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Negative ions tend to stratify in electronegative plasmas with hot electetestron temperaturg,

much larger than ion temperatuig, T.>T;). The boundary separating a plasma containing
negative ions, and a plasma without negative ions, is usually thin so that the negative ion density
falls rapidly to zero—forming a negative ion density front. Theoretical, experimental, and numerical
results giving the spatio-temporal evolution of negative ion density fronts during plasma ignition,
the steady state, and extincti@afterglow) are reviewed. During plasma ignition, negative ion fronts

are the result of the break of smooth plasma density profiles during nonlinear convection. In a
steady-state plasma, the fronts are boundary layers with steepening of ion density profiles due to
nonlinear convection also. But during plasma extinction, the ion fronts are of a completely different
nature. Negative ions diffuse freely in the plasma dare convectiof, whereas the negative ion

front propagates towards the chamber walls with a nearly constant velocity. The concept of fronts
turns out to be very effective in the analysis of plasma density profile evolution in strongly
nonisothermal plasmas. @001 American Institute of Physic§DOI: 10.1063/1.1343088

I. INTRODUCTION tive ions can be increased in pulsed negative ion sources
compared to conventional cw dischardes.

Negative ions are readily formed in plasmas containing  Negative ions are difficult to extract from cw plasmas,
halogen gases and elements of the oxygen group of the pgecause the ambipolar electrostatic field arises to counteract
riodic table. Historically, processes in electronegatiizé\) electron diffusion in plasmas, and as a result negative ions
plasmas have attracted considerable attention in connecticite trapped in this field. When power is turned off in the
with problems of atmospheric electricity. Interest in EN plas-afterglow, electrons disappear rapidly because of diffusion to
mas has been expanded recently due to widespread appligé&e walls and attachment to gas molecules. Late in the after-
tions in materials processing. As a rule, the plasmas used iglow, the electron density and temperature are too low for
these processes, are strongly electronegative—i.e., the negay significant electrostatic fields to exist, and a transition
tive ion density is large compared to the electron densityoccurs from an electron-dominated plasma to a positive ion—
Some specific application areas include semiconductonegative ion(ion—ion) plasma®~° After that time, it is pos-
manufacturing, use of negative ions to eliminate notchihg, sible to extract negative ions from the plasma. Numerous
negative ion sourceSand the ionospheric D-layérThe  applications call for a fundamental study of nonstationary
theory of plasma transport in electronegative gases can HeN plasmas.
transferred to processes in dusty plasmagich play im- We focus on collisional plasma transport where the ion
portant roles in modern ecology and plasma technologymean free path is smaller than the plasma chamber dimen-
Dust particles in plasmas are typically negatively chargedsions. The study of collisional plasmas with negative ions
and can be considered as large negative ions. has a long history. Nevertheless, the theoretical understand-

The plasmas used in technological applications are creing of their behavior lags behind the progress in applications
ated by continuous wavew) or pulsed discharges. Pulsed of electronegative gases and the needs of technology. The
EN plasmagin which the power is turned on and off with a reason for this consists in complex self-consistent character
predetermined period and duty cycleave been shown to of the multispecies plasma transport. The generation, mutual
offer important advantages compared to their cw counterconversion, and removal of the charged particles are deter-
parts. Properties of deposited films can be altéradd etch mined by complicated sequences of plasma-chemical reac-
and deposition rate can be maintained despite the lower a$ions, which are not well understood in many cases. The
erage powef.Recently, it has been recognized that pulsediuxes of ions and electrons are controlled by diffusion and
plasmas may also ameliorate anomalous etch profdegs,  drift in the self-consistent electric fields. It is widely known,
notching and other forms of Charge damage that occur inthat even neutral gases with a combination of chemical ki-
conventional cw dischargésThe ratio of chemical species netics and diffusion results in development of surprising and

present in the plasma can be varied, e.g., production of negg&omplicated synergetic phenomena of self-organizatidn.
plasmas the transport of charged particles is controlled not

