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Apssract

A theory for the interaction of a moving magretized
plasma with a neutral gas is developed here. It is shown t ‘
that whereas the relative terminal velocity attained after
the active phase of intmctico is roughly given by
Ve, = { ¥/, / N . 1s the ionization
potential of the neutral gas, and M, is its mass) it 1s
argued that a amall placss niﬂ-nl gas htmctici; will not
ensue unless the initial plasws ulodty exceeds a eemi,n
threshold velocity given roughly by V,-,,m =( e (Pw-, I‘ M, 2 ( -
is the mass of the plasma ion). The "Alfven critical velo-
city® is thus to be identified with the teminal velocity

Vi_. + T™he cbiarved repid deceleraticn of plassa is
explained as being due to the sharing of the plassa
momentun and snergy by the freshly ionized stationary neutrel
atoms thag are added to ‘the pluﬁ stream while a part of
the energy is used up ia hesting the eleitrons which in

ey
.

tum ionize the neutral atoms. A model for the scceleraztion

of electrons is given vhich explains both the triggering
of the interacticn and subsecuent acceleration to the
observed electron energies of 100 eV or more. It alsd
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explains the cbserved threshold with respect to the
neutrsl density. RMarther, since the acceleration occurs
predosinantly along the magnetic field in the model,

it i3 also consistent with the observed polarization of
the He I 4686 & 1ine. The mwodel thus explains mest

. «f the obserwations in a natural uf.
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1. Zptzoducticn

Ia cennection vith huﬂauo:y of "Nategonic® precesses
Alfven {3954, 1960) has propossd that when a neutral gas -
moves through a magnetized plases it is abruptly icnized
if the relative welocity excesds the velue |, given by

2

wbere V], 15 the muse of the newtral atcm ama ¢.‘;.u ies
icnization potsntial. Saving beccwe thas iomized it is
then, accerding to Alfven, stopped by the magnetic field.
The velocity V, 1s known as the “Alfven critical velocity®
and the above hypothesis is rotou.amum'n:m
critical velocity hypothesis®.

This hypothesis has an intuitive appesl !ﬁu the
point of view Of energetics s In the situation considered
above (with the plasma at rest and the neutral gas moving
through it} ﬁ. energy is contained in the motiun of the
neutrals. If the kinetic energy LM Y ” of the neutrad
atom can scriehow be utilized for the ionization of the
lattar, then Eo. (1) wouid Gﬁ. the minisum velocity for
the ienizaticn to occur, pmudol'tbm is no less to the
thesmal component of the system. '

As alrzesady pol.ne.d out My Alivcn ‘1960) there cd;m
the difficulty regarding the actual -cchuu.- of transfer
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of energy fram the neutral mass motion to the bound
electrons of the neutral atoms so that the ionization
could occur. There is, of course, the possibility of

ionization by direct nlpacf. of the atoms with the plamma

ions, but as discussed Y Shemman {1573}, and as will ba

discussed later here, the rate of ionization due to this

process is far too low to account for the observations.
Since electrons are much more efficient in ionizing ti:o
atoms than iorns of the sane enexgy, one should loock for
the transfer of energy via the electrons and therefore

e T

for a mechanism for energizing the electrons at the
expuise of the neutral mass motion. It appears, therefore,
that the process of ionization in the above phencmenon
would have to be a more complicated plaema physical process
rather than the simple ion=neutral impact ionization.

Besides this difficulty, there is another basic
di€ficulty, however, which we now discuss : If we
assume the Galllean invariante of the above physical
phenomenon a;:d therefore of the relation (1), then the
same relation ahould hold if we transform to the frame
of the initial velocity of the neutral gas. In this
frame the neutral gaa.'wnl be at rest while the magnetized \
plasma moves thirough it. ‘(Such a situation can be more
easily obtained in the laboratory and has indeed been '
investigated by Danielsson (1970)). thwe;er. since the
energy is now contained in the plasma ion motion (the




plassa icn mass V}; being, in genersi, different from

the neutral atamic mass), the relation (1) for the critical -.
velocity is not at all intuitively cbvious. It would

appear that one sliculd rather write the foliowing relation
instead |

Lm; =;e¢ @

since cne would argue th'at the kinetic energy is now

_ contained in the plasma ion 2nd this 1s to be utilized
for the idnisation of the neutral atom. We shall discuss
the meaning and. s.lgn:l.ﬂcanco &f the above two re.lationa ’
' in the following \aecuons of the paper. S

There are a nunber of experiments which, in one
form or another, exhibit the ao-ullad Scritical velocity
phencmena®s A good review of these has been given by
Le Danielsson (1573). But the most direct experiwent to
study this phe.nemma' has been performed by Danielsson (1970)
and by Danielsson and Brenning (1975). The experimental
results show that when a nggnitized plasma moves through a
neutral gas at rest, with an initial velocity yery much
exceeding that detemined by Zg. (1), it gets decelerated
ané attains a temming] velocity equal to that aéteninog'
by Eq, {(1)e The experiments have not established, however, tﬁ,@i
the terzminal velocity 13. ‘also the threstold velecity for
the interaction hetween the plasma and the nsutral gas to




occur. In fact there seems to be an indication in the
experiments that an active interaction does not occur
A

Until the initial relative velocity Vo 2 2V,
where \/c“h- the value as detemnined from Eq. (1)e

In this paper we present a theory ¢f the interaction
of a neutral gas with a moving magnetized plasma with
particular reference to the direct interaction experiment

of Danielsson., We show that the velocity givem by Eo. (1) i

P
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is essentially the relative teminal velecity attained
afte;: the interacticn is over. ©On the other hind. the

threshold relative veloclty required for an active intcraction ,}‘
between the plasma and the neutral gas to occur is shown (l
to be given approximately by Eg. (2). For the gases used in

the Danislsson experiment (H.nlasma and neutral He)

chz) = Zv (f ) « where 2\/‘:5{'27 is the value detemined

from Eq. £2). As noted above, there is an indication to

this effect in the results of the Danielsson experiment.

But more experimenis must be carried ocut to estabiish

this fact. -

In “2Ce 2, we review briefly the impertant observaticans
recorded in the experiments of Danielsson. {1970} and of
Danielsscn and drenning (1975). In the subsequent sections
we show how we can explain most of these cbservations on the

basia of our modele.
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2. A.Review Of the Fxeriments of Fanjelsson and

We present here the most imnortant reluita of the
eperinments of Danielsson (1970) and of ranielssen ana
Brenning (1975), These exeriments will, hereafter, be
referred to as I and IX ressHectivelye

A magnetized hycrogen nlasma of density n,v =x10?? 3
(etated to be 10! = 101? & 1a 12) moving with 3 velocity
of sbout 3.8 x 10° m sec) in I (and 4=5%10° m sec™? in Iz
with correszonding initial proton energy ~ 800 « 1300 eV)
across a magnetic field of Ol - 05 Vs .-2 {kept at a

2 constant value cf 0.18

magnetic f£ield of Oel = 0.5 Vs m
Vs m % in II and results recorted for the values O.18 and
0436 Vs m~2 in I) wac allowed to interact with a stationary
neutral e gas (density~ 0.2 = 1 x 10** ™)

The valocity of the plasma
was measured 1 an. behind the centre cf the gas Cloud as
geoorted in X (no' such precise position is mersicned in II)e

The following obscrvatione were recorded:

atl) For very low plasma velocity V, the plasma is
not retarded, but for v'> 40 km sec.". the relative retard-
ation increas=d with V, As reported in ‘II. the V X 8 prote
signal at the rear nart of the gas cloud exhibits & constant
velocity plateau after an initial transient part at a high

[




valocity. The plateav is always very clese to, but
usually below the "critical velocity® ch .

