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Ionizational instability in an ionized inert gas flowing in a magnetic field

R. V. Vasil’eva, A. V. Erofeev,* E. A. D’yakonova, T. A. Lapushkina, and S. A. Poniaev
Ioffe Physico-Technical Institute, Russian Academy of Sciences, St. Petersburg, 194021, Russia
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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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I. INTRODUCTION

It is known @1–4# that ionization~electrothermal! instabil-
ity develops in closed-cycle magnetohydrodynamic~MHD!
generator ducts earlier than other types of instability, a
therefore, can exert a greater influence on the channel c
acteristics. Experiments with generators of this type typica
employ inert gases with an alkali metal seed as a work
substance@3–6#. Since the development of ionization inst
bility in these mixtures leads to decreasing effective plas
conductivity@7# and, hence, adversely affects energy conv
sion, a method for the suppression of ionization instabi
has been suggested@8#. Another approach to a solution o
this problem involves the search for other conditions
working substances, the ionization instability of which c
be favorable for energy conversion. One of these substa
is an inert gas without an alkali seed, which can prove s
able for nonequilibrium MHD generators@9–12#. From a
physical point of view, the major difference between an in
gas and an alkali metal lies in the structure of the atom
energy levels, and, as a result, these substances have d
ent kinetic laws of ionization and recombination@13#. For
instance, under MHD channel conditions, the characteri
time of three-particle recombination in inert gases can
several orders of magnitude longer than that in alkali met
Our experiments@9,14–18# demonstrated that the evolutio
of ionization instability in a plasma of pure inert gases
sulted in an increasing effective conductivity, which seem
surprising. The goal of the study described in this paper w
to gain a deeper insight into this phenomenon. To this en
was necessary to find the interrelationship between the s
ture of the inhomogeneities, the distribution of the plas
parameters, and integral characteristics of the MHD chan
Based on the obtained results, a physical model explain
how ionization and recombination kinetics affect the ioniz
tion instability evolution and plasma conductivity could b
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built, and the mechanisms responsible for the increase in
effective conductivity of the ionizationally unstable inert g
plasma could be revealed.

II. EXPERIMENTAL SETUP

The experimental setup consisted of a shock tube wit
disc MHD channel 0.32 m in diameter and 0.01 m high. T
maximum magnetic induction was 1.4 T. The experime
was conducted in Xe at a Mach number of the incident sh
wave of 6.9, and under an initial pressure of 26 Torr. T
channel is shown schematically in Fig. 1. For a more deta
description of the setup, see Refs.@9,14#.

In a disk channel, the MHD interaction gives rise to
azimuthal Faraday current and a radial Hall field. Ohm’s l
for a Faraday channel with ideally segmented electrode
given by

Ew5kUB, j w52s~12k!uB, j r50,

Er5b~Ew2uB!,

whereu is the flow velocity,B is the magnetic field induc-
tion, s is the plasma conductivity,b is the Hall parameter,
and indexesw and r refer to the azimuthal and radial direc
tions, respectively,Ew,r is the electric field strength,j w,r is
the current density, andk is the load coefficient. Two con
figurations of the setup were used. In the first

s- FIG. 1. Schematic representation of a disk MHD channel wit
shock tube.B is the magnetic field,u the flow velocity, andj w the
azimuthal current.
©2001 The American Physical Society02-1
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electrodeless—configuration, a ring current was induced,
the duct was operated as a short-circuited (k50) Faraday
channel with ideally segmented electrodes. In the sec
configuration, a narrow insert in the form of a sector w
three pairs of electrodes, to which a load resistance was
nected, was placed into the channel. In the experiment
load coefficient was in the range 0<k<0.2. In our earlier
papers@9,14–19# the interested reader can find a descript
of the procedures used for determining the gas-dynamic fl
field; measuring the effective plasma conductivity, the H
parameter, the electron concentration and temperature;
detecting luminous inhomogeneities.

