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Abstract

The role of the parameter vji/wsj for critical ionization
velocity (CIV) interaction is discussed. This parameter, which
can be seen as a combined condition on the neutral gas density
and the magnetic field strength, is important from two diffe-
rent aspects. First, the wvalue vji/wei = 1 marks the limit
between the regions of applicability of the homogeneous and the
"ionizing front" (or inhomogeneous) models for the interac-
tion. Second, it determines the energy transfer efficiency in
the interaction. This energy transfer efficiency also depends
strongly on whether the experiment is steady-state or transient
in nature. In steady-state situations, the interaction has ear-
lier been estimated to become gradually weaker when vj/wgqj
decreases below unity. It is found here that efficient CIV in-
teration is ©possible at far lower values of vi/uws; in
transient experiments. The corresponding limit is
3/2 KB_

approximately Vi/mw' = 2(mF/mi) Unfortunately, «x is a

Rl
rather uncertain parameter: the number of instability growth
times required for the modified two-stream instability to tap

the energy of a thin ion stream in a plasma.
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1. Introduction

The c¢ritical ionization velocity (CIV) interaction is a
phenomenon which can occur when a plasma and a neutral gas are
in a state of relative motion across a magnetic field. It was
postulated by Alfvén (19%4) that a strong interaction with rapid
ionization of the neutrals should be expected when the relative
veloclity excecds the critical lonizabkion velocity, o which 13
given by

1/2
2e Ui (1)

. m
& n
where m and Ui are the mass and ionization potential of the

neutrals.

There has been a wealth of experimental observations of the P,
interaction, both in laboratory experiment of very different
geometries (e.g. Danielsson and Brenning, 1975; Axnés, 1977;
Mobius et al, 1979) and in space (Haerendel, 1982). A computer
simulation by Machida et al (1984) also shows a strong increase

in the ionization rate at the threshold velocity given by

Eqg.(1).

As illustrated in Fig.1, CIV interaction has been proposed to
aperate under very different conditions. In some cases, the
interaction is more or less constant in time. Examples of +this
are the shuttle glow (Papadopoulos, 1983), the production of the
To plasma torus, and some laboratory experiments. Othexr cases
are of a transient nature: the plasma can be a short pulse as in
some impact experiments, or the neutral gas can be transient as
in the lonospheric release experiments. The geometries are also
very different. The magnetic field lines can c¢lose within the
volume, connect to walls that are statlonary with respect to the
neutral ceomponent, or connect to a surrounding plasma which

moves with respect to the neutrals.
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In view of these difference one can hardly expect one single
model to cover all +the situations. However, there are some
parameters which are of common interest for most cases: in
addition +to some minimum value of the velocity, the magnetic
field must not be too weak (Brenning, 1985) and the neutral gas
density and extension must Dbe above some limits (Haerendel,

1982; Brenning, 1982 a). This paper will discuss another such

parameter, Vi/ LY which can be seen as a combined condition
on neutral gas density and magnetic field strength (in this case
an upper limit). As pointed out by Haerendel (1982), vi/ W
separates the regions of applicability of the ‘"ionizing front"

and the "homogeneous" models for electron heating. It also is an
important parameter for the efficiency of +the the electron
heating in the interaction, as discussed by e.g. Galeev (1981),

Formisano et al (1982) and Galeev and Sagdeev (1983).

2. The electron heating

The theoretical work on CIV interaction has been focussed on the
heating of the electrons, which is necessary for the rapid
ionization seen in the experiments. The first-order approach to
the electron energy balance is the following: the plasma and the
neutral gas initially move with a relative velocity v_. At each
ionization of a neutral particle, the enerqgy mnvo /2 becomes
available in the plasma frame. If a fraction N of this energy 1is
transferred +to the electrons, on a timescale much faster than
the ionization time, the average electron energy will increase

according to
dén_ W »>/dt = Vv.n (N m v 2/2 - @l].) (2)
e e i e n o i’
where v, is the ionization rate per electron.