*paper U125, Bull, Am. Phys. Sod5, 202(2000 only by diffusion, but also by the self-consistent electric
vai?ed speaker, v ' ' fields. It follqws that Fhe form of the spatial _profiles of
3Electronic mail: ikaganov@pppl.gov charged particles densities becomes far more diverse. Even a
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simple classification of possible regimes turns out to be nontion, with a velocity u,= ui€E=— u;T¢(Vne/ng) that de-
trivial. pends nonlinearly on electron densities, and via the
The transport equations for a quasineutral plasma are n@uasineutrality condition, (,=p—n) depends nonlinearly
too complicated and allow comparatively simple numericalon the negative ion density, too. Under some plasma condi-
solutions. On the other hand, many input parameters detetions, the negative ions can also be in Boltzmann equilibrium
mine the plasma profiles; and as a result any single calculawith the electric field ¢ ujneE— u;T;Vn~0). In this case,
tion for a given set of the plasma chemical rates is not toahe negative ion density is an explicit function of the electric
instructive or predictive for other input parameters. In orderfield, and the positive ion flux is proportional to the positive
to formulate scaling laws, and to obtain the criteria for tran-jon density gradient, with the factor, which is a nonlinear
sitions between different transport scenarios, it is necessafyinction of the positive ion densitV.
to perform a considerable volume of numerical calculations.  |n any case, because of the nonlinearity of the equations,
It is therefore not easy to extract an understanding of th@nd the transitions between regions where different assump-
underlying physics out of the computer results. In this papegions are valid, it is necessary to start from a qualitative
the physical insight on transport of negative ions developeginderstanding of the basic equations to develop a methodol-
during last decade will be presented. _ogy for solving the transport equations under various condi-
The first approaches to investigate charged particlgions, it turns out that, for this aim, separation of the plasma
transport in electronegative plasmas consisted of attempts {g)\yme into different regions is an effective approach. In
generalize the widely known concept of ambipolarg,ch of these regions different physical processes dominate.
diffusion.*>*? In the first of thesé? the electric field was 1o proposed methodology is based afundamental phe-

eliminated from the equations for the plasma transport by,,enon, which appears in multicomponent plasma, namely
postulating a Boltzmann equilibrium for the negative ions. Iny . 1o plasma stratifies into regions with different ion

the second approacfithe ad hoc assumption of similar den- compositiod™2! For example, electronegative plasmas with

sgy pr(ifrl]lets : for a{l cr:z:rgtehd Sfe?es wasBrr:?de. It will _kl)_ghot electrons often separate into a core region, containing the
shown that in contrast 1o the electrons, a Boltzmann equili negative iongelectronegative regionand an electron—ion
rium for the negative ions occurs only at rather low pres-

sures. The other assumption of similarity of all charaed s eedge region, near the walls, which contains essentially no
ures. 1he o umpt imiarity ged sp negative iongelectropositive region The electrostatic field
cies profiles is correct only if ;= T; and boundary condition

o ) ... s very low in the core and relatively high in the edge region.
of zero densities is used. In all other cases, even if the initia o, ?
. ST ! ... At the transition between the two regions, the strong edge
profiles are similar, in the process of evolution this similarity e ST .
electric field pushes negative ions inwards, so that the nega-

will be destroyed. Moreover, if the electron temperafligés T : -
. . . tive ion density falls precipitously towards the edge, and a
much larger than the ion temperaturg the effective diffu- L
negative ion front forms.

sion coefficient for negative ions, derived in the assumption o .
In a description of boundaries between the electronega-

of similar profile, is negative. This fact contradicts the con- . . . .
tive and electropositive regions, the concept of shock-like

ventional meaning of diffusion. It means, in our opinion, that " : . ) o
nsitions is very effective. These regions of steep variation

such a description is misleading, and it is necessary to sec—."fﬁa ) . . .
the solution in some other way. A similar conclusion has® the species densities, which separate regions of smooth