III. BASIC PLASMA CHARACTERISTICS

The MHD interaction results in a separation of tempe
tures of electronsTe and the heavy plasma componentTh .
The temperature separation can be described by an ex
sion similar to the Kerrebrok formula@2# which is obtained
by transforming the balance equation for electron energy

Te2Th

Th
5

gksb2M2~12k!2

3d
, ~1!

whereg5cp /cv , M is the Mach number of the flow,ks is a
correction multiplier used in conductivity calculations@20#,
andd is the inelastic loss factor which is mainly associat
with the energy spent on gas ionization. The theory of
ionization kinetics of inert gases was developed in Ref.@13#.
According to this, at temperatures typical of the MHD cha
nel, the basic ionization mechanism can be described
simplified manner as follows. The ionization rate is govern
by the rate of excitation of lower energy levels by an elect
impact. As stated by the principle of detailed balance,
recombination rate is determined by the reverse process
instance, atTe58000 K ~which was characteristic of ou
experiment!, the three-particle recombination coefficient
Xe is Kr55310241 m6/s. If the electron concentrationne
51021 m23, the characteristic recombination time und
these conditions must be 231022 s. Note that the flight
time was of the order of 1024 s.

In our experiment, the temperature separation w
Te /Th<4. In the absence of a magnetic field, the gas ioni
tion degreea in the recombining plasma proved to be high
than the equilibrium valueaeq(a/aeq.1) because of slow
recombination. When a magnetic field was applied, the p
cesses of ionization began to dominate due to selective e
tron heating, i.e., the ratio between the nonequilibrium a
equilibrium ionization degrees became less than un
a/aeq,1.

For the gas ionization degrees realized in our MHD ch
nel (231024,a,231023), the electron velocity distribu-
tion can be assumed to be Maxwellian@13#. Another charac-
teristic of the plasma, which is important for a prop
understanding of the experiment, is the ratio between
impulse transfer frequencies in collision with ions^nei& and
atoms^nea&:

^nea&5na^ce&^Qea&, ^nei&5ni^ce&^Qei&,
03640
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Here na and ni are the concentrations of atoms and ion
respectively;̂ ce& is the average integral velocity of the ele
trons; and^Qea& and ^Qei& are the impulse transfer cros
sections in collision with atoms and ions averaged over
Maxwellian distribution, respectively. The ratio betwee
^nei& and ^nea& depends on the role of Coulomb collision
which becomes greater with increasing ionization degree
our experiment, 0.2,^nei&/^nea&,1. Thus, because of a sig
nificant contribution of Coulomb collisions to the avera
impulse transfer frequencŷn&, it becomes dependent no
only on the electron temperature but also the concentrat
and this can affect the dependence of the Hall paramete
magnetic induction.

In calculations of the conductivity tensor components,
complicated dependence of the impulse transfer cross se
on the electron energy in collision with atoms, and the r
of Coulomb collisions, were taken into account, according
Ref. @20#, by introducing coefficientsks andkb , which are
functions ofna ,ne ,Te andB;

FIG. 2. Radial distribution of the flow velocity (u), conductivity
(s), electron concentration (ne), and pressure (p). B50.25 T. The
curves show calculated values, the points the experimental res
The circles indicate the flow velocity, down triangles mark the co
ductivity, squares show the electron concentration, and up trian
show the pressure.

FIG. 3. Critical magnetic field as a function of the channel
dius.
2-2
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s5ks

e2ne

me^n&
, b5kb

ve

^n&

wheree is the electron charge,me is the electron mass, an
ve5eB/me .