The requirement of a positive energy balance for +the electrons
becomes (Galeev, 1981)
/2

-1/2 1
L > (2eUi/mn) i (3)
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which becomes identical to Eqg. (1) when n = 1.

Eq.(2) can give a misleading picture of the electron enerqgy
balance 1in the interaction for several reasons. It neglects the
production of ilonized neutrals through charge exchange
collisions, which sometimes can dominate over electron impact
ionization (Axnds, 1977). It also neglects electron energy 1loss
through line excitation (Newell and Torbert, 1985) as well as
convection of energy, both along the flow direction (which «can
be important when the neutral gas is limited in that direction)
and through exchange with colder ambient electrons along the
magnetic field. Also, one should treat the electron energy
balance together with the momentum balance. This introduces a
very strong dependence on the type of situation (see Fig. 1)

which is under discussion.

However, the simple picture given by Eqg.(2) has the advantage
that it clearly shows the importance of the efficiency n of

energy transfer to the electrons.

The two strongest candidates for this energy transfer are the
“homogeneous model" and the "ionizing front" model. Both invoke
the modified two-stream instability (MTSI) which can heat
electrons efficiently when the angle 8 between the wave vector
and the magnetic field is close to 90°. The growth rate at these
angles 1is of the order of the lower hybrid frequency, which is
fast enough to explain the experimental observations; according
to theoretical estimates, the energy transfer efficiency can be
as high as 0.&7 (Raadu, 1978; Galeev, 1981). Computer
simulations by McBride et al. (1972) give n = 0.28. Experimental
determinations of n puts it in the range 0.2-0.7 for an impact
experiment (Brenning, 1982 b), and around 0.1 in a discharge

experiment (Axnds, 1986).

Although both the homogeneous model and the ionizing front model
invoke the same instability, they differ in what populations

drive it, and the direction of the two-streaming.
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2.1.The ionizing front model

The ionizing front model was proposed by Piel, Mdbius and Himmel
{1980} in connection with a discharge experiment in a homopolar
machine. Fig.2 shows the model in the rest frame of the plasma:

the iconized neutrals are produced in an ionizing front, start

with a velocity - v with respect to the plasma, and build up a
space charge sheath with a potential U = mnvozl(2e).The
electrons get a secondary drift ¥y = Es X E/B2 in +the electric

field E_ of the sheath.

The instability is driven by this secondary electron drift with
respect to all the plasma ions. The highest attainable electron
energy can be estimated as follows (a related argument was given

by Haerendel, 1982):

The secondary electron current i' in the sheath provides +the
macroscopic 1 x B force +that changes +the ionized neutral
velocity from -v_ to Zero. The region of ionization should in a
real plasma be distributed over the whole sheath (Piel et al,
1980), and not located at the edge of +the sheath as in the
idealized model of Fig. 2. Momentum balance within the sheath

gives

XB=n vmyv . (4)
e 1 no

The macroscopic electron drift velocity transverse to v, follows

from 1i' = MDnee:

- Y - v w [
Yp Vo imn/EB Ve i/ ci- (&l

According to Papadopoulos (1984), the instability will produce a

high~energy tail with electron velocities up to
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e U 1/2
= 2.J(mi/me) v_ . (6)

v
e, max D

The highest electron energy that can be reached in the ionizing

front follows from Eg.s (1), (5) and (6):

v Vi
= 6.25 eU. -‘}9 : (7)
: 5

i

e, max

Thus, electron heating to above the ionization energy 1s only

possible in the ionizing front model if

vi/w ci> O.4vc/vO (8)

2.2.The homogeneous model

The homecgenecus medel was proposed by Sherman (1%69) and further
developed by Raadu (1978, 1982). In this model the interaction
invalves only the electrons and the newly ionized neutrals,
which in +the rest frame of the plasma have a velocity close to
V-
The limit of applicability of this model can be estimated in two
ways. In a plasma flow with ionization, the transverse scale
length is typically a Rﬂvo/v i Mikhailovskii (1974) gives a
limit of the applicability for +the MTSI in a plasma with a
density gradient:

w_ .V
cl O
Vv < w_ .a=x ——— (9)

