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Electron impact ionization by drifting electrons in weakly ionized plasmas
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The expression for electron impact ionization rate by a Maxwellian electron population drifting with respect
to a uniform neutral atom background is derived. Depending on electron temperature, drift speeds between one
to five times electron thermal velocity produce increments in the ionization rate from two to seven orders of
magnitude. Local ionization takes place over shorter distances than predicted for nondrifting electron popula-
tions and the results agree with previous experimental evidence on ionizing plasma double layers and electron
attracting sheaths.
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I. INTRODUCTION This is not the case, however, when these electron drift
speeds are close to thermal velocities or when fast electrons
Experimental evidence in weakly ionized plasmas indi-are present. A fraction of electrons from undisturbed plasma
cates enhancements of local ionization rate in the vicinity ofenters into the sheath at low potential side of a plasma
plas_ma potential structures, as double layers or electron cotfouble layer and the spatial growth of plasma potential pro-
lecting sheathg1—4]. In low temperature laboratory plas- file imparts a directed energy to these electrons that often
mas, most ionizations are produced by electron impact chagxceeds several times the ionization energy of background
impact ionization cross sectian (ve) with energy Spectrum  gyer double layer plasma potential drop thickness, in the
of eIe_ctrons_[G,_lO]._In order to appro_xmate this cross section order of 10~100np, much shorter than all electron colli-
fﬁr s;r:g:lde |_on|zat_|0n of hdeOQergcdSySths’ anl av_eralg_er%ionm mean-free paths. In consequence, the energy gained by
thres Oth piecewise exptrlessuz{rg 1& L_’I_%e rortn_g: ?ssmaf r{hese electrons is not lost within the plasma double sheath
omson theory, 1S currently use®,1u]. fhe contribution oty high energy group of electrons emerges into the up-
electrons with energies below the ionization threshs|df : . .
. . stream plasma with drift speeds several times over local elec-
the cold neutral gas is neglected andEor E; a linear func- . .
. : tron thermal velocity. For low neutral pressures all colli-
tion o(E) = o(E~ E;) is employed, wher& corresponds to sional mean-free paths are much larger than the characteristic
the electron kinetic energy in the center of mass of the ioni th hi hpth lizati ftg fast elect tak
izing collision ando,= (do/dE)¢_g . This approximationis ' 9t OVEr which thermalization of these fast electrons takes
valid for electron enerai reat rlth n ionization ener n@Iace. Strong plasma instabilities as Buneman, bump on tail
alafor electron energies greater than ionization energy any, ;,, acoustic instability 5] would attenuate electron drift
below the maximum ofo(v,), at about 80—-100 eV. For .
L - . X speeds down to thermal levels. However, at higher neutral
nonequilibrium, nondrifting Maxwellian plasma with tem- . : o
. L . atom densities this thermalization process has been observed
peratureKgT.>KgT; the electron impact ionization rate is .
. over larger lengths, of at least a mean-free path for elastic
given by[6,8], o . ) -
electron atom collisiofi1,2]. The inelastic collisions of these
energetic electrons enhance at high potential side, both emit-
2 ted light and ionization rate, leading to the development of
ki(KBTe):Uovth\/_;(ZKBTe+ Ei)exp(—Ei/KgTe), large visible structures within the plasma volume, such as
fireballs or multiple double layer§1—4.
(1.7 X
In these experiments, the measurements of the electron
energy distribution function at the high potential side of
where vy, = V2KgTe/m, is the electron thermal velocity. double layers indicates the presence of important groups of
This expression is applied whdf)>KgT, and for electron such high energy electron populations in addition to the local
thermal speeds much larger than typical electron drift velocithermal ond1]. This accelerated electron group may reach
ties. The above equation approximates fairly well the elecdrift speeds well over the thermal one and an important frac-
tron impact ionization rate for most plasmas by using empirition of these fast electrons acquire energy enough to ionize
cal values[7] for o, and E;, or with some additional the background neutral gas. The experimental results indi-
refinementgd9]. The reaction rate increases wikh,T. be-  cate that the electron energy spectrum of fast electrons may
cause the number of ionizing electrons in the tail of Max-be approximated by a Maxwellian distribution shifted in en-
wellian distribution with energies oveg; grows with elec- ergy up to drift speeds exceeding several times the electron
tron temperature. thermal velocity with large energy spredds?2,5|.
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Consequently, in the absence of an expression relating the The use of this distribution function to approximate drift-
impact ionization rate with drift velocity gained by electrons ing electrons is justified by experimental results. The mea-
in the plasma sheath, only crude estimations of number oured characteristic curves of collecting Langmuir probes ex-
ionizations produced by these high energy electron groupibit two different slopes in logarithmic scale for both,
could be made. The production of additional charges byhermal and drifting electron populations. Each straight line
these electrons would introduce important differences in theorresponds to a different group of Maxwellian electrons
thermalization of fast electrons at high neutral densities.  with different temperatures. These drifting electrons are