The full set of equations describing the motion of a tw
temperature stable plasma with nonequilibrium ionization
a disk MHD channel, and the method for a determination
initial conditions, were given in Ref.@9#. The one-
dimensional radial expansion of the flow begins atr
50.04 m, which was thought of as the disk channel in
The parameters at the channel inlet were flow velocityu
51.273103 m/s, gas densityr50.45 kg/m3, heavy com-
ponent temperatureTa52600 K, electron temperatureTe
53100 K, ionization degreea52.631024, and Mach flow
number M52.45. Figure 2 shows radial distributions
some plasma flow parameters for a weak MHD interact
B50.25 T. In the case of an unstable plasma it was assu
that plasma fluctuations did not result in considerable per
bations of the gas-dynamic parameters. To estimate cha
in gas-dynamic parameters due to MHD deceleration of
unstable plasma, effective conductivities were used in
calculations.

FIG. 4. Observation of luminous inhomogeneities. The re
angles show the strata fragments photographed through mirrors
strata outside the rectangles were reconstructed by analyzing
quence of frames.
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An analysis of critical conditions of the ionization insta
bility evolution, carried out in the linear approximation@21#,
showed that the critical Hall parameter appreciably depe
on the plasma equilibrium degreea/aeq . It was found that,
at a low equilibrium degreea/aeq,1024, an instability can
develop at any Hall parameter, however low. The lower
Hall parameter, the longer the time needed for the instab
development. Calculations have shown that the angle
tween the wave vector and the electric current direction is
the range 90° –180°. The critical magnetic fieldBcr was
measured at various radii~Fig. 3!. The critical magnetic in-
ductionBcr was taken to be the induction at which fluctu
tions in the Hall parameter and plasma luminosity shar
increased. As is evident from Fig. 3, at the channel in
where the gas density is higher, the instability develops
higher magnetic induction than at the channel exit.

IV. LUMINOUS INHOMOGENEITIES

Dynamics of luminous inhomogeneities~magnetic strata!
was studied by a high-speed filming of the disk channel s
ments. The magnetic strata pattern is shown in Fig. 4
B/Bcr52. The fragments of the luminous layers, shown
Fig. 4 by rectangles, were observed using three mirr
placed at an angle of 45° to the disk surface. Using
sequence of frames, the entire pattern of the strata was
constructed. Analysis of the data obtained with a high-sp
motion-picture camera revealed that the strata were in
form of spokes making an angle of 20° –30° with the a
muthal direction, which means that the angle between
initial current and the wave vector was 110° –120°. The d
tance between the strata in the radial direction was ab
0.03 m. Two or three strata were observed simultaneousl
the disk. The strata appeared at intervals, and the s
propagation velocity was close to the flow velocity, i.e.,
was as if the strata were frozen in the flow. When propag
ing in the channel, the strata became more luminous, so
what wider, and better aligned with the initial current dire
tion. Figure 5 presents photographic blackening in the ra
direction. Here we can see the appearance of individ
strata, and their increasing luminosity as they propagate
the channel. Attention is drawn to the fact that, once form
the strata do not decay.

It is possible to follow the strata evolution in more deta
by detecting temporal variations in electron concentration
different fixed locations in the channel. To this end, pho

-
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,

-
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-
f
-

FIG. 5. Film blackening along
the channel radius.A is the current
reading of the microphotometer
and A* is the current reading for
the photographic fog. Roman nu
merals are the numbers of appea
ing strata, figures along the diago
nal axis are the numbers o
frames, and the time interval be
tween frames is 3.2ms.
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multipliers were used to measure plasma luminosity thro
windows in the disk channel wall. Figure 6 demonstra
how the electron concentration changes at distancesr 1 and
r 2 as different volumes of plasma move past the meas
ment window. It can be seen that the time interval betwe
the first electron concentration maxima is close to the ti
difference between the shock wave arrivals atr 1 and r 2,
which suggests that the same strata are observed atr 1 andr 2.
The electron concentration in the strata grows as they pro
gate downstream. The electron concentration distribu
shown in Fig. 6 is seen to have large-scale inhomogene
with a duration of 25–50ms. During a flow time of 4.5
31024 s, about eight large-scale strata pass through
channel. On their background, small-scale inhomogenei
which are more pronounced at larger radii, are present. H
we find a certain analogy with the development of class
turbulence@22# when small-scale pulsations are regarded a
fine structure superimposed on a large-scale inhomogen