been reached by R. Franklat al. in Ref. 14. profiles, are gna;logous to shocks, which are widely known in
In the general case, the field-driven fluxes of the Charge@ydrodynam|c§._ At low pressure, a double layer may form,
particles are of a complex nature, and the electric field musteParating the ion—ion core and the electron—ion edge re-
be explicitly retained in the transport equations. It was9!ons- A double layer is a collisionless st_ructure, in which
shown in Refs. 15 and 16 that the linear equation for ambitn€ ion mean free path; is larger than a width of shocé,
polar diffusion is strictly valid only in the case of so-called such that.lon inertia is important. Formation of the front.s has
simple weakly ionized plasma, which consists of electrond®€n attributed to nonlinear ion acoustic wévesr colli-
and one species of the positive ions with constant fielgSionless plasmas. Double layers have been shown to occur in
independent mobilities and diffusion coefficients. Indeed, insteady-state collisionless;>L (L is one half of the inter-
the case of two-component plasrfositive ions and elec- €lectrode distang® or collisionaf® plasmas, 5<\;<L.
trons with densitiep=n,), and assuming Boltzmann equi- Shocks can be also formed in collisional plasmas=
librium for electrons,E=—T./eV(Inny), the drift flux of ~ <L. As early as a century ago, the idea that shock-like struc-
positive ions is reduced to an effective lind@mbipolay  tures form in multispecies current-carrying media was for-
diffusion flux, weEp=—u;Te(p/Ng)VNe=—u T Vn,. Mmulated for electrolyte®>?’ The idea was applied to gas
Here, u; is ion mobility. If plasma consists of two or more discharge§****and semiconductor plasm#s™®In Refs. 20
sorts of ions, the flux of any given species of the charged®nd 21, it was shown that similar narrow shock-like
particles depends not only on its own density gradient, bustructures—fronts—which separate the plasma regions with
also on the density gradients of all the other species. Fosmooth profiles and different ion composition, naturally arise
example, the presence of negative ions substantially influalso in currentless collisional nonisothermal plasma.
ences the charged species fluxes in EN plasmas. In a plasma These negative ion density fronts have been observed
containing negative iongwith densityn), the drift flux of  experimentally in steady state oxygen rf glow discharges
positive ions is a nonlinear function of densities,eEp  sustained in capacitively coupled parallel plate reactdts.
=—uiTo(p/neg)VNne (p=n+ng), and described by convec- The measured negative ion density profile tends to form a

Downloaded 04 Nov 2002 to 198.35.5.248. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/pop/popcr.jsp



2542 Phys. Plasmas, Vol. 8, No. 5, May 2001 Igor Kaganovich

p. n,200n, x 10'°, cm™

L 00000 n_

0ro—'44“9~ls\ susns ﬁzden 20

—
wh
T

£
N i 104
= 05}

- 5k

-

I p=30Pa

0.0 IS T T S S T N0 T S U TN T TN WO W W Y T WO [N Y TN T 7 P S S WO ¢
0 10 0

sheath 30

z (mm)
FIG. 3. Profiles of the charged particle densities obtained in the simulations
FIG. 1. Symmetrical capacitively coupled discharge rf discharge, oxyger(Ref. 32 for SF;. The trace 1 corresponds to the positive ion density, and
pressure 0.21 Torr from Ref. 31. 2—to the time-averaged electron density. The discharge parameters are
pressure 0.13 Torr, frequency 13.6 MHz, current density 2 mA/cm

front at the electrode. Examples of fronts are shown in Figsproach the edge region due to increasing electrostatic field.
1-4 for stationary rf discharges. The drift flux due to the field is directed towards the plasma
Negative ion fronts also exist during ignition and extinc- center and, at the periphery, nearly compensates for the dif-
tion (afterglow of electronegative plasmas, and are shown infusion flux, which is in the opposite direction. The resulting
Figs. 5 and 6, respectively. The spatio-temporal evolution ohegative ion velocity is directed outwards. It turns out that,
such fronts has been studied theoretically and by a numericalthough the main evolution is by diffusion, the negative ion
“experiment” in an argon/oxygen pulsed dischafdé’  front propagation speed is nearly constant for constant elec-
In pulsed discharges, power to the discharge is modulateglon and ion temperatures, as opposed to {iet depen-
(e.g., square wave modulatiowith a specific frequency and dence for diffusive front propagation. The negative ion front
duty ratio. During plasma ignition(power on, self- is a new type of nonlinear structure, different from gasdy-

sharpening negative ion density fronts develop and mov@amic nonlinear waves, and beyond the classification of dis-
towards the plasma center, in analogy with gasdynamigipative structures made in Ref. 11.