0 ci v,
1

which gives a limit for the homogeneous model:
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v./ w_. < 1. . (10)

This condition can also be derived directly without introducing
the transverse scale length: According to Eq. (5), the

transverse electron drift velocity vy associated with the
pick-up o©of new ions becomes greater than the original velocity
Ve when Ui/ mci > 1. In this situation, the homogeneous model
(which disregards this secondary drift) is obviously unsuitable.

3. A lower limit on “i/w(i for efficient electron heating

High wvalues of the energy transfer factor n are possible only if
the 1ionized neutrals are prevented from forming a gyrotropic
distribution in velocity space. If such a distribution 1is
formed, the efficiency becomes only 2.5% according to
guasilinear calculations (Galeev, 1981; Formisano et al., 1982).
According to Eq. (2) the CIV interaction would then require a

threshold velocity of ﬂ—1/2vc = 6.3 Vo

The condition for a beam distribution of ionized neutrals used

by the authors above was
v./ w_, > 1 (11)

They also give the condition

/2

Vg © (me/mi)1 (12)

for the formation of a gyrotropic distribution 1in velocity
space, and expect N to wvary smoothly from 0.67 to 0.025 as

v, /w . decreases from 1 to (m /m.)1/2.
i’ eci e’ i
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However, these results apply only to the steady state situation,
in which +the new ions have to compete with an accumulated hot
(gyrotropic) background of earlier ionized neutrals. In the
initial phase of a transient situation, this background will be
small, and the energy transfer can be more efficient. We will
here +treat +the case where ionization starts at t=0, and the

initial background of hot ions 1s zero.

The instability is for this case +that of a +thin beam in a
plasma, with a growth rate that increases with the beam density;
/n )1/3.

e

it is of the order w (n With ionization starting

LH ' "beam
at t=0, the guestion is whether the instability growth time ever
becomes much faster then the gyrotime. In this case, a ring-type

ion distribution would never have time to develop.

The growth rate for a thin beam in a plasma depends strongly on
the angle between the wave vector and the magnetic field. When
the electrons are hot enough to ilonize, only the modes with
almost perpendicular propagation remain, with a growth rate (see

the Appendix):

1/3
§ = 3172 w PMip (13)
24/3 LH m,
where B = (nﬁ/ne) is the fractional beam density, and
_ 2 2,-1/2
wLH = wpi(1+ wpe / wce ) (14)

is the lower hybrid frequency of the plasma, calculated with the
"main plasma" ion mass (i.e. not the mass of the ionized
neutrals). mip and mj_S are the 1ion masses of +the background

plasme and the beam, respectively.

A crucilal parameter is the time (the "energy transfer time" tET)
that 1s required to smear out the beam and transfer the energy
to the electrons. It is an unknown factor « larger than the

growth time ¥y == of the instability:
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e = Kif¥ < (15)

The condition for preventing a ring-type distribution becomes

-1
191]
tET << cin , (16)
where w _ is the gyrofrequency of the ionized neutrals. Since
the ion beam is smeared out on the time t the fractional beam

ET’
density is5 given by the number of ionizations during this time:

B = v +_ . (17)

The condition (16) can then be rewritten 1into a condition on

% i/uhin
V. m 3/2 m. 1/2 w 2 3/2 24 3
i e ip ce K
sy [ — , i + 1 . (18)
w_ . m m i 2 3/2
cin I pe 3

Most experiments and proposed applications of the critical
; . _ 2 2
velocity phenomenon are in a parameter range where mpe /mce > 1

(Brenning, 1982 b). When +this 1is true, Eq. (18) can for

practical purposes be written:
3/2

Vo m
i T (—e o (19)
w

: m
cl n

{ This condition was independently derived by Haerendel, 1986).