V. ELECTRON CONCENTRATION AND TEMPERATURE

Figure 7 presents electron concentrations and temp
tures in the inhomogeneities that move past the measure
window at r 50.096 m forB51 T. It can be seen that, o
the whole, large-scale regions with higher temperatu
~strata! have higher electron concentrations and, convers
that lower-temperature regions are characterized by lo
electron concentrations, though the positions of thene and
Te maxima and minima are somewhat shifted. In the lar
scale inhomogeneities, the highest and lowest electron
centrations differ by approximately a factor of 3–3.5, t
electron temperature varying from 8500 to 7000 K. In t
small-scale inhomogeneities, variations in the electron c
centration are weaker by about 50%, while the tempera
may rise as high as 10000–11000 K. The average valu
Te over fluctuationŝ Te& is 7800 K. Measurements of elec

FIG. 6. Time variations in electron concentration at two loc
tions along the channel radius forB51 T. t01 andt02 are the times
of the shock wave arrival into the first and second measuring
tions, respectively.
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tron temperaturesTe at radii r 1 andr 2 revealed that averag
temperatures at these radii were nearly equal.

Figure 8 shows electron temperatures averaged over
tuations in the region (r 22r 1). ^Te& was obtained by aver
aging the results of several experiments. Figure 8 also
picts the calculatedTe5 f (B) dependence forB,Bcr . It
should be emphasized that an extension of the calculat
made concerning the assumption of a stable plasma in
region of high magnetic fields yields a nonmonotonicTe
5 f (B) dependence. This can be explained by the fact t
the role of Coulomb collisions grows as ionization develo
This gives rise to a higher energy transfer frequency a
hence, weaker selective electron heating. The measured
erage values ofTe in the ionizationally unstable plasm
proved to be lower than those calculated on the assump
of stable plasma.

-

c-

FIG. 7. Variations in inhomogeneities of electron concentrat
(ne) and temperature (Te) at a radiusr 250.096 m.

FIG. 8. Average electron temperature for various magnetic
ductions. The points are the experimental values, and the cu
show the temperatures calculated on the assumption of st
plasma.
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Figure 9 demonstrates electron concentrations avera
over fluctuations for different magnetic fields at radiir 1 and
r 2. Each point was obtained by processing several meas
ments. It can be seen that^ne& grows in a radial direction
with increasingB.

VI. IONIZATION RATE

Average ionization rates were estimated by process
measurements of̂ne& for two radii, r 150.069 m andr 2
50.096 m:

D^ne&
Dt

5
^ne2&2^ne1&

Dt
2

^ne1&
na1

na22na1

Dt
. ~2!

The first ~basic! term of the right-hand side of Eq.~2! was
derived from the experimental data. The second term ta
into account variations in the atomic concentration. As e
mates have shown, this term is small compared with the
term, and therefore it could be obtained by calculatio
Since the flow velocityu in this part of the channel change
only slightly, we obtainedDt5(r 22r 1)/u. Figure 10 shows
ionization rates for different magnetic inductions. The av
age ionization rates derived in this fashion were compa
with the ionization rates calculated for average measu
electron temperatures,

FIG. 9. Average electron concentration as a function of m
netic field for two radii.

FIG. 10. Average ionization rate as a function of magnetic
duction. The points are the experimental values, and the cu
show the calculated ionization rates.
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d^ne&
dt

5^ne&na^Ki&2^ne&
3^Kr&2

^ne&
na

dna

dt
,

wheredt5dr/u. The dependences of the ionization and
combination coefficientsKi andKr on the electron tempera
ture were taken from Ref.@13#. ^Ki& and ^Kr& were calcu-
lated forTe5^Te&. Experimental values of̂ne1& were used
as the initial values of̂ne& at r 5r 1. The na(t) dependence
was obtained through calculations. It is evident from Fig.
that the measured ionization rates in the stable plasma re
(B,Bcr) are lower than calculated. However, the discre
ancy is within the limits of experimental error, becauseDne
in this region was determined as a small difference betw
large values. Conversely, in the ionizationally unsta
plasma region (B.Bcr), the average ionization rates prov
to be much greater than those calculated for average t
peratures. It is likely that this is because a dominating c
tribution to the increase of the average electron concentra
comes from regions with higher temperatures.