A(1i) The entire retardation to roughly ene - tenth
of the initial velocity takes place over distances of the
order of a few centimeters (¢ -« 5 ams.). This corresponds
to a time interval of about 0.2 4 sece as calculated with

a mean velocity of roughly 2 x 107 cus. rec T,

A(ii1) The polarization electric field E related
roughly to the plasma velocity across the magnetic field
through ¥= c EXP_ /B 2, was also found to decrease
from its upstream value corresponding to the initial plasma
velocity to a low downstreanm value over distances of a couple

of centimeters,

B{1) Before the interaction the plasma electron
temperature in the plasma cun region was reported in I
tobe ~ 5 aV, (5-10 eV in IX with an upper limit of 20 aV
as it reaches the interaction region in the ahsence gf the neutral
gas) and the proton energy ~ 840 eV corresponding to tha
velocity V -’4::107 ons. sec "t (800 - 1300 eV in IIp, Aafter
the interaction., the electron terperature was found to be
sbout 100 eV, {The valuec of 85 eV reported eariier in I is
considered to be conservative in IlX). A significant part of
the heating, acoording to II, has been formed to occur within

a short distance in the upstream part of the gas cloud.

B(ii) Variocus probes. absolute intensity and 4 mm
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microwvave measurenents in I indicated that a substantial
ouxder of Bo* ions me\' produced in the interacticn.
Active particle analysis made in II using the further
stripping of AY to A™Y to measure the electron temperature
and density tql.?a an electron density ne-v ano“ with an
unceminty"of\aox. This s about seven times the original

electron density in the plasma.

c(l) N> effect was cbserved cn the retardation of the
rlasma by increasing the neutral density beyond 5 x 1013
cn~3. on the other hand, retardation quickly disappeared

_when the gas density was recuced below 2.10%° .

C(11) Though magnetic fielad is necessary for retardation,
doubling its strength from 0,18 to 0436 V secC. -2 had 'only"
a 1ittle effect, o

D(1) The wperinental points on V, -y V* v'° plot (V,

being the initial plasma velocity., and Ve the velocity
measured 1 am bohind the centre of the gas clcud) all

11e sbove V., = V. 1ine tn I. (in II they are reperted
te lis clese to, though usually below, the line at a suitadle
point behind the centre)s ne of the points actually lies
roughly on the V. = \/“LZ) 1inep( V:ﬂ ie the value
detexmined from Eq. (2})e '
D(11) Toints corresponding to larger values of V, lie
closer to the Vp . = \/cm line indicating that p.@ap. ‘
the interaction is more camplete for larger values of Ve
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E{(1)  The He I 4686 R 1ine 1s found to be partially
polarized with respect to the electric vecter parallel

and perpendicular to the magnetic field. The degree

p

of polarization is estimated to be 40.07 for (D~
transitions, This is a new observation reported in I,
The interpretation of the observed polarization is that
the icnization by electron irpact occurs more by electrons
moving along the field than by those moving pervendicular
to it implying that the electron acceleration takes place

along the magnetic field,

A A PN coas
R i

3¢ The lModel * Genergl Considerations.

Several theories have been given from time to time @0
explain this ans other experiments. A good review of these
is given by Sherman (1972), wvho has also discussed the
difficulties of the various theories in explaining the

essential fétures of the experiment.s A criticque of
ﬁhese theqries, therzfore, need not s given here. It must
be mentioned, howev=r, that most of the theories raviewed
were given before the Canlielsson direct interaction experiment
was carried out and therefore cannot re expected to apply
to this particular experimental sctuation. We shali be
concerned here primarily with a theory for this direct
interaction experiment, wvhich ¢ives more details of the
procese of interaction. A specific theory can thus be




attemted against this dstailed infermetien.

' As already menticned in Sec. 1. we distinguish the twe
_ velocities in connection with the intersctiens .

(1) A inimm fthreshold) relative velecity ¥, ‘ler
plasma velocity when the neutrals ars &t rest) detween the
Plasna and the neutral gas required before the interaction
can ﬁk‘e placse. ' .

(11) The terminal velocity V... las measured, say 1 om,
behind the centre of the gas cloud) that the plasma sttains
after the completion of the htenction.v vhen the initial
. velocity V, exceeds the minimum neoded for the intersction.
It is not at all clear, a priori. that these valecities are
equal. %e in ‘zact.shw using simpls ensrgy balance
considerations in Sec. 5  that V., 1s given roughly by
Eqe (2), The teminal velocity, Vi ¢ o0 the aother hand,
is shown in Sec.4 to be approximately given by 2q. (1). |

L

An adecuate theory of the interacticn ef the neutral
gas with a movine nagneuggd plasme must uuc!aebﬂls
explain the follewing three associated cbheervations on the
observed time leal.l._ | ’ ]

1e heating of the electrons to the required dejres

on a time scale ~ 0,12 j-8eC, since the hesting
‘has been found to occur (ss reported in II) within
a short distance in tha upstresm part of the as
cioud,




i0
3¢ lonismation »f the neutral gas to the extent chserved,

3o retardation of the plasnms streanm over distances

cf 4 = 5 oms. te the observed_temiqal velocity.

AS the plamms comes fnto contact with the neutrai
gas the most important “classical® modes of interaction
Detwoen the plasma fons and the neutral atoms aze the
follesdngs

{1) ™e pleema ions lceing energy and mcmentun to the
neutrale through elastic collisioas.

(11) Charged c&mqe caliistions hotveen the wlagma M
ions and the nsutral lis atema,

{134} Inelastic collicicns sesulting in the excitation
and fonizaticnh af tie helivm atbisiBe

Table 1 gives the woiiisica Zromues.lcs and mean free

paths for the last tav of iiose precessss for the aeutral

gas density of R.zo“ ca"?‘. For the plasta velocity of

4% 101 ns, ue"’. the tine of passage »f the plasma through
the neutral gas cloud of &ineanslonsd o/ 10 CTBe 485 A 05 1 SeCs
which 18 much edorter than the collision times 20 « 30 M sec
even at the neutral density 10°% ™3 for thess coliisions,
. Einilanxly., the mean free paths for these c;oluuon-
“ns 400 = 700 CmSes aT® mUCh longer compared with the dinensicns
of the gas cloud A, 10 o, It is thus clecar that these
pm inwvolving d:.z;oe.: imoact of the ions with the neutral

atoms can exnlain neither the deceleration of the plasma neor




.the isnization ef ths neitral atoms.

" The electrons, en ths sther hand, have mekis fres
paths for somentum trensfer aod ienizatiss ch)listens with
the neutrel gas atoms (dmsity = 30°° o™3) which ere
ccaparsile vith the dimensions of tha regisw of interectien
(ses Toble 1}. In fact, since the electrons meve threwsh
the nentrzl cas with the:E X B drift walocity, the mamm
free path along the plessa drift motien is Mgﬁ L 1em.
for the typlcal elzctoen wmergies of 2B = 100 oV in the systea.
These elactrun-nsttral collisisns are thus the saly “classical®
coilisions that would sccur in themotthem
inwlved, and could thus be coniidered %8 providing a
triggering mechanism for the intsraction. Alse 2inca alertruns
of a qim-\nsm are such mere sfficient in ionising the
neutrals coopared to pretans of the sanme shedyy we shall
consider the el ettrens te be the basie ienizing agency ia
sxplaining the sbserved ionitatien of the newtrels in the
sxperimeit.
3. An_outiire of the Model

Ve give here an sutline of the medel vhich ve &iscess
in detail in suiummt sections. The sodel is adle te
explain most of the observations relating ts the expesriemd
in a wery natural way.

Tt will bea cbserved that the thres associated cbservatiens,
{1} acceleraticn of the electroms, {i1) lenizatien eof nevtral

helivm, an@ (211} the deceleration of the plasma are causally
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relzted in thi:t order. Tre decelzraticn 'of the plasma
occura as the freshly ionized stationary helium atoms
are added to the plasma stream and share its momentum.
Thus the ionizaticn of helium atoms ig necessary for
dacoleraticn, and this in turn recuires the acceleration

of electrong to aprnrooriate enercies for the purcose.