In this paper we derive an expression for the ionizationtherefore shifted in energy with respect to the thermal peak
impact reaction raté; that accounts for the directed energy [5].
imparted to the electrons that, to the best of our knowledge, First, we average over all possible angles between drift
has not been previously reported. Our model relies on thand electron velocities and we obtain,
above-mentioned approximations for the electron impact

ionization cross section and, as we shall see, the ionization — , ;g /2 s ,

. . o=l e — — —
rate needs to be corrected when electron drift velogitys k= ——1|u(e Ve Ua)"— g~ (UeTUa)%)dy, .
different from zero. The increment ik becomes of several UgVm Juo\Uo

orders of magnitude for values afy=5vy, in all atomic _ _ _
gases investigated, boosting up local ionization by electron This expression may be rewritten as
impact.
VthOoE;
ki(Ug,Uo)= ——=[F(—ug)—F(ug)l, (2.2

ubugym

Il. MODEL EQUATIONS

We consider a nonequilibrium, weakly ionized plasma
with a uniform background of neutral atoms with density, where
where ions and neutrals are coldgT >KgT=KgT,.
Therefore, thermal energies of heavy particles could be ne- % 5
glected in collisions and because of the smallness of the ratio F(ug)= f (ug—uju)e et du,,
me/m,, neutrals may be considered at rest with respect to to
electrons. Then, electron velocity #&.,=v.+v4 Where the
constant drift speed’y forms an angled with respect to
electron speed, with a Maxwellian distribution function,

After some algebra this integral is transformed into

F(ug)=14(Uug) — 4ugl 5(ug) + (BU3—U3)1 5(ug)

3/2 m 2
exp( _ Nele ) _ 2.1) +(2ulug—4ud) 11 (ug) + (Ud— uZu3)l o(ug).
2K T, 23

f(ve)=

_Me
27KgT,

Introducing the electron kinetic energy in the impact ion- _ _ . \
ization cross section for velocities exceeding the ionization In this last expressior,,(ugq) =/, p" exp(~p?)dp where

energymew3/2=E; we have p=uet+uy and p,=u,+Uuy. The integrals fom=0 and 1
are, respectively) ,= \m/2X erfc(p,) and I,=2 exp(—p),
uZ+ U3+ 2ugu, cosd being erfc() the complementary error function. Those with
0i(Ug) = 07oE; u _1)- n=2 could be reduced to these by using a simple recursive
° relation,

In the following, all speeds are normalized to electron
thermal velocity u.=w./vy, and u,=(E;/KgTe) corre- | zl (n—l)efpg_’_ EI
sponds to the ionization threshold. Consequently, the elec- "2 Po 2 N
tron impact ionization rate of neutrals at rest is in our case,

) These changes reduce Eg.3) to,
=fu
ki(Ud1Uo):0'oEif ( _1)ue

e
2
up\ Ug

e*”2 3
F(ug) = T[(P§—4Udp§)+ po( Bug— Ug+ >

—_—

X 277f u2f(ue,8)sinoducde,
0
+(2u2ug—4ud—4ug)

with the following drifting Maxwellian electron distribution

. 2
. u 3
function deduced from Eqd2.1): +1of (ud—u2ud) +| 3ui— 20+ 2l

1
f(Ue, 0)= Tapex (Ug+ UG~ 2ueiq c0s0)]. Rearranging, finally we obtain
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\/; 10"