VII. CONDUCTIVITY AND HALL PARAMETER

Local values of the conductivity and Hall parameter we
calculated from measured electron concentrations and t
peratures and calculated atomic concentrations@20#. Figure
11 shows thes(t) and b(t) dependences obtained by pr
cessing theTe(t) and ne(t) curves given in Fig. 7. Loca
values ofs change similarly to those ofTe(t) and ne(t).
This means that regions with higherTe andne correspond to
regions of higher conductivity and, conversely, that regio
with lower Te andne correspond to regions of lower condu
tivity. The Hall parameter is out of phase with the condu
tivity. This can be explained by the fact that under the co
ditions discussed here the role of Coulomb collisions

-

-
es

FIG. 11. Time variations in the local conductivity (s) and Hall
parameter (b).
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R. V. VASIL’EVA et al. PHYSICAL REVIEW E 63 036402
rather large, and, as a consequence, the impulse transfe
quency grows with increasingne . Dependences of the typ
shown in Figs. 7 and 11 serve to determine average value
^Te&, ^ne&, ^s&, and^b&. It is important to note that fluctua
tions in ne , Te , s, and b, shown in Figs. 7 and 11, ar
fluctuations with respect to average values. The behavio
positive and negative fluctuations with respect to the ini
undisturbed plasma conditions will be discussed below.

The onset of fluctuation currents due to the ionizat
instability evolution affects the average azimuthal curr
and average radial field. This implies that the integral ch
acteristics of the MHD channel, such as the effective c
ductivity and effective Hall parameter, can differ from the
average values. In our experiment, the effective conducti
seff and the effective Hall parameterbeff in a short-circuited
Faraday channel~at k50) were determined asseff
5^ j w&/uB andbeff5^Er&/uB.

Figure 12 shows average and effective conductivities
different magnetic fields. The relation betweenseff and ^s&
can be expressed asseff5^s&/(11j), wherej is the coffi-
cient depending on the magnitude and direction of fluct
tion currents@23#. It can be seen that^s& andseff are nearly
equal atB,Bcr . At B.Bcr , they increase as the magnet
induction grows, butseff grows more slowly than̂s&. As
stated above,seff is affected by two factors: the structure
inhomegeneities and average conductivity. Our first obse
tions of the increasingseff in stratified plasma seemed su
prising. However, as our data indicate, this can be explai
by the fact that, in the competition between the plasma str
fication and average conductivity increase, the latter do
nates.

Figure 13 presents average and effective Hall parame
According to Ref.@23#, beff5^b&/(11h), whereh is the
cofficient governed by the magnitude and direction of flu
tuation electric fields. The drop in̂b& with increasing mag-
netic induction is attributable to the fact that the electr
concentration grows with increasing field, which leads to
greater average impulse transfer frequency and, hence, a
ing b. Since the accuracy of the determination of^b& and
beff was no better than 10%, we can assert that^b& andbeff
shown in Fig. 13 are nearly equal. As theory predicts@23#,
this situation can take place when inhomogeneities are
most parallel to the initial current direction.

FIG. 12. Average and effective conductivities vs magnetic
duction.
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VIII. ON THE ELECTRON ENERGY BALANCE

The electron energy balance is given by

seff~uB!2~12k!25
3me

ma
k^ne&^n&~^Te&2T!

1S Ei1
5

2
k^Te& D ^Dn&

Dt
1DW.