The observed electron energies zre, of course, of
the order of 100 eV in the experiment [Cl:ser.vation B (t']]
and further, cbservation E (i) implics that the energization
of electrons is anisotromic, being more along the magaetic
ficid than across it. Acceleration n:ecl-.-ani.:ans wirich not only
account for this featvre but also other characteristics

listed in Sece 2, N2Ve to be found.

A completely lonized plesma woving acrosSs a magnetie
field B (such as the one ocbtained in the Danielssen
experiment) has a nclarization electric field E in the

laboratory frame suci: that
F+lfUxB =0 (3)

The velocity V 18 essentially the electric field arift
velocityx = C E X,@/B 1, and the magnetic field is
assumed %0 be large encugh ﬁ:;r this anproximation to be
valid, The electrostatic snergy ner unit volyrne in the
plasma i5 Wp = 23 2/3ﬁ , vhere €= /+ ""777"'/567/_42
is the low frecuency Jdielectric constant cf the plasma

and is assumed to te large & 7 ! . We then have
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. - anrm 'U,:C ¢ i - Z
Wg = AL WE

since ¢ £ ,f/,g 1s the magnituds of the plasma velocity V and
N M,; is its mass density V;’n is essentially the kinetic
energy of the mass motison of the plasma per vnit volume.
This electrostatic field energy Wy is a source of energy
(aro\;nd 3.1015 oV an":. é.né about 900 eV per nroton) which
can be tapped for the energization of electrons so that
they can in tura ionize the helivm atoms.

Cne may voint out here that the plesma energy is
almost entirely ocontained in the massive ions { .-.900 eV
per orectons as agyinst 5 10 eV per electrcn) and as such
the lacceleration of electrons rust necessarily be 2t the
epense of the energy of the protons, which is the same
thing as the electrostatic field cnergy according to Eg. (4).
One has thue to find cut mechanisms to transfer the energy

from the protens to the electrerns through some electric

£lelds which are manifestations of the coliective behaviour

of the »lasduia.
It is shown in Sec. 6 that the magnetic field nlays

a crucial role in producing such space charge electric field
because of the widely different gyroperiods of the electrons
and the ions. An acceleration mechanism for the electrons
a preéenteé which accelerates the electrons very eificiently
aleng the field iines to the required energies and over a
short distance within the gas cloud. It tﬁus appears ﬁhat




the acceleraticn along the field lines is already
adecuate, However, since the observed polarization of
the helium line is 0.07%, the acceleration normal

to the field does Beem to occur to Some extent.

One way for th'e electrons to qain.a:ergy normal te
the magnetic field is for them to gain energy dirasctly
£from the polarizaticn electric by moving antiparallel to
it (which direction i3 normal to the magnetic field).
‘However, 8o long as the plasma is collisionless and free
from electrostatic fluctuations, the electrons will not
be able to move across the magnetic field. The collisions
of the electrons with the neutrals will, however, enable
them to move across the field. But as is shown in the
Appendix, for the {nitial electron energy of .- 10 eV and
a neutral density n_ =5 x 1013 om™3, the electron neutral
collision frecuency ), falls short by a factor of about
120 to explain the cbserved electron energies of 100 eV
gained in.g time o 0.1 preec, assuming that the entire energy
is gained in this manner. This is, of course, in confomity
with the cbservation E (i) which favours acceleration along
the field line over that across ﬁ. Neverthelui. since
some acceleration across the field line does occur an enhanced
collisien frecuency \,)¥ for the electrons has to be :l.nvoll_:oc
resulting probably ticn fleld fluctuatiocns arising cut of
an instability. The acceleration along the field line must,
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hovever, be considered as the nrimary accelerstiocn nrocess, .

| ¥e shail now consider the mm of the Plasss :
neutral qu mtcnct:l.ou. In thc tonev!no anulyuo ve ' ’
s'mn assume that an ehhanced ehcu'on cou:l.s!.on !mcney
y exists which Gauses an enhanced trlnsport of elee.tms
across the electric field, We shall also presunpase th-
acceleration mechanism along the field lines, dueﬂhcd
in Secs 6. The resulting energetic elecirons will then =
cause ioniration of the neutral atoms. o o
In this section we shall ﬂndvm ‘expression for the
terminal velocity and show that it is indeed zo_]_.‘a.tod to the
neqtm\n atomic mass M, as 1s recuired by 4. (1),




15

To deteminAe the expression for the teminal velocity
we 3 .11 use the ecuzation ’of -continuity and eouations of
nomentun and energy balance for the plam. in interacuon'
with the l;ieutra'l' gas. To derxive these equations we start
from the Foltzmann equaticns far the various tpecigs of
particles with the B.G.K. type of conbision terms (matnaéar
et al. (1954), Sross and Krook (1956), Bhatnagar (1961))
for simplicity. We consider only two kinds of ions, the
original hydrogen plasma ions, and the ions from the ionized

. neutral '(helim) gas, though a generalatization to many

Jons case 18 straighteforward.

+
Let and ,; denote respectively the distribytion

functions for these two specles and let # be the electron
distributiorn function, and :Em the distribution function

for the neutral gas. The respective Boltzmann ecuations

are thens ‘
M, %‘%;.ry%;&) + e(E+é;wx§). %ﬁ?

= Vo M }0 | (5a)

+ +
o (B2 7 e o (B e nt) 2

—

d P
T Vi 3, WS M. ¥, (sb)
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vhere M' M., ane mt‘uc\rfupo'cumr tho pim"ién’i -
neutnl gas lon, and e:l.oct:on nasses, sad }}- l’[” 3 "and )1
are the respective aunber dem.ua: 1) np:ueata the -
charge axchange conl.uon Erequenq of the ions. vith’ the
neutrals angd is takgn hero to be velocity iudq:mdcnt for
simplicity, The éﬁauon tem cn the right hand side of
(Sa) clearly.represents the loss of H+ fons, mass M,

due o d‘n:gc exchange collisions, whereas ghe first .
collision tem on the right of Eq. (Sb) represents the gain
of H: icns, mass V], que to these collisions, The
second tem on the right of Eq, (5b) represents the
production of H: iona due to ionization by electmn
impact with the rate 0. Finclly, the collision temms ‘on
the right of the electron Boltzmann equaﬂ.on are as follows:
The first temm represents the rate o£ change of f e to
ionization, The second represents the change of _f e ts
collisiens with the neutrals as a result of which the
electron distribution will relsx to a locally Maxwellian
aistribution f:z , vith a mean velocity ecual o that of
the neutral gase. The third tem similarly represents the




.

relaxation of ']Qc to another locally Maxwellian distribution
u.

€ e wvith 3 Zero mean velocity, as a coiisequence of collisions

with th‘e electric field fluctuations.

The rate of ionization Q is assumed toc be zolely due

to the energetic electrons since elecirons are known to have

~

a much greater lonization efficlency compared with the ions
with the same energy (von Engel (1955)); and the maximum

of the 1onizauoh probability comes from elecerox;s vith energy
roughly equal to twice the ionization energy of the neutrals.
The tem (Sfe/ (;{;) which represents the rate of change
due to lonimation is thus obviocusly relatad to Q

of - e
<through

e = f?v(gf,_/gt)m (6)

The epxression for (gfa / S{‘) Wieaelf is given by
. (gﬁz/ g{—)w,, = - f“'.‘f:’“’ ”[@ (‘é‘ ) ¢wr) feﬁ?:f)

1 i) S(otutort et/
1’]} e ™

~Ln, B4 mu-ed. ){ §(urar )+ j( wfu )} n

2 : \
ﬁ(y’) g(v.’—'{.‘zrl-v'” - le(ﬁ;,,,/;mj]
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vhers 3'(-“., v ) " represents mpmm;m

an alectron with nloettr':r mmmu&m

scattered aletren havtng the modty “u- oo m

ejected electron, the velocity -/ “ (Rudge and Seatim: (_mss‘)i

' Rudge (1968)). ‘moiéanumucn of enerygy in tbo pw

is given )y ‘ -
L= Jiim"f ’.-z""’"i b .

