivity and effective Hall parameter, can differ from their 3nd inelastic collisionsW, and W, , respectively, and also
aVerage values. In our eXperiment, the effective ConductiVi%CcountS for some additiona' |Osses referred to as the “an-
oer and the effective Hall parametg@y in a short-circuited  ergy defect” AW. The energy losses associated with the
Faraday channel(at k=0) were determined asoet plasma radiation and excitation were ignored here because,
=(j,)/uB and Be=(E;)/uB. as shown by estimates, they were small. Since major atten-
Figure 12 shows average and effective conductivities fOlﬁon was pa|d to a Comparison of the “energy defect” in the
different magnetic fields. The relation betweeg; and(o)  undercritical and overcritical magnetic fields, a simplified
can be expressed ag=(o)/(1+£), where¢ is the coffi-  form of the equation for the electron energy balance could be
cient depending on the magnitude and direction of fluctuaysed here.
tion currentd23]. It can be seen thdr) and o are nearly Figure 14 demonstrates the Joule heating powgr the
equal atB<B,. At B>B,,, they increase as the magnetic elastic energy losse#/,, and the energy needed for ioniza-
induction grows, buloe; grows more slowly thafo). As  tion W, . Figure 15 presents the ratio between the “energy
stated aboveg is affected by two factors: the structure of defect” AW and the Joule heating pow#/;. The observed

inhomegeneities and average conductivity. Our first observazonzero ratioAW/W; at B<B,, is within the limits of ex-
tions of the increasingr. in stratified plasma seemed sur-

prising. However, as our data indicate, this can be explained
by the fact that, in the competition between the plasma strati-
fication and average conductivity increase, the latter domi-
nates. 600, 1
Figure 13 presents average and effective Hall parameters.

According to Ref.[23], Bes=(B)/(1+ ), where 5 is the

cofficient governed by the magnitude and direction of fluc- 4004
tuation electric fields. The drop ¥)8) with increasing mag-
netic induction is attributable to the fact that the electron

<

, [ (MW/m®)

£ 2=

| : 2
concentration grows with increasing field, which leads to a 200 /

greater average impulse transfer frequency and, hence, a fall- V.,-/'/:

ing B. Since the accuracy of the determination(@) and 0 04 B o8 1o B

Bess Was no better than 10%), we can assert {3t and B ’ oo '

shown in Fig. 13 are nearly equal. As theory pred|@3], FIG. 14. Joule heating powé&W; (1), elastic energy losse#/,
this situation can take place when inhomogeneities are al2), and energy spent on ionizatioh; (3) for different magnetic
most parallel to the initial current direction. inductions.B,, is the critical magnetic field.
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(AW/W) ®

0.6f

0.4

0.2r

%00 ¥ o4 0.8
. . B . B(T - -
M FIG. 17. Fluctuations in the electron temperatufg)( electron

FIG. 15. Relative electron energy defect for various magneticconcentration ife), conductivity ('), and Hall parameter &’)
fields. along the normal to inhomogeneities for two time moments.

perimental accuracy. As soon as parameter fluctuations 0(?_irections were obtained in a solution of the theoretical prob-

cur, the “energy defect” sharply increases. In an ionization- €M of critical conditions for the ionization instabity in a
ally unstable plasma the energy defect is about half the .JouIreGI""Xmg plasmg21]. Let us denote the increments in the

_ etinadiidinieg .

heating power. This suggests that there are some types Bpsic plzrsls_ma param,et_ers Hs= | JO(’j g —I97 %0 B n B

electron energy loss in the fluctuations. ~PBo. E'=E—Ep, Te=Te=Tep, andng=ne—ney, Where
the index “0” indicates the values of the parameters in the

undisturbed medium. For an unbounded plasma, the fluctua-

IX. SOME REMARKS ON DEVELOPMENT tions in the current and electric field strength are related to
OF THE IONIZATION INSTABILITY the fluctuations in the conductivity and Hall parameter by
[4,23

The nonlinear stage of the ionization instability evolution
in inert gas ata<aq was theoretically considered in Ref.
[24] for the mixture Ar-Cs atT,=5500 K, when Ar ion-
ization takes place. Based on the experimental evidence ob-
tained in the work described here, we would like to present
our understanding of ionization instability evolution in a re-
laxing plasma. +E'=—

As a first approximation, let us present the structure of
plasma inhomogeneities in a Cartesian coordinate system, 4
where thgy are in the' form of inclined bgnds. In (.j'Sk 9€OM~ here “+ denotes coinciding directions of the& and k
etry, the inhomogeneities would have this shape if they were e o X