This expression shows that the Joule heating powerWJ is
spent on energy transfer to the heavy component in ela
and inelastic collisions (We andWi , respectively!, and also
accounts for some additional losses referred to as the ‘
ergy defect’’ DW. The energy losses associated with t
plasma radiation and excitation were ignored here beca
as shown by estimates, they were small. Since major at
tion was paid to a comparison of the ‘‘energy defect’’ in th
undercritical and overcritical magnetic fields, a simplifie
form of the equation for the electron energy balance could
used here.

Figure 14 demonstrates the Joule heating powerWJ , the
elastic energy lossesWe , and the energy needed for ioniza
tion Wi . Figure 15 presents the ratio between the ‘‘ener
defect’’ DW and the Joule heating powerWJ . The observed
nonzero ratioDW/WJ at B,Bcr is within the limits of ex-

-
FIG. 13. Average and effective values of the Hall parameter

magnetic induction.

FIG. 14. Joule heating powerWJ ~1!, elastic energy lossesWe

~2!, and energy spent on ionizationWi ~3! for different magnetic
inductions.Bcr is the critical magnetic field.
2-6
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perimental accuracy. As soon as parameter fluctuations
cur, the ‘‘energy defect’’ sharply increases. In an ionizatio
ally unstable plasma the energy defect is about half the J
heating power. This suggests that there are some type
electron energy loss in the fluctuations.

IX. SOME REMARKS ON DEVELOPMENT
OF THE IONIZATION INSTABILITY

The nonlinear stage of the ionization instability evoluti
in inert gas ata,aeq was theoretically considered in Re
@24# for the mixture Ar1Cs atTe>5500 K, when Ar ion-
ization takes place. Based on the experimental evidence
tained in the work described here, we would like to pres
our understanding of ionization instability evolution in a r
laxing plasma.

As a first approximation, let us present the structure
plasma inhomogeneities in a Cartesian coordinate sys
where they are in the form of inclined bands. In disk geo
etry, the inhomogeneities would have this shape if they w
observed at radii much larger than the initial radius. N
that theY axis corresponds to thew direction, and theX axis
is the r direction. Figure 16 depicts the coordinate syst
and directions of the initial currentj 0, the electric field
strengthE0* in the plasma, and the wave vector. The an
betweenj 0 andE0* is denoted byd (tgd5b). The angleu
betweenj 0 and k ~normal to the band! is in the rangep/2
,u,p, since, as the experiment showed, the bands mak
angle of 20° –30° with the initial current. The same vec

FIG. 15. Relative electron energy defect for various magn
fields.

FIG. 16. Schematic representation of inhomogeneities and
rections of main vectors.
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directions were obtained in a solution of the theoretical pr
lem of critical conditions for the ionization instabity in
relaxing plasma@21#. Let us denote the increments in th
basic plasma parameters asj 85 j 2 j 0 , s85s2s0 , b85b
2b0 , E85E2E0 , Te85Te2Te0, and ne85ne2ne0, where
the index ‘‘0’’ indicates the values of the parameters in t
undisturbed medium. For an unbounded plasma, the fluc
tions in the current and electric field strength are related
the fluctuations in the conductivity and Hall parameter
@4,23#

j 85 j 0~sinu2b cosu!
s8

s0
1 j 0b8cosu; ~3!

6E852
11b0

2

s0
j 0cosu

s8

s0
1

j 0

s0
~sinu1b0cosu!b8,

~4!