T e

Tius the $-tuncsions in the Antegrands take care of the

" energy conserwatien while the @ .functions are the -

Heaviside step functicns which are such that

u(“imv_-ecﬁw) =1 ]ﬁa_mv. 4?
"’O ‘ﬁré’ﬂ)d‘<e¢

“ (g}

rhq mcnbo the fact that ne lenisatien is jposaible unless
1mu— >, ecb . 'n:onmunhthcupmuﬂﬂ)

represents tho loss of an dcctm -m: uu cnoxw 'L __>‘,4

- € i, hila the ether two tema :qnuat rupoeuv.ly
the -ongcnu of the scattered ud tho cjocul doeu'ono

at the velecity ¥ in the interval Ay W 'nfou tvo

‘slectrons are, as cp-etod mue in v and q;-"

since thm is no way of duttnquddu than, ‘
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tonmnt Zcuations.

To discuss the eynui.lca ot the plagn ©9 the freshly
ienized helium ions ars added to it during the process of
‘Sateraction. We shall obtain one=fluid ecuaticns for the
hydrogen and helium plasma considered as one fluid. To
40 this we start frox the composite Boltzmnann equation
ebtained by adding Pgns. (Sa), (5b) and (S5c). This gives

(bt +4r'3 me (F-I-'L'tfxB)

= -y, (m f- - Lm ) Qe f,,
g (£ WD) - (£-R))

o?l"’-

+ me( gﬁ/gf) ‘.‘% (10)

The sum on the left hand side includes the sum over the
electrons and all the species of ions in the system. WHe
note that the firat two teme on the left hand side are entiraly

inertial Z M ‘.f represents mass density per unit
' phase wlme. 'l'he last two terms are electromagnetic :

4 e, f represents charge density per unit phase volume.
‘rhi vu':loua nomente of Eqe (10) are cbtained below:

Zeroeth moment qives:

——— e
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are the mass and momentum dmaiuo‘ of the capouto pla.-
and where the definition (6) for 0 has been nad. use o!.

First moment gives the equation for the momentum balance

() e [ovy+F] - (cE+4£ Jxp)
= -V 0 (MY~ mY,) + @nemal,
“y,, mon, (VeVn) - Von, m, o
Q””’f@;?%‘é)." | ’_ o (13)
whers \/;’.V; and ‘V,, are u-pocuvm; the. finka vetecities
of the original ion species (hydrogen), electrons and meutrals.

The ionizing electrons and the electrons ejected during




the process of ioniszatien are assumed to emerge

dsatropically in the centre of mass frame which is

essentially the frame of the neutral atom. involved

in the oollision. Thus the fluid velocity of the

emerxging alectrons , the mean velocity with the function
:" vill be essentially }{'n « e locally

Naxwellian velscity distridbution Fer is, however,

assumed to De centered arcund zerc mean velocity.

-3
The pressure tensor P is defined by

._—? : f"%.f-ﬂ(ﬂf«ﬂ% m; f,

(1¢)

and cherge and current densities J  ana J by

3
G = 4'1:2;9\}- ‘)?
: 3
J = J/aerJe,-;jg (19

Expanding the left hand side of Eq, (13} and using
the equatien of continuity (11) we obtains

P (% vwy) + WP - LIxB =-nm,@(y-Y,)
+ Vi-n N, [M.‘, (y—y..) ~M., (Y-Yﬂ)]

- ""Jﬂ, 1{‘1(\}‘.— Vm) + V¥Ve + Q(Ye’-‘z‘f")] ‘

{16)

T e S e,




where we have made use of the charge nﬂtm!.tr =0

Similarly the second moment gl.vet the equation for the
energy balances '

, 2 ~ o ’. , Y S
;(Ji)\/ ’-’J:Z()C }+- V’{”ii)(\/*cl)l/
b oV CC +hpCC - JE =

where () Ce“') and :J.Z tre mean squared thermal
vel;cities corre:ponding to the distributions ﬁ : eim and

fe L :espect:lvely. '.'me energy eonumt.ton in elastic ccliisions
with the neutrals and wi.th the electric auc fluctustions

in the collision model used make the third and fourth terms

on the right hané side of Pd. (17) vanishe

Expanding the nght hand side o! (17) and nakinq use
ot Egs. (11) and (16) gives: ’
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~-Y.nm YV
(10)
where ? is the heat flux vector gﬁm by
"7 - ‘ ‘
z’ = ',% (9 C {,’ . (19)

The uantisy [~ + 4V X3 in the £q. (18) can ve
substituted for from the generilized Om's law which can
be ebutnoi !gﬁ the Boltzmann equations (Sa) and (5¢) ass




24

Using Eq. (20) in Bg. (18) we gets

O R A A

\ - - 4 .
o m{il—m,, [(y-vﬂ)’; c’;]-,gm‘. [(g-y;)f+¢j§]~}
+(\m{l‘4[(V~ +C] | o

£ - el

(2

vho:ct.hotonlJV JV andJ(VPJ lnpeut
_#ince in this proble- th:_? mrrut can only be pu'pmdlcn-r

w V V.,

“.

and [/. P , for othervise it would imply
" a charge separation in the direction of flew which canmt
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be sustained., Alse eiu. small 4in the mass ratios
W J m, ¢« M { M, have been neglected.

Consider nov tha temms on the right hand side of
Eq. (21)¢ The first tems involves 5/ the it'_ic charge
exchange coliision frequency which, as is seen from Table 1.
48 at least one order of magnitude mmaller compared to
Q, the cwefficient of the second term. The rate of change
of plamma themmal energy is thus essentially detegmined ty
the second tem on the right hand side, The heating will
accordingly continue and the plasma will decelerate until

i | f 2 a0
-,’;M.,L(\‘/—\{ﬁ) t(Cr] = e C}Ju,m- m VU,
(22)

Since the thermal energy derives from the deceleration of
the plasms, Eq, (22) gives the limiting or temminal velocity
" of tha plasme. If we assume the neutral gni €0 be cold,

l:,, =0 , - the smell aicctron tem

¢+ we get the relation

! . . L '
B e

for tlie temminal velocity. This relation 13 identical
with the Alfven relation (1). W¥e have thus demonstrated that

29, (1) or (23) gives the teminal velocity of the plasma

after the interaction is complete, This is indeed what is




As discussed in Sec. §.1, the critical velecity for
the interaction to {nitiate is not the zame as the temminal

velocity discussed in the preceding section. We noted that

tize lonization of the neutrals by doctma' hpact plays a
erucial role in the 1ntencuon 1endinq to thc subuqunt
dece:l.erauon of the plum. Aceohnngly. the intencuon
will not ensue until the energy gain by the electmo rr a
given velocity of the plasma {relative to the neutrals)
exceeds the ionization energy of the nd.l;ml. &ueotho
only source of energy for the electrons to gain energy from
is the kinetic enem of the plm nu nttcn. or .
equivalently the electrostatic field cncm W = GE n
€. ""’l C/[j'z (Sea Secs 3.1) there mld exist a
minimum plasma velocity bclow shich 1on1ut.ton v:lil uot
occur and the interaction described in Sec, 4 will not take

place. We detemmine this minimum velocity in this section.

For the purpose of this analysis we add tbc" second
moment equaticns (the ene:qy balance oquatiano) of the
Boltsmamn mauono (Sa) and (Sc). Since we are aoutdnung
conﬁ.f.tono for 1on$zat.$.on the electron’ producuoa .l.
ionization ( g/ ./ 3"" © . will not contribute when the




electron energy is below the threshold. If we substitute
for J from the Maxwell equation
“ .

] =-L2% L wp

. 47)3? 7Y

o - L2k
~ ,,—a—— : (24)

' uauitng a0 gppreciadle se.l.t magnetic field to: hﬂqlgp in

the plasms, then ve get

F{Z L4 G) + L&
| V.