shocks(see Fig. 5.
During the afterglow, negative ion fronts exist wh€n  Il. DESCRIPTION OF THE MODEL
>T,;, and move towards the chamber walls. However, the
latter fronts are of a completely different nature and have n
direct analogy with gasdynamic shocks. The propagation o
gasdynamic shocks is dominated by convection, and dissip
tive mechanismsviscosity, thermal conductivity, etcinflu-
ence only the internal shock structure. In contrast, during th
afterglow negative ions diffuse almost freely in the ion—ion
core (the role of drift is negligiblg, slow down as they ap-

It is assumed that the ion mean free path is smaller than
e characteristic chamber dimension, and we examine one-
imensional transport of species in parallel plate geometry.
%or a collisional plasma, the species fluxes are described by
a drift—diffusion modelI'y= —Ddn,/dx— uneE, where
(E)k and w are thek-species diffusion coefficient and mobil-
ity, respectively, related by the Einstein relatioD,
=Tk Tk is the k-species temperature. Considering only
one positive and one negative ion species, the self-consistent
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FIG. 2. Experimental negative ion density profiles in the rf dischargeFIG. 4. Profiles of the charged particle densities obtained in the simulations
in oxygen, pressure 100 mTorr, frequency 13.56 MHz, input power 10 W(Ref. 33 for rf discharge in Ckgas. The discharge parameters are pressure
(Ref. 30. 0.5 Torr, frequency 13.6 MHz.
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Equation(1) for the electric field, along with the conti-
nuity equations for negative iofEg. (28] and positive ion
number density{Eq. (2b)], and the electroneutrality con-
straint[Eq. (2¢)], and an equation for the electron tempera-
ture (see below yield a complete system of equations that
describes the spatio-temporal evolution of charged species
densities, fluxes, and electric field

early discharge active glow. Interelectrode gap 10 cm, mixture of 97% Ar

and 3% Q of total pressure 5 mTorr, averaged power density 1.0 m\i/cm
pulse duration 60Qus, duty ratio 0.5.

electrostatic field is found from the condition of zero net
currentj=e(I'y,—I',—T'¢)=0 and is given by
~ —DeVne—D,Vn+D,Vp

MeNet wpP+ upn

Subscriptsp, n, ande correspond to positive ions, negative
ions, and electrons, respectively, ave- 9/ dx. lon diffusion
coefficients are factor I¢ smaller than the electron diffu-

1)

eE

an J on
E_Mn& Tio',_x'{'eEn =Vae— YaN— BiiNP, (2a)
ap J ap
E_ MP& Ti&_eEp =ZioniNe— BiiNP, (2b)
Ne=p—n. (20

In (28—(20¢), B;; is the ion—ion recombination rate coeffi-
cient, andZopniz» va, andyy, are the ionization, attachment,
and detachment frequencies, respectively. Zero densities at
the wall or Bohm criterion maybe used for boundary
conditions®®

In the fluid approximation, the continuity Eq&2) are

sion coefficient, and ion diffusion fluxes may be neglected irsupplemented by an equation for the electron temperature:

Eq. (1). If the electron density is such thatne> wan, P
and its gradient is not too small, electrons are described by
Boltzmann equilibrium:

E=—-Te/eV(Inny), (1a

which gives an explicit relation between electric field and th
logarithmic electron density gradient. Below we shall only
consider cas@eque> (upp+ unyn), where the electric field is
explicitly related by the Boltzmann relation for electrons.
Note, that electronegativitp/n, can be large for this case,
since ratiou/u, is typically of the order of few hundreds.
The transition to ion—ion plasm@ue<(upp+ won) is de-
scribed at length in Ref. 34.
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FIG. 6. Spatial profiles of fluxes and densities of negative ign$id lineg
and electrongdashed linesin afterglow for the conditions of Fig. 5. The
points wherel",=1"¢ andn,=n are shown as circles.
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where = — xdTe/IX+2.5T I is the electron energy

neTe)+ =W-2, RH,,