2 L : vectors, and “-" indicates opposite directions. Equati¢8)
observed at radii much larger than the initial radius. NOteshows that the fluctuation current enhancement inj ghe-
that theY axis corresponds to the direction, and theX axis

is ther direction. Figure 16 depicts the coordinate systemreCtlon is caused by positive fluctuationsdnand negative

and directions of the initial current,, the electric field luctuations in/. Figure 17 schematically shows distur-
strengthEy in the plasma, and the wave vector. The anglebances |n.ba5|c plasma} parameters along the normal Fo the
0 . - observed inhomogeneities. The numbers indicate the dimen-
between!o andE; is denoted by (tgf?:_ﬁ)- The angled sionless distances along the normal corresponding to Fig. 16.
betweenj, andk (normal to the bandis in the rangem/2 | ot s see how positive and negative fluctuations in the elec-
<6<, since, as the experiment showed, the bands make gf,, concentration and temperature behave. Let the fluctua-

angle of 20°—-30° with the initial current. The same vectoryjgn, T., shown in Fig. 17a), take place at a certain moment

of time t;. Since the characteristic ionization tinpél-5)
Y " v X 107° s] in our experiment is much shorter than the life-
%X time of this inhomogeneity, the electron concentration will
B considerably rise in regions of high electron temperattnes

3 k f )
7@% %}/ In the low-temperature region$l), the electron concentra-
v/ x

!

i"=jo(sin 0—Bcos¢9)§—+joﬁ’cos€; 3)
0

1+ B3

o
joC0SH— + J—O(sin 0+ BocosH)B’,
0o 0o

tion will remain nearly equal to the initial one due to a slow
three-particle recombination; the characteristic recombina-
r/2 tion time in the experimental conditions was on the order of
s 34 102 s, which is much greater than the flight time. Accord-
Eo* b ingly, the conductivity will grow in region | and remain
nearly unaltered in region Il. As seen in Fig.(&) incre-
FIG. 16. Schematic representation of inhomogeneities and diments in the Hall parameter can be opposite to the incre-
rections of main vectors. ments ino. A positive increment ino and negative incre-
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ment in B lead to the fluctuation current enhancement incurrent. The lifetime of inhomogeneities is larger than the
region I. The fluctuation current is added to the initial cur-flight time; it is as if they are frozen in the flow, and consist
rent, which leads to increasing effective conductivity. Inof regions with higher electron temperature and concentra-
turn, increasing the effective conductivity results in greatertion and regions with lower electron temperature and con-
Joule heating and higher electron temperature and concentreentration. Major changes in the plasma flow are experienced
tion. Thus it becomes evident that positive fluctuation¥dn by the electron concentration: its average value and modula-
andn, lead to enhanced perturbations, while negative fluction depth increase with increasing magnetic field.

tuations do not show a tendency toward enhancement. To Since the characteristic ionization time is comparable to
make the picture more clear, let us suppose that a negatitbe flight time, and the characteristic recombination time is
fluctuation inn, occurs. This will lead to a decrease in con- orders of magnitude larger than the flight time, the electron
ductivity and, as predicted by E@3), to a weaker Joule concentration reacts mainly to positive increments in the
heating and a lower electron temperatiliie However, no  electron temperature, which leads to increasing conductivity.
further decrease in the electron concentratigrwill occur  In turn, positive fluctuations in conductivity give rise to fluc-
due to slow recombination. During a time-t; the plasma tuation currents in such a direction that they enhance the
volume | occupying position 1-2 moves along the channel taaverage current. All these factors create conditions for the
position 3-4[see Fig. 1%)]. During this period positive preferential development of positive fluctuations in the elec-
fluctuations inT,, ne, ando, and negative fluctuations j,  tron concentration and temperature. Negative fluctuations in
continue to develop during this time. At position 1-2, a newthese parameters are suppressed because of the absence of a
fluctuation arises during this time. In a bounded volume, thepositive interrelationship between them due to relatively
pattern of fluctuation currents differs considerably from thatslow recombination. As a result, there occurs an increase in
presented in Fig. 15. In part, fluctuation currents are shorthe effective conductivity with increasing magnetic field, as
circuited inside the plasma, thus forming local eddy currentspbserved in the experiments.

which leads to an additional energy dissipation. In part, the The picture of ionization instability evolution obtained in
fluctuation currents are closed in a manner similar to theur experiment can also take place in a large-scale MHD
basic current, thereby increasing the average current and tiedannel if the relationship between characteristic ionization

effective plasma conductivity. and recombination times and the flight time is properly cho-
sen. Therefore, if inert gases or their mixtures are used as a
X. CONCLUSIONS working substance in MHD generators, ionization instability

_ _ can lead to increasing conversion efficiency.
Based on an analysis of our experimental data, the follow-

ing explanation of specific features of the plasma flow in a

MHD channel can _be_ sugge_sted_. Sglectlve heating of elec- ACKNOWLEDGMENT

trons and nonequlibrium ionization in the presence of the

Hall effect give rise to the formation of regular inhomogene- The authors wish to thank Dr. V. A. Bityurin for helpful
ities in the plasma, inclined at a definite angle to the initialdiscussions.
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