F(ug)=—5 erfa(Uy+ Ug)[ 12u3— 2u2+ 4u— 4uiuZ+ 3] o
o (U o) 10
+ ————[—2u3+ 2uiu,— 5ug+3u,]. 1073

4

This equation with Eq(2.2) lead us to obtain an electron 107

impact ionization rate;(uy,U,) that depends on the ioniza- 10
tion threshold energy of the neutral g&s, electron tem- 101
peratureKgT,, and drift speediy of electrons with respect '
to the neutral atom background considered at rest. Equatic
(1.12) is recovered in the limit for no drift speed
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Ki(OUo) = 0oKgTevn /71.(2_|_UO)e o Normalized drift speed us= va/Vin

On the contrary, when drift velocities equals the ioniza-
tion thresholduy=u,, the result is quite different from the
classical nondrifting case.

~J

FIG. 1. Impact ionization reaction rate for heliuggolid sym-
bols) and argon(open symbolsat different drift speeds and several
electron temperatures for drifting electron populations.

2 2 Y =ngk; related with ionization mean-free path=uv,/v; [8].
3+ OJO 2+ Uy e 4o . . oo R
Ki(Ug ,Ug) = 00 E; erf(2uy) + =+ ——=|, Thus, we may introduce the following characteristic ioniza-
8Ug w\m 20w tion length,
where erf(l) represents the error function. The above derived v(ug)
expression fork;(ug,u,) is an even function ofiy and is )\drift:ma (3.1
also equivalent to the result obtained in the frame where amh o
electrons remain at rest and atoms move with respect to elefi\iith
trons.
iy L U (7 —(ug—ug)? _ g (ugtug)?
Il. DISCUSSION AND NUMERICAL CALCULATIONS v(ug)= 20 o ugdug[e™ e —e e 1
In our calculations we make use in E®.2) of electron (3.2
impact ionization thresholdg; and values ofo, from ex-
perimental data fitting for helium, neon, and argahll].  which gives the following result:
Electron temperatures were fixed between 1-3 eV because
these were the values found in the experiments ditedd]. _ 1 1
The strong enhancement in the impact reaction rate v(Ug) =vin —gp€ "+ | Ugt 20, erflug)|. (3.3

k;(uq,u,) originated by the relative speag; between the
drifting electron population and the background atom density
n, at rest may be appreciated in Fig. 1 for argon and helium
For low vy, below 0.3, the ionization reaction rate is of
the same order of magnitude of the corresponding value fo
no drift. However, Eq.(2.2) predicts strong increments of
several orders of magnitude wher exceeds the electron
thermal speed and this fast growth is smoothed outfpr
=4v,. The increment in the rate constant with respect ta
nondrifting value between two and seven orders of magni
tude depends on the electron temperature. The strong ir
crease fow 4 between 1—5,;, is more pronounced for lower
values ofKgT,.. For a given electron temperature, smaller
ionization energies thresholds also increment the reactio 1
rate. Similar results are found for different atomic gases, as i 1073
may be concluded from Fig. 2, where the crossing betweel 0 1 2 3 4
the curves corresponding to helium and neon are due to th Normalized drift speed us = va/Vu
larger value ofr, in the former and a lower threshold energy
for ionizationE; in the latter. FIG. 2. Comparison of impact ionization reaction rates for dif-
The number of ionizations performed by a single electrorferent atomic gases at a fixed kinetic temperature of drifting elec-
per second is characterized by the ionization frequency tron population.
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side of double layers. Similar observations have been made
for the so calledireballs, double layers that develop in front

of positively biased electrodes draining current from a
plasma for similar neutral gas pressuf8si].

$ore kel = 2 oV, P = 20 mTorr. Thus, according to neutral gas density and the height of
sesas e . mlorr. . .
10 P 2 ey, 60 mTorr the double layer plasma potential jump, small groups of elec-
Goee ey, .0 mTorr. . . . .
3 eV, 2.0 mTorr. trons coming from low side plasma form a high energy ion-

izing population in the plasma located at high potential side.
The thermalization of these high energy electron group
would take place over different lengths than at lower neutral
densities. In the experiments above mentioned the acceler-
ated electrons were observét],2] few centimeters down-
stream the double layer for plasmas with Debye lengths in
the order ofA\p=8—20x10"3cm. This is not the case at
o A PAAAAM AR A P P ] lower pressures where beam instabilities as Bunemam or
Normalized drift speed uy= vy/vy bump on tail thermalize the electron beam over 10x40
with Debye lengths in the order of 0.1 df]. We conjecture

FIG. 3. Characteristic ionization length for typical electron tem- it heam instabilities may be stabilized by nonlinear processes
peratures and neutral pressures in Argon for different normalizegrqduced by local ionizatiofil2].

drift speeds.

