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Abstract

It ie shown that in an incompletely ionigzed plasma a
longitudinel electric field perpendicular to the magnetic
field can produce high-energy ions via successive acts of
neutralization and ionization through resonant charge-trans-
fer processen,
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In thie paper, we consider the behavior of ions in a
system where ionigation is incomplete, and neutral and ioniged
particles coexist, We will ghow that if in such a system there
existe an electric field perpendicular to the magnetic field,
then a quite general mechanism of accelerating heavy particles
works connected with successive acts of ionization and neutra-
lization of heavy particles.

Besides general physical interests, this mechanism could
to some extent be responsible for the formation of ion high-
energy teils in the experiments where strong radial electric
field exists in a plasma column. One such example is the dis-
charge acrose a magnetic field between two coaxial electrodes
(e.g. of homopolar type [1]). Other examples are some turbu-
lent heating experiments where the electron temperature T,
is relatively high and a radiesl potential difference of the
order of T._ / € is formed due to the ambipolar electric
field.

Let us first consider a simple model where a constant
homogeneous magnetic field B is directed along the z-axis and
a constant electric field E, which is in the x-directionm,
exists only in thn half-space x 0, the other half-space (re-
gion II) bning of the eléctric field (as we shall show below,

(*) = const., our heating mechanism worke only in the case
when the electric field is inhomogeneous, this being the
reason for the assumption made). We then consider the follow-
ing cycle of particle motion (see, Pig.1); namely, an ioniged
particle initially gyrating in region II is neutralized and
moves to region I following a straight orbit; then gets ioni-
sed and starts a gyrating drift motion in the y-direction;
gets neutralized again and moves back to region II and finally
becomes reionised. For ionization and meutralization, we con-
sider resonant charge-transfer processes whose cross sections
are much greater than those of the ordinary pair collisions.
We can therefore neglect the latter throughout the entire
cycle. Also, the momentum exchange associated with the elee-
tron transfer between two heavy particles can be ignored. Then




in the eycle, the magnitude of the particle velocity can chan-
ge only via gyrating drift motion in region I. The change in
the speed between the initial and the final states of the
cycle depende on the phase difference be tween the starting

and the terminating pointe of gyration in region I, and takes
a value from -2¢cE/B to 2¢E/B, An example of gaining the speed
ig shown in Pig. 1. Those particles which repeatedly experi-
ence these cycles can then be statistically accelerated to ve-
locities well above the drift velocity c¢E/B. It is these par-
ticles which constitute the high-energy tail in the present
model. We note that this stetistical acceleration mechanism
worke only when the particle makes repeated excursions to. both
regions, If the particle stays in region I, say, it feels a
constant electric field which can be transformed away by go-
ing to the drifting freme, whence the particle energy is con=-
gserved in this frame., Alternatively stated,. the particle stay-
ing in region I keeps its phase memory even after many neutra-
1ization and ionization events and hence can never be alcele-
rated by an emount greater than 2¢cE/B, Excuresion to region II
makeg the particle lose its phase memory, and therefore the
process becomes stochastic. %

For a quantitative analysis, we consider a more realia—
tic situation in which the electric field (directed in the
x-direction) is a function of x with the characteristlc gra-
dient length much gfantar than the Larmour radius. The veloci-
ty representing the gyrating drift motion can then be written
ae

v, () = asin (6 -0t), H]..
v, ()=-acos (8-.0.t) - cECI/B,

where QO and B are conatants determined by the initial con-
dition and Ll is the cyclotron frequency. The time averaged

velocity of this motion over omne gyrating period can be writ-
ten as

2% : _ . ; | 4  - :
oo (a1 ofod]” @

4.

Vo™ e

We shall be interested in the particles in the high-energy
tail, For these particles, O is much greater than cE/B, so

that we have ;
v =a + 0(a[cE/Bal?)

Consider a particle which is neutralized at-time 't1and
at position X, and then rﬁ*?nlzad at time tz and at poei-
tion - Xy . Let V(lﬁ) and V(t) den ‘?a the velocitiee of
gyrating drift motions before *t1 nnz fa. respectively.
Sinece. the neutral particle moves .with a constant velocity, we
must have V[t _'Tti) from which we can calculate .

JQV!i‘f -V as
AV = ﬂ[ o8 (8 - Lﬁ.t)+——-+ , s (0-QE )] +
—(.M(B-—‘.Sltﬂ+

B
+Q(C“E) {ﬁ' + sin (B--.Q.t ) +
- cab |2
+-§:-[1 +-2-5 m:s (8 Lﬂ.tl)]} & 0[("&__3‘ ]; '_(3).
E=-E(x23_|;(x,,3 &= cE/aB.
It is amall as compared with N’ , 80 we can use the Fokker-
Planck equation for the fast-icn distribution function, F(v}

(the partlcla number hBtl’EEﬂ V and v+dv is prapnrtlonal

to {Mdv )2 1 e.

2 fo)=-3 [ )‘“’*] | s
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where the angular hracket.denotea the average over the ini-
tial phase 9 and At is the time atep for each successive
event of ngutrplization and ionigation. One can choose iﬁt,ha
the sum of the mean life timeh,‘fi and T, for the ion and
the neutral particla, ruapectively, ugaingt the charge-trans-

fer process, i.e. at=T. s

. Using relutiun (3), one
can then calculate the cuefficientu of the Fnkkar~P1anck it
equation.

Por simplicity, we consider the case when dE/dx is almost
constant over the distance of the order of THF . Then we can

approximate AE by (x, -x)dE/dx =V Sin (9-.0ut,)T.dE/dxX.




We then find
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For V > ¢E/B, the second moment gives a contribution much

greater than the first moment. If one retaina only the pecond 2
moment, eq. (4) gives a result which describes an indefinite

acceleration of the particles, The acceleration will, however,

be terminated by particle losses, say, by the escape from the

plasma. Let | be the effective escape length of the particle;

then including also the source S(V) due to ioniszation, we can

write eq. (4) am=

%:%&)}_P -{-ku) + SV '

where ( }.F / 3t }FP stands for the right-hand side of eq.(4)
At stationary state, the high-energy tail of the distribution
is determined by the balance of the last term of eq.{(4) with
the loss term in eq. (5) (since S(v) is nonsero only at emall
energiep). Noting that the mean free paths, )i and }‘n , for
neutraligation and ionisation by charge exchange are almost
independent of the energy in the high-energy region [2], one
finally obtains

{ oo v"éuq:[:vVHh]
where V,= ]_L/(k;*l..‘l]w(ﬂnﬂt&) |[dE/dx| . This quentity sub-

stantially exceeds the drift velocity cE/B when L is much
greater than ( )\; + /\h}.
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