(29)

. Since the alectron snd ion motion are essentially the

EXB drifts the last temm cn the left hand side which
zq?taaenu. comprestion vanishes, because the EXB motion
is dlwergence free, If we now integrate Eq. (34) over

the vbolc"lpaéo we get




s
d 2y \-«; I U L ’.Zj
i1 4x o +C o o
#f I%*%;(h J/ T
ff 3 . X )
='?’L‘¥nM’J“n("’+(‘) ‘
(2s)
Purthermere, Since 'l{-z.’;- Ct""/ ?, then
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" where ¢ f8 the dilectric cspstant ef the plasma. Thus,
as alresdy stated in Sec. 3.1, axpressien {27) represents
the slectrestatic field energy Muv of the plasma.
When € 37! . which is true in mest eases including the
present ene, mest of the field energy is centained in the
£ X B drift of the lens, Zg. (26) mey then De writtes
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The integral on the left hend side reprezents the total
thermal and field energy of the plasma, whereas the
right hand side represents its loss to the neutrals due
ptodal.nmur to lon-neutral charge exchange collisions.
In tho absence of the lattar Eq, (28) then represents the
conservation of the total plasma energy Ancluding the
electron and ion themmal energies, the Xinetic energy ot
Sass moticns and the field energy. . .

The cno:qtuuqn of thao electrons during the orocess of
interactica has necessarily to come f£rom the kinetic energy
of the plammsa ions, If , as the most fawurable case, we
assune that (1) the cnergy is lost from the ion motiom end
.;qgi?.ned antirely ¥ the electruns as the themmal anergy
without any being taken up by the lonz as thelr thermal
energye (ii) The complets transfer of energy takes place
over a mry short time in the region of interaction (the
actual mechanism not being specified or relevant for
our prupose here), Then comparing’ the dze:qy.p’cr unit
volume before and after tﬁa cischarge, weget from the
conservation of energy. Bo. (28), (neglecting the 1088 term
as being small)

/ z
A , f 24, %
2 h;M,;*‘"e m,)VD t+ K hJML' Cio Foz D, Ceo
s
/ * L n.M-C
= 7 N, 4(",}, r) ne M. (:.a (3)
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vhere the. -nb-'cupc Ssere’ refers %o ihe initis]l wvelues
l ,\ '
|

and tothcaudvum-. ¢ . ;

Now for a Huwenun distridution with t-ponl.nlrc
[
¢+ the nmber of electrons per unit wolume 7 , having
the energy greater than the ionisation energy € ¢ . 1s
wrn

n' = W;“;'PE* Q.‘Pw-,,/vﬁll] 3

Thus for a significant iocnization by electron impact te :

occur one must have |, > e(P. e Using this in T .-
) on i

Eg. (29) we obtain® 4

é‘ m; V: > % (e ¢5,,,,‘ T:é)

(32)

as the condition on the initial plasss velecity [, so that
significant ionizstion will occur for the subsequent inter-
action to take place actively., 3£ we neglect thc mau
electron tenperature leo then B, (31) is, ewpept for l
numerical factor, the same as the relstien (2}, In fact,

- because of this numerical factor. Eq. (31) ¢gives a scmeabat

higher threshold than that given by Zge (2)s Jurthermere,
bDecause of the assumptions (i) and (i1) made sdove snd | .
becsuse of the 10ss term neglected in Eq, {28) to arrive | ‘
at Eq. (2), Eq. (31) actually p:ovzdn & lowver limit on S :
the threshold velocity V),
+ inis assumes iSotrcvsic acceleration of the electronsr since

we replace:m (i, by 3/s Te {(which shoulé be LT, o T, for
acceleraticns irfl one or two dimensions).




Ve thus see that Se. (31) 10 the ene that-Jives -the
criticel velecity (lewer 1imit) fer interactien rather than
Bq. (1) vhich gives the terminal velecity attained after
the interactien. In fact, the thresheld velecity V., n
the case of the present axperiment i{s about at least twice
as large as tho terrinal velecity as detemmined frem
" Boe (1) or (23)¢ The experiment indeed shews that enly
tor Y, ‘}’/ ve'! as the experimentsl peints lie cleser .
to the ., = 1.7 line. Per smaller plasma velecities .
(but stil) greater than V. r=) )} the éqaarﬁuro is large.

One of the experimental peints, for .. = '~/ A/C T -M-<f

-

. i,

in fact, cerrespends to V, , > . i. . and thus
rather falls en .. - |'°” 1line. Recall that |, and
Y (% refer te values as determined frea Eas. (1) and (2)
respectively., This can be explained in tems eof eur medel
by saying that the interaction does not take place unless
exceeds .. _' , or mere correstly the thresheld velecity:
as determined fran_Eq.' {31) and not strengly unless
V, > U7 o vl T L only when it Gees se, does the
terminal v;-.locity have a value lying scmewhere cless te the '
M iven value V.

' Thu'l the results of the Danielsson eﬁperinmt do Seem
te tupporg the cxistence of & threshold velocity for the
interactien, the lewer 1imit ef which 15 given by Ec. (31).
Ne attespt has, hewever, been macs to measure this threshold

explicitly in the experiment.




6. MNachanisw for sthe heating of slestrons’

The ionisation of the neutral Ne atems, a8 13 ciens
fram the analysis in Sece 3, playe 8 esucial role in the
interaction process leeding to the decelerastion of the
plasme, and the cbserved short decelerstion time recwires
s high rate of lonitation. AS pointed out esriier such
high icnizsation rates csn srise only from fonirstions by
slectran impact, - |
Tor & significant ionitation to occur the electrons muet
De heated to at least 24.5 eV, the icnizstion potential
for Hee In fect, to be able to womlein the mrl-lm
observetion® the slectron must de heated to about 300 oV

over the intersction length of 4,5 oms,

Various kinds of pronossls have been made to hest
the elec*~.ns to the recuired temwersture, 6.¢. Lehnert’s
(1966) space charge theory where the electrons are sunposed.
to gain energy from the space charge, or Sherman's (1970),
(1972), (1973) versicn of the Bunaman two Stream instability
where the deetxte' tfield nnctmttom' are suppesed to :
accelerats the electrons. 7Thers ars some bn;é daifticulties
Vith both of thess processes same of which are discusted
by Sherman (1973), ‘

" The important basic cusstion in this comnection is
what could e the basic triggering mechanism for the

interactiocn which could lead sudbseruently to the acceleration




of slectrons %o oburved encrc.iu. vith the accalnration

along the magnetic ﬂold dcmtnat.znq that nomal to :I.t.
Again,.a glance at. Table 1 shows that ror the initial
state: 0f the plasma (proton energy ~/ 1000 #V.-:.éléﬁron .
energy ~/° 10 eV).. the ionization frécueny by. #lectron

dmpact still dominatee all other frecruencies, . The proton =
He charge exchange collisions will r:esu),‘:l in but a small .
deceleration of the plasma but no fonization. The combined
ionization produced by both the electron and protos impaect.
at the:initial energies is. the only effect that the initial.
phase of interaction would produce and must be considered

as the basic triggering mechanism, v g

Ve describe here a simple model whereby making use of
this initial ionization of helium we are dble to accelerate
cleetronl along the field 1inz23 2 high enaugh energies
to cause further rapid ionizatiocn of helium.