Ionization Length (cm)
=

IV. CONCLUSIONS

This expression tends ig,uq for largeuy and is reduced W lude that st it q . Id K
to the thermal velocity @,/ in the limit for no drift. e conclude Fhat sirong voltage drops In €oid wearly

Therefore. the characteristic lenath calculated from E Sionized plasmas could dramatically increment local ioniza-
(3.1) and (3 ’3) would represent thg distance that driftinq tion by electron impact. The electrons accelerated by a
eléctrons trével before apionizing collision occurs and is rge—dOUbIe layer voltage drop or plasma sheath are able to pro-
duced to the corresponding mean-free pathige0. The duce additional charges when neutral density is high enough.

calculations for typical neutral atom densities, similar tOThe strong increments in electron impact ionization rate for
: . ; ’ energized electrons is severely underestimated by(Ed).
those of different experimenfd—4], in the pressure range of 9 y WED,

- L ; This abrupt growth, predicted by E¢R.2), occurs because

3

.2_.6Xt.10 Ttorr are pr(taﬁ_ent(;d In 't:'g.' f’ 'IA‘S elt(;céron Impact, o energy spectrum of energized electrons becomes shifted
lonization rate grows, this characteristic length decreases 'By drift speed and a larger number of electrons in the elec-

several orders of magnitude for growing electron temperag energy distribution function reach energy enough to

tures and neutral densities. For instance, in an argon plasnbaenerate additional charges. The increments in the reaction

with KgTc=2eV and a neutral gas pressure of 6,0 515 lead to a larger number of ionizations by energized

< 10" Torr, this ionization length lies between 10-20 €M glectrons, which take place over shorter distances than pre-

for (.j”ft speeds exc_eed_lng five times the thermal one. Th's Nicted. There is an apparent contradiction between thermali-
equivalent to th? Kinetic energy 96?'“80' by electrons with %ation length and the disappearance of Buneman instability
eV temperature in "?‘P'asma potential Qrop of about 50 V. Atthe explanation of which may be due to other kinetic effects
these neutral densitiedqi;; becomes in the order of only and is beyond the scope of present work.
two times the mean-free path fqr in_elf_;lstic collisions between In consequence for large plasma voltage drops double lay-
electron af.‘d n_eutrql atoms, yvh|gh Is in the order of 1,_5 CMers in weakly ionized, cold plasmas could not be properly
The ionization distances in Fig. 3 would agree with €x-yocrined without the consideration of source charge terms.
perlr_nental observations on singlé,5] and unmagnetlzeq Present calculations could be extended to other electron im-
multiple double layerg1]. The measured plasma potential act processes with cross sections that could be approxi-

voltage drops ranged 12-20 V and the characte_ristic rif ated by similar threshold expressions above mentipéed
speeds for fast electrons were found as 2.5-3.0 times elec-

tron thermal speed. Larger drift velocities up to6 were
found in single double layer®]. These fast electrons were
observed over typical distances in the order of the electron This paper was supported by DGESIC under Grant No.
mean-free path for electron atom elastic collision, wherePB-0574-C04-03. C.F.F. gratefully acknowledges the finan-
thermalization process takes place. The corresponding ioreial support of Ministerio de Educacioy Cultura of Spain
ization characteristic lengths would lie in the range 10—-40during a sabbatical leave, as well as the hospitality of Uni-
cm, two orders of magnitude below the ionization mean-freeversidad Complutense and Universidad Poliiea de
path for nondrifting electrons. Madrid. C.F.F. is a member of “Carrera de Investigador Ci-

The production of additional charges would result inenffico del Consejo Nacional de Investigaciones Clas
larger electron densities in plasmas located at high potentigl Tecnicas de la Replica Argentina.”
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