It is of some interest to discuss more specifically what the >>
sign in (18) means. Fig. 3 illustrates that the ions will retain

much of their beam character in the direction of vV, even i1f the

energy transfer time is as long as 0.5 ci—1' With this as the
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limit, Eg. (16) becomes t < 0.5 w“._1, and (19) becomes

ET ¢l
3/2
¥4 me 3
l > 2 —_— K (20)
m

w . n

ci
This 1s the c¢ondition for efficient electron heating in
transient situations. The number x of growth times needed for

relaxation of the beam ion distribution 1s a very uncertain
parameter. An experimental determination from a discharge-type
critical velocity experiment (Axnds, 1986) only gives an upper
limit: ¥ < 20. Computer simulations by McBride et al. (1972)
gave K ®g, while Tanaka and Papadopoulos (1983) in similar
simulations obtain ty = 25 w g 1= 125 y ' ile., « =12.5.
(These simulations were made for the case where all ions drift

with respect +the +the electrons, which gives vy stLH/2 for the
1/2
. ) )

modes with cos 8 = (me/ml

In spite of this uncertainty of ¥, it is clear that efficient
electron heating, during +the initial phase of a transient
interaction, 1is possible for values of \)i/ujci far below those
derived by e.g. Galeev (1981) for steady-state interaction.

4, Summary and Discussion

The value of Ui/lﬂci,

field strength/neutral density relation, is important for CIV

which can also be seen as a magnetic

interaction. In this context, \)i is the total rate of
production of guasistationary ions. It is immaterial both for
the momentum balance, (which was the key to the discussion of
Section 2), and +to the instability growth (Section 3) if this

production is due to electron impact ionization or some other

process, e.g. charge exchange or photoionization. We will here
assume that all these process are included in \Ji- In a
"transient" «c¢ritical velocity experiment, Vi/wci splits up
the interaction into different regions, as scematically

illustrated in Fig. 4.
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High ionization rate; vi/wci > 1: The "homogeneous model" of

Sherman (1969%9) and Raadu (1978) is not applicable. The "ionizing

front model" by Piel et al. (1980) can give efficient electron
heating. Alternatively, the lower hybrid drift instability could
act as energy-transferring mechanism.

/2

Intermediate ionization rate; (me/mn)3 K 3<ui/w < 1 The

ci
ionizing front model gives +too poor electron heating to be a

candidate for electron heating. The "homogeneous model" is
applicable. (1): In a transient situation, the MTSI can give
efficient energy +transfer (N®~0.67) down to approximately
LT A 2(me/mn}3/2K 3. For lower ionization rates, the

value should gradually decrease towards the constant low value
in the region of low ionization. (2): In a steady state
situation, the pn value begins to decrease immediately when
decreases below unity. The region of low ionization

\)i/wci 1/2
(Galeev, 1981).

rate is reached at v ./o _. < (m_/m.)
1 cl = 1

Low ionization rate; vi/ << (me/mn)3/2 K3: The MTSI has too

w .

zi
slow growth to prevent the formation of a gyrotropic
distribution of the ionized neutrals, and the energy transfer

factor becomes low, " = 0.025, even in a transient situation.

This division into three regions contains +the very uncertain
parameter « , the number of growth times required for the energy
transfer from the ionized neutrals to the electrons. Computer

simulations indicate that k 1lies in the range 6 - 12.5.

The main conclusion here is that efficient energy transfer is
possible 1in transient situations, even if “i/mci is far below
unity. This result strictly applies only to a fraction of the
first gyrotime after ionization has begun. At later times, the
ion distribution consists of a mixture of +the newly ionized
neutrals, which form a "beam" and can give efficient electron
heating, and the ions that have had time +to form a isotropic

distribution perpendicular to B.
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In this situation, the results above will be modified. However,
it is not immediately obvious in what direction the modification
will go. On one hand, the beam will be formed in an already
large fluctuating electric field; the number ¥ of growth times
required to transfer the energy to the electrons can then be
substantially reduced. This has a large influence 1in Eq:s

(18)-(20), where ¥k appears to the third power.