Let the plasma front’ pp/ in Fig. 1 benetrate the
noutrn gas across its houndary ! « As a result of the
}—wcounter a fraction of the helium atcems in the region NN’ PP
get ionired. The newly created electrons from the ionization

quickly adouire the' £ x B drift velocity in about an electron

_ gyropérfod U 0.20 psec, iin 'z magrietic field B = 1800 Q),

.vh:l.'l.c the massive heliun fons with a gyroperiod of ~ 1,5 [~8ec
remain almost immobile over the.entire interaction -time of

. /u’ Os2p-8ec. As a consecuence of this, the plasma front
kesps on sweeping the negative.charge of the electrons created
by ionizaticn while the helium ifions remain at their criginal




positions. The lstter yield a mitiw charge &mlty
which is maximum gt the face NN ’ of the neutral ges and
which fails to zero at PP' . Likevise the electrons

swept by the plasma front PP/ yield & negative cherge
density which falls to zero at ', Doth thou dmsities
would of eou:u: "increase linearly with time as the plasma |
penetrates intc the gas clouds A strong polarizetion of
charges with mcrwu.tné charge desity is thus-produced,

It may be pointed ocut that thonﬁh charge exchange
collisions do not produce any new electrons, they do give

rise to sn immobile heavy He ion and thus contribute to S

the polarization charge density in a similar samner. All
the three procssses - e-Hs, p-He impact foniration, e-He
and p-He charge exchange collision. should thérefore be
taken into account in calculating the total charge density.

We shall, for simplicity, consider the plassa velocity
to remain constant as it penetrates the neutral gas. For .
s given penetration distance this will centribete a lower
charge density compared to when the plassa voloctty decreases,
and will thus be somewhat pouhuﬂc for the acceleration
mechanisa that we are considering hers.

Let = represent the axisl cocordinate of a point in the

Y e

tube as measured from NEN®, and let ¥ denote its radial
coordinate as measured from the axis. Then if x_ is the deth
of penetration of the placma at a certain time (distance between




L
b

we’- anarp! -+ the radius of the tube, and V the
assumed dunitant velocity, then thé charge densities are ‘
given by L z )

O (ny) = anoe("zo—z) (:"—(JV-‘/V, )/v
G(ne)=~Qnez(i- 1'3,";7‘7“6.1).-/"’- t32)

i

which for (J £ 1 is defined in the rénge ‘0~ E £ 2, ,
0 £74 Yo . Ihe radial veriation of the.. '
LiAR
charge density is taken to be.of the form (’.~--,@ r /Y‘o .
and 7, is its value on the axis, and - Qp denotes the S

total frecuency S
T . . :
QT = Q +' Yin T '/.’f'"n_ S [(33)

4Q ana ) lon 4 .ing Fespectively the electron and ion
n

impact in ionization frequencies, and )/. .. the charge

exchange collision frequencye. For the imnitial atatg of

the plasma which we are here concerned with, .namely with

proton energy 1000 eV and ‘electron energy A 10eV

(ptohably scmewhat higher), and-a neutral dem:lty n N. ’o“fcfm" ‘

(l b +d 5+Oo3)x10 N <
2.4 %10 N . - (33 ).

" Now a ¢harge distribution such as given by Eo, (32)
has its electrostatic fleld enérgy which can be calculated.
Wheroas the charges eannct mOvVe 2CI088 the £leld lines in

!
planes parallel to NN or PP! the field energy can lower
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i1tself by redistridution of charges through the lbthll
of electrons along the 21014 1ines. In this process
the £ield energy 8o released will go into the kinetic energy
of the electrons imparted to them slcng the magnetic
field, We thus have a simple pmﬁc for the aecohnuen-
of electrons along the field lines. Yo shiall next obtain
& numerical estimate of the average energy gsined oer
electron in this orocess at the points. of maxisum charge
density £ = O or s = By '

To £ind the energy one has to £ind cut the potentisl
distributaon é + using the Poisson ecuation.

Vo= -menQ (- )y,

where the charge density of Bq'. {32) has been used. The
solution with the boundary condition that & vanishes at
infinity is given by

¢ - ’3"—3\-,9]43'( 7-2%) (’F&”;)G (vl 2)

’
where the Green fun. tion G(’l‘; 'zl Y, 'Z') for the problem

G{n *"’ 'z) ‘{[”'f*(z - &Mm‘} 036

where Q__ yz, is the Legendre function of order e ) mg
electrostatic energy of the charge distridbution per unit

(35)
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length of tp& ariinericsl eoxl-n ata {n_:tat s ‘u qziven"
W= Ji f.‘urv*dw 0‘6‘. ‘!)é(‘“r") tan)

’— o (Q”e) f;“’r’(?-u (-¢p%)

ff()arp (7-20) (-pp)6p31p70)4E
(_Tw"e)’/‘é l(Z ZP (%)

vhcro _l (2,‘ ZP) 1: the integral

T(ZI?;F —lf{u{)({ 27)( '"%’)f/’dt“?
fag‘(z 2¢)(1-p " G(P@'}fg)

cv

and where )
P o Ty, 32 % P B
- (9 VI, ]i; Z | (e1)
3 = 1 1
e ot ety

mgmnxj“( gf)




cn @ coomuter (7MW 360-¢4) fer varicus valuss of the
nagameters, It w113, cf crurre, Te larcest 3¢ { » 9

angd g s ze o vhere the chazce Pemsity 10 hrgeejt. _

low 1f the chazge distrituticn fs to lowver its
enercy by the flew ¢f nlectrens aleng the £ie12 lin-g,
the cistritution of charges will cot mocified, vhiie
the electreone take us a8 kinetic onercy the erercy »

releiged In the ~recess, “The charse Mstritution vill row

be éiiferent along and nepoendicular to .the magnetic field, ¥

Atgcume that it 15 glven by ' -

~ N ’r", e/ X: ;/ua/ N
O’('f) = QI"—-&—- (Z:ZZ) (I-(l' /;1.-4‘.« d'/cz/ v
shich for i?" (3’ <1 - 48 defined in the region

0 ¢2%, 0K*xLY,, 0Ly LY |

and the magnetic field 18 assumed t0 te along the Yedirection.
~

Zhe notentis} Q due o this charge distritutien is given

by

[a¥) , “ar '5' (z-/—i{z.) | ’t 'l
B(x) = Qpnoe fel (’ * /“‘:WB %}usl

[y-y’|

and the enercy of this Alstribution o=z unit lenath of

the cylindrical cclumn at ¢ is

W = * 54%{% 5 () 0x)
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Now if the distribution O’(V‘ %) with the energy

. ~
goes €0 6:(:(,‘}1 ':“:)with the energy |/ ,.the total -
number of electrons per unit length of the cylinder

must be the same, ‘l'hul. we have the condition

. (assuminq. B, i
QX91
dx (

Y, - 4 7 i . 3 cet
. Y
=% (Ax Ay [!%Lw‘%'ﬁl] ,
), AVASE A
which gives o ~U~X
4 2 R R Lo T
ﬁng,‘\f“-.';:;z) = 'na ; ; (g}ﬁj )J . (46)

Thus the difference in energy between the two

aistributions is

SW=w(s)- \N(ea) ( ”"e)r‘

{ (§§3—4\a3 ) @)}‘"‘

. R . * . o N . ’v
where (46} 'has been used to substitute for }| «

The average energy gained ner electron (,;-‘fo is obtained
by Sividing § by the number of electrons per unit length

SRS L

g ’;f
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.S, 2, 53'} )’ (43)

The maximum value for 9¢, with respect to & will
obyiously come from <=0 o~ & = &, , where the
charge density is largest (positive at & - 0, and
negative at § = é'o )« Both I ana ;MVe been avaluated
on the computer for a few values of (3 ana (3/and of (o

for ¥ = 0O, These are tabulated in Tables 2 and 3.

We now calculate S& for the parameters of the

1 5 -1

experimer;t viz., n, =3 x 10 . a = 2,4 x 10°N Sec™

(see Ea, (33 )), V=4 x 107 cus sec 1. Y, » 5 cms.

. 2 3 2
R (Qe)- = 3-3x0 N V. (e9)
vV

Since §° = Lo / V; ’ §' o 27 corresponcs to the penetration
of the plasma {nto neutra) gas cloud by Z,= 5 cms. Table 4
gives SE for §°= 1 at S'.—.o . for different values

of [!:.’ [5'




We See from the Table that for 320 . the energy qain
per electron is almost as large us 100 eV for the neutrs}
density n, = xou ca'3. To this we may also add the
initial energy of the electrons of about 10.eV. The
electrons eae:qiied to the extent of 100 eV will cause
rapid ioniration of the heliwm and a strong interaction will
ensue resulting in the Geceleration of the plasma. For.

n, =0.5x 1034 a3, the energy gain of 24 eV is a:l.reach;
almost ecual to the ioniration energy of helium and with
the initial electron energy of 10 eV, the total electron
energy of 34 eV will be encugh to cause subcritical
ionizatiocn of helium and consecuent deceleration of plasma.