where ‘‘1 ’’ denotes coinciding directions of theE and k
vectors, and ‘‘2 ’’ indicates opposite directions. Equation~3!
shows that the fluctuation current enhancement in thej 0 di-
rection is caused by positive fluctuations ins and negative
fluctuations in b. Figure 17 schematically shows distu
bances in basic plasma parameters along the normal to
observed inhomogeneities. The numbers indicate the dim
sionless distances along the normal corresponding to Fig
Let us see how positive and negative fluctuations in the e
tron concentration and temperature behave. Let the fluc
tion Te , shown in Fig. 17~a!, take place at a certain momen
of time t1. Since the characteristic ionization time@(1 –5)
31025 s# in our experiment is much shorter than the lif
time of this inhomogeneity, the electron concentration w
considerably rise in regions of high electron temperatures~I!.
In the low-temperature regions~II !, the electron concentra
tion will remain nearly equal to the initial one due to a slo
three-particle recombination; the characteristic recombi
tion time in the experimental conditions was on the order
1022 s, which is much greater than the flight time. Accor
ingly, the conductivity will grow in region I and remain
nearly unaltered in region II. As seen in Fig. 17~a!, incre-
ments in the Hall parameter can be opposite to the inc
ments ins. A positive increment ins and negative incre-

c

i-

FIG. 17. Fluctuations in the electron temperature (Te8), electron
concentration (ne8), conductivity (s8), and Hall parameter (b8)
along the normal to inhomogeneities for two time moments.
2-7
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ment in b lead to the fluctuation current enhancement
region I. The fluctuation current is added to the initial cu
rent, which leads to increasing effective conductivity.
turn, increasing the effective conductivity results in grea
Joule heating and higher electron temperature and conce
tion. Thus it becomes evident that positive fluctuations inTe
and ne lead to enhanced perturbations, while negative fl
tuations do not show a tendency toward enhancement
make the picture more clear, let us suppose that a nega
fluctuation inne occurs. This will lead to a decrease in co
ductivity and, as predicted by Eq.~3!, to a weaker Joule
heating and a lower electron temperatureTe . However, no
further decrease in the electron concentrationne will occur
due to slow recombination. During a timet2-t1 the plasma
volume I occupying position 1-2 moves along the channe
position 3-4 @see Fig. 17~b!#. During this period positive
fluctuations inTe , ne , ands, and negative fluctuations inb,
continue to develop during this time. At position 1-2, a ne
fluctuation arises during this time. In a bounded volume,
pattern of fluctuation currents differs considerably from th
presented in Fig. 15. In part, fluctuation currents are sh
circuited inside the plasma, thus forming local eddy curre
which leads to an additional energy dissipation. In part,
fluctuation currents are closed in a manner similar to
basic current, thereby increasing the average current and
effective plasma conductivity.

X. CONCLUSIONS

Based on an analysis of our experimental data, the follo
ing explanation of specific features of the plasma flow in
MHD channel can be suggested. Selective heating of e
trons and nonequlibrium ionization in the presence of
Hall effect give rise to the formation of regular inhomogen
ities in the plasma, inclined at a definite angle to the init
f.

n
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e
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current. The lifetime of inhomogeneities is larger than t
flight time; it is as if they are frozen in the flow, and cons
of regions with higher electron temperature and concen
tion and regions with lower electron temperature and c
centration. Major changes in the plasma flow are experien
by the electron concentration: its average value and mod
tion depth increase with increasing magnetic field.

Since the characteristic ionization time is comparable
the flight time, and the characteristic recombination time
orders of magnitude larger than the flight time, the elect
concentration reacts mainly to positive increments in
electron temperature, which leads to increasing conductiv
In turn, positive fluctuations in conductivity give rise to fluc
tuation currents in such a direction that they enhance
average current. All these factors create conditions for
preferential development of positive fluctuations in the el
tron concentration and temperature. Negative fluctuation
these parameters are suppressed because of the absenc
positive interrelationship between them due to relativ
slow recombination. As a result, there occurs an increas
the effective conductivity with increasing magnetic field,
observed in the experiments.

The picture of ionization instability evolution obtained
our experiment can also take place in a large-scale M
channel if the relationship between characteristic ionizat
and recombination times and the flight time is properly ch
sen. Therefore, if inert gases or their mixtures are used
working substance in MHD generators, ionization instabil
can lead to increasing conversion efficiency.
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