On the other hand, the efficiency N0 and the growth rate of the
instability will be reduced by the gyrotrepic background of ions
with velocities comparable to the ion beam velocity. This would
be increasingly important as time goes on, and the background
density grows. It is difficult to estimate where the +transition
to the steady-state case will come. In this context, it would be
desirable w_.th computer simulations of the MTSI for +the case

where the ion beam density grows from zero.
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Appendix

The linear growth rate of the MTSI with a transverse ion stream

in a cold, homogeheous plasma

The dispersion relation for the electrostatic modes is obtained
by putting the plasma dielectric constant equal to zero. For the
case of an 1lon stream perpendicular to B in a wuniform,
collisionless plasma with non-magnetized ions, w ))uaci, this

gives

where g is the angle between the wave vector and the magnetic

field, m]._P is +the plasma ion mass, and m, is the ion mass in
the stream. The stream has velocity v and fractional density B8 =
n. /n . Here, w . 1is the ion plasma frequency in the absence of
is' e pi
a stream: ¢ _. = ((n_e™)/{e m .))1/2.
pl e o pil

The electrostatic oscillations of the plasma at rest are found

by omitting the last term in Eq.(I). They are

2
m, m m
2 2 ip 1 2 1 e
w = w_, =— -+ 1+ — (1 - B) + - 4+ 1 + {1 - B)]-
1,2 Pi 2me o mip o S
1/2
B 4c0528 -4 Me _(‘1 ~ E) (IT)
o m. o '
ip
where a = w 2/w 2.
pe ce
The higher of these frequencies, Wy lies above max@ﬂpe, mce),
and the lower, @, below min(wpe,umce). For almost perpendicular
propagation, w, approaches the upper hybrid frequency Wog T
(mpez + w(wez)1 2, while W, approaches the lower hybrid frequency

(Egq. 14). We are here only interested in the low frequency

branch, which corresponds to the minus sign in Eg.(II).
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For a thin beam ( 8 <<1) the phase velocity of the waves will be
close to the beam velocity v for all values of 8. The resonant

wavenumber is then given by
w, = k, wv. (III)

The corresponding growth rate is derived from Eg:s (I)-(III) in

the usual way for a beam-plasma instability. It is shown in Figs

{5) and (6). An important parameter is the "egqual effective mass
. 1/2

- n ~0s B -

angle BO, given by cos o (me/mip) .

For 0 << %, the plasma ilons take no part in the interaction, and

the growth rate therefore is independent of mip. The instability

for 8((80 is a mixture of the modified two-stream instability

and +the beam c¢yclotron instability, which plays a role for

6(600, but only when w__/w__>1.
pe’ ge

An analytical solution of +the dispersion relation can bhe
obtained under +the assumption w << W oa This gives the real

frequency in the ion stream frame

Re m(Stream) = mpe K (IV)

and the growth rate
vy =3"%a ok (V)

where

1/6 1/3
p) ( Bme/mis)
K = (VI)
4/3 .2 2.1/2
2 (1 + sin (‘”Pe/uJ ge) )

2
CQs o m.
(c 8 me/ i

The approximate growth rate from Eg. (V) 1s shown with dotted
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lines 1in Fig (5) for comparison with the exact results from the
solution of Eq:s I -III. It is found to be an acceptable
approximation (within 10%) for 8 >70°. Since the modes for
smaller angles are damped at rather low electron temperatures,
Eq. (V) 1is a good enough approximation for a discussion of the
critical velocity interaction, where electron energies of +the

order of the iconization energy eUi are needed.

The lowest growth rate is found at 8 = 90°. 1t is
1/3
1/2 :
= 3 @ 8 ip (VII)
Tmin 24/3 LH W s
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Figqure captions

Fig.1. The geometrical and temporal differences between some

proposed cases of CIV interaction.
Fig.2. The ionizing front model according to Piel et al (1980).

Fig.3. Illustration that +the new ions retain +their beam
character 1in the direction of v, . even if the instability takes

the time 0.5 wci_1 to tap their energy.

Fig.4. A schematic illustration of how the energy transfer
efficiency n can be expected to vary with vi/ - g is here
the total production of quasistationary neutrals, including
electron impact ionization, charge exchange and photolonizaticn.
k 1s the number of growth times 1t takes the instability to tap
the ion energy (the gquasilinear relaxation time in units of

growth times). Upper curve: the initial phase of a +transient

interaction. Lower curve: homogeneous steady-state interaction

{schematically from Galeev, 1981).

Fig.5. Solid line: growth rate of +the (cold) lower hybrid

instabilities with an ion stream of fractional density R =niq/ne

transverse to the magnetic field. m. = stream i1on mass; mip =
plasma ion mass. The curves are calculated for a hydrogen
plasma. For angles 6 > 850, there 1is a weak additional

dependence on the the i1on mass mip, which is shown in the next

figure. Dotted line: The approximate growth rate of Eq. (vV),

which 15 a good analytical approximation when 8 570° .

Fig.6. The growth rate for almost perpendicular propagation,
where it is influenced by the plasma ion mass mip' The growth

rate at € =90" is expressed by Eg. (VII).
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Fig.4. A schematic illustration of how the energy transfer
efficiency n can be expected to vary with ui/ 0 q g is here
the total production of quasistationary neutrals, including
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k 1s the number of growth times it takes the instability to tap
the 1ion energy (the quasilinear relaxation time in units of
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(schematically from Galeev, 1981).



Ymax (_T.i.a)w

Fig.5. Solid line: growth rate of the (cold) 1lower hybrid
instabilities with an ion stream of fractional density B =nis/ne
transverse to the magnetic field. m. = stream ion mass; mip =
plasma lon mass. The curves are calculated for a hydrogen
plasma. For angles 8 > 850, there is a weak additional
dependence on the the ion mass mip, which is shown in the next

figure. Dotted line: The approximate growth rate of Eq. (vV),

which is a good analytical approximation when ¢ >70°.
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Fig.6. The growth rate for almost perpendicular
where it 1is

propagation,
influenced by the plasma ion mass m

B The growth
rate at 6 =90° is expressed by Eq. (VII).



TRITA-EPP-86-10 I5SN 0348-7539

The Royal Institute of Technology, Department of Plasma Physics
5-100 44 Stockholm, Sweden

ON THE ROLE OF THE IONIZATION FREQUENCY TO GYROFREQUENCY RATIO
IN THE CRITICAL IONIZATION VELOCITY INTERACTION

Nils Brenning

October 1986, 25 pp. incl. ill., in English
Abstract

The role of the parameter Ui/ w for critical ionization

velocity (CIV) interaction is dis;;ssed. This parameter, which
can be seen as a combined condition on the neutral gas density
and the magnetic field strength, is important from two different
aspects. First, the value vi/ W, = 1 marks the 1limit between
the regions of applicability of the homogeneous and +the
"ionizing front" (or inhomogeneous) models for the interaction.
Second, it determines the energy transfer efficiency in the
interaction. This energy transfer efficiency also depends
strongly on whether the experiment is steady-state or transient
in nature. In steady-state situations, +the interaction has
been estimated to Dbecome gradually weaker when ui/ Wy
decreases below unity. It is found here +hat efficient CIV

interaction is ©possible at far lower wvalues of ui/ Weai in

transient experiments. The corresponding limit is approximately
_ 3/2 3 . - ;

v i/ mci = 2(me/mi) k". Unfortunately, K i1s a rather

uncertain parameter: the number of instability growth times
required for the modified two-stream instability to tap the

energy of a thin ion stream in a plasma.

Key words: Critical Velocity, Critical TIonization Velocity,
Alfvéns Critical Velocity.