3 the energy gain per electron

But at o, = 0.2 x. 103
has fallen to a low value of 3.8 eV. Thus the total energy

' gain of 10 + 3.8.214 eV i8 already substantial and the
interaction would be shut off bﬁw this value of the neutral
density. On the other hand, for neutral density § x 10%°
en~? at which the total electron energy 10 10 + 24 = 34 eV
is well above the ioniration potential of helium 1o very
significant change in the ionization rate ¥ and the
consecuent retardation of tlf:e plasma is likely to occur,
These consccuences of the model are in mora or less

comn? ste agreement with the observation C{1i) of Sec. 2.

Electron Heating Pemmdimlgg to the Magnetic Field

We have so far considered e¢lectron heating only

parallel to the magnetic field. As shown in the Aonendix

P
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the clectfcn-lgeutnl collision ftmen;:y for the o(metm
of the experiment is by a factor of 120 too suall €o
explain the electron acceleration by the pblaﬂzatiow-
electric fleld. - An instability like that considered by
Sherman (1973) and Raadu (1975) and/or any other poniblo
instabilities may provide electrostatic 'nuctnauena for
the electrons to have an enhanced collision frequency i .
As 3 result of this )}/ ", the electrons can move across the
magnetic fielé at a rapid enough rate to obtain substantial
energy from the electric fi&d in a time of the order of
the observed interaction time. A high enocugh level of
electric field fluctuations will be recuired for the purpese.

We do not, however, want to undertaske this calculai:ion
here, but only wish te remark that heating perpendicular
to the magnetic field would indded occur, and would add to
the heating along the £leld lines dlscussed sboves The
final electron temperature for a given neutral gss dﬁl!{ty

s
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may thus be higher than that given in Table 4. Furthere
more the "nernendicular heating" should occur only in the
later stage of the interaction, that is not before the
instabilities have had time to develop to high levels.

This asnect has not yet be.en analyzed in the exveriment.

7. Compariscn with the Experiment

%e shall now summarize the ecsential features of the

model and see how they explain the various experimental

observaticns.
(1) Electron heating ang ionization of he}ium

As ve saw in the last section, the model yields an
energy gain cer electron of the corder of 100 eV for a
neutral density of 1014 c.m'3 for the "parallel hLeating"”
alone; This can te further enhanced by the "peroendicular
heating” so that the final electron temperature may be
still ﬁigher. Tnis is in good agreement with the .

-1

cbservations LB (1) of Sec. ZJF o

These electron energies would give rise to a rapid

10n1gat10n of the helium atoms. The rise time of the

.-emission of the helium lines would be related essentially

to the ionization rate Q and would be given by ol
(2.5 x 106)"1 = 0.4 8ec corresponding to the electron
energy of 100 eV and nsutral density of 10“ an"s. This

agrees well with <he reported rise time of < 0.5 jp-5ece
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(11) The Polarjiration of the Me I 1ine 4686 R

Since the acceleration of electrons along the- field
lines is the primary acceleration nrocess in the model
with the "perpendicular acceleration® coming possibly
at a later stage, the observation on the volarization
of the line emission is naturally accounted for [E (1)
of sec, 2 ]. We have, however, made no attempt to make
cuantitative estimate of the degree of polarization
because that will tefm.i.re the knowledge of the extent
of "perpendicular acceleration®. The latter depends on
the level of electrostatic fluctuations generated in the
systeamn, and we dc not yet know the types of instabilities

involved and their saturation levels.

(114) Region of Acceleration

According to the observation B (1) reported in 11
a significant part of the heating is found to occur within
a short distance in the upstream part of the gas cloud.
According to the acceleration mechanism given in Sec. 6,
the acceleration should be largest at the f:ont of the gas
cloud (where the positive charge density is _llargelt) and
at the head of the plasma (where the negative charge density
is largest). These then are the regions whcr@ a significant
part of the heating should occur. In particular, the X
positive charge éensity region may, in fact, be considered
to being “within a short distance in the upstream part of

the gas cloudl so that the experimentally ctserved region

ey,




o SOCRIeralic.. Lot OF lesd coincicsP wail. accalecatlion

region in the modal.

(1w}

As dizcussad in Sec, 4 the isnization of the helium
atons gives rise to the decaleratian of the plasma which,
according to Po. {21) and the 2iscussion ifellewing 1%,
attains & “terminel welecity® give: by Bo. {23}. This
agreed vary well with the olserved wriue of the “temminal
velocity” {Refar to XA (1) and D {1) »f Sec, 2).

Te sxzlain the ab—scrvod decelzration of the plasma with
time in detail ons wculd have to sulve Exs, {16), {21) and
other relevant ecuations for the veloclty as a2 fuuction eof
time a8 3n initia)l valus preblen. Ke dafer that to future

worke. W¥eo can, hewever, estimzte the characteristic
deceleration time Irom Ig. {15) 20 $iven arpreximately by
T = [QM (metnd ) (rtor nam, ] - 38 W <€,
correspetding to the zarly chase of interzction when the
ousber of helium lons preduced is seail, T =L &7
Nith O » 2.5 % 20° zca.~d (for electran mergy of 100 eV
— and n, = m“ cn'a} 'ZEE,L K QolyBee, while n; - - gives
Tee = g—Q" = De2Bps, a3 W, N . gives
T ™ ou.&'us. These values may De compared with the
characteristic docelesation tioe . O.lps as deternined :
frem the exparinentally cobserved velocity deceleration
curve. It moy be concluded thut perhaps z lacys number
of heliun - z2re Ret produced 42 the main Seceleration




phase which 1s cherscterised by a time of Ol /Sec. That .
the cbserved rise time of |- enissisn, . 0.5. and the
fonization time _ = 0.4... are both grester than

= 0.1;. &ppears to be in agreerent with the abeve

conclusion.
(v) E he K

The eZfect of neutra) car density on the J.ntméuon
is already discussed in detail in Sec, 6, The consecuencies
of the model are found to be in agreenent with the cbservetien

C (1) of Sec. 2.

{vi) Effect of the Magvetic Field

As 13 ixplicit in the entite discussion the llqane&e a
£le1d plays a crucial role in the precess of intefactien,
in particular in the acceleration meschanism fer slectrons.
It is the magnetic field which imparts an esamntially
el ectromagnetic character to the precess of interactism,
so that through such a collective plamsma precess the
interaction is akle to proceed at as Wn fate a8 it dees.
In its absence, the only pessible interaction is via the
binary coliisions which have besn shown to De toe sliew te
be effective,

The precise manner in which the magnetic f£ield acts
is that it leads to the setting up of a polarisatisa electrie
. £44l@ to amable the plassa to meve acress it with the £ X !




arife valocity, 7The plamma kinetic energy can then (as
has Deen shiwn in Sec. $) be considered as an electro-
static Pleld energy vhich can be dlacharged resulting
in the ‘perpendicmlar heating® of the electrons,

8inilarly, the process of ‘parzllel acceleration®, -
of electrons given in Sec, § also crucially depends on

§
Ed
1
K

the magnetic field, for it is the latter wvhich, by virtue

'ot the widely different eletron and ion gyro-pericds in N
it, make thes charge saparation possilble in the manner

N .
2 vt

dismd. However, once ve have a sufficiently strong
magnetic gid'd to fulfil the above-mentioned role, an
_increass in its value by say a factor of 2 may not produce

S o o aet T

any significant effect on the retardation. 7This is indeed
the content of cbserwvation C{i4).

(vil) Elsctrog Multipligation factog

Active particle analyais carried out ia IT {Cbser-
vation P (ii) of Sec. 2) gives a post-interaction
electron density n, > 2 % 1022 ™3 vith an uncertatnty
-of £ 80%. This is sbout ceven times the origin'a'i electron ;
density in the plassa, Since the ionization arises ‘
sssentislly frem electron impact we cin cbtain the final _ \

Smater v, using "ﬁ =m, exp(Qe) ..

where 71, s the initial Jdensity and @ is the ioniration
rate by alectren igpact, From Table 1, @ = 2.5 X 10° Sec”?
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forn = 103¢ &3 and the alectsen enezgy of 170 eV, y
‘ Thuas for an interaction time .:.zp sec, tho oloetlea '

multivlication factor is emigr) em{C.5%) = : 65' This

is sdbout a factor < too small mnm to the topotted

exnverimental value o! 7. Since the walde of the lonizauen

frecuency C used is aimost clese to the maximum (which

18 2.8 x 10° sec™? for n_ = 10M a3 1¢ 1s ateescure

to see how one can get a multiplication factor as large

as 7 in an interaction time of 0.2k #eCe unlcrs the

measurements corresSpond to a total lapse of time of the

order of 0.8 - 8ec. or twvice as large, for the nsutral

density % =03 x 101‘ m’a-

(viig) IThe effoct of the initisl placea wslocity ep the
We next come to the cbservations D(i) and T©(ii) of sec. 2
wvhich refer to the effect of the initial plasms wvelocity

508

on the interaction.

According to the analysis in sec. 4, the deceleration
of the plasma to termminal velocity occurs essentially decause
of the ionization of helium atoms and ml@mt sharing of
the plasna momentum ty the freshly ionized stationary helium
ions., A complete dqeelenaon to the terminal wvelocity
{indicative of a "strong interaction®) would thus crucially
decend on the rapid ionization of the neutral atoms, which




e

h; turn 12 @etermined by the acceleration of the electrons
to high encugh energies. |

‘l‘ho mdyaic in sec, 5, however, shows that there exists
& threshold plasma velocity given by Eo. (31) below which
the electrons could not be accelerated to high enough .
energies to icnize the neutrals, and as such the deceleration
of the plasma would not occur. As already discussed in
detail in sec. 5, experimental results given in D(ii) and
D(ii)}) do indeed show that to be the caser and thus point
to the existence of & threshold velocity though this aspect

has not been explicitly investigated in the experiment,

Finally we again wish to emphasize that a clear
distinction must be made between the “tezminal velocity”

and the threshold velocity for interacticn.




Th dai a
Srocuency )

As has Deen discussed earlier, the kinetic emergy of .
the plasma resides alsc as the total £ield energy of the
polarization electric field that is assoclated with the
motion of th; plasma across the magnetic field. If the
electrons can move ;cmss the magnetic field to gain energy
from the electric field then they can suffer a perpendicular
acceleration at the expense of the fleld energy.

In a completely collisionless plasma in a magnetic
field the electrons cannot move across the magnot;c field
unless they undergo collisions with either other varticles or
with electric field fluctuations, Htul the plamma in the
experiment encounters the neutral gas the electrons can move
across the magnetic field on colliding wiih the neutral atoms,’
The resulting cross field drift of the electrons which is
known as the Pederson drift is given by

v - (<L) [+ (ﬂgz:ﬁ)"]JCE/B D

where .‘.Ze.:‘ ef} /)41e ¢ is the electron gyrofrecuency, and
T, the collision time of the electrons with the neutrals,
or the electric field fluctuaticons or both, The energy
gain by the electrons per unit time is given by
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where .'.[,,_ T 1 is assumed. Using the experimental value
of V = CE/Bmdx 107 oms sec”!, in the above relation,
the energy _ga.m A& in a time a.m,,,sec {say firat half of
the total retardation time) 1is obtalned from the above

relaticn as

A.é = .1x 1 ' }}2 eV (23)

The ninimun enexrgy for the lonization of helium is its
ionization potentia: i4.5 eV. Hence the minimum )/ for

an electrca to gain 24.5 eV in a time O.10/_;_see is

- [
2 Ly ¢ 7

Ve G se a9

The electroneie collision frecuency V is given by
- s

{Axasofu and Chapman, 1972)

. =t \._._72 1 -—f
\)e,,,, = 4. bxle bﬂ(c} [ {"K/ See 25

For an initial electron temperature . 10 eV, and a

neutral density n{He} =5 x 1313 cm'3 this given

6 )

3, ( 31
Yem T ¥ XIC fes (25)

This falls by a factor of about 3C short of that recuired
for the minimum cnercy naeded for the ionization and by a

factor of about 1.C short of that nes.ied for the cbserved

-




energies of zbout 100 eV in the experiment.

Thus mere electron neutral .oonuionc would not
suffice t.o,:icéount for the ocbservad electron energies
if this were the sole acceleration mechaniss. Such
an acceleration mechanism even if it sufficed would..
'-~.i‘i'e§olit energy in the perpendicular component only
and would not, therefore, account for the polarization
measurement. Such a "perpendicular acceleration® vill )
protably occur along with the “parallel acceleration®™
of sec. 6 in the later phase of the interaction.

Some instabilities (sée for instance Sherman (1973),
Raadu (1975)) may arise in this phase with high enocugh
level of clectrostatic fluctuations so that the anomalous
collision frecuency » +resu1t1ng therefrom yields a
perpendicular acceleration reauirnd to explain the.
observotions. [.c information 8, however, available on
the relation between percentage anisotrony :hr the velocity
distriltution and the percentage polariation; so no ‘
quantitativae estimates of the perpendicular eﬁetqy can be

made.

e ko T Tl
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Neutral density 0y = N.jolt o?

TABLE 3

Va2x ;o" o, sec.~!

2.6 x 106 ‘II;;

Type of Temperature Collision 3{.&. Mean free path >\ :
collisions T.eV. Bec. A lome "ottt (em,)
u'ne charge 10Co Sx 10‘ 4% J
Exchange :
H'-Be tupace 1000 3 x 104 6.6 % 100
{oniration
Electron -] led x 1.07 11.4 1.02
He momentum -y
transier o 2.6 x 10 11.4 0.7}
100 5.2 % 107 11.4 0036
Electron 10 1.6 x lgg ) 1.8 x 10
He impact 3
ionization a5 7.9 x 10 2%
100 2.5 x 10° 8
200




1.0

0.5 | 0.13¢3x107t 0.5311x10™2 0.143
1.0 | 0.7000x10™2 0.2940x10~ 1 ~ 0.7850x10"1 :
. g
IAELE 3
) z
gl
&N 0.0 0.2 0.5
, [~
0.5 | o0.1260x107*  0.1125x1071 0.9439x10™ 2%
1.0 | 0.1440 0.1286 0.1076
IASLE 4
N &’ 0.5 0a2 0.0
Kal 63.6 | 844 95.7 oV |
H «0.5 5.9 21.1 26,0 oV
F =0.2 2.7 3.4 3.8 oV




Qaption jox Table 1 s

Collision frequencies and mean free paths for various
.types of colliisions.

Zeot note to Table ] o
The values in the table have been cbtained from the
curves of reaction rates compiled by Freeman and Jones
(1970).

Caption for Table 2
The value?® of the Integral I for different values
of &, anda B= ﬁ' .

Saption for Table 3 ¢
The values of the Integral I for 3 = 1 and for different

values of ‘9 and g"

Saption for Toble ¢ 3
The values of 36 for ‘3: b, {oz 1.0, = .30 o3
and for aifferent values of J’ .

i
Saption fox Fig. . ¢
The plasma front PP’ moves with velocity V ccross a
magnetic field B into a neutral gas {shown with dots)
with KN' being its front edge (idealized to be sharp).
The region RPP'N’ {3 then the region of interaction,
at a given time. E is the polarization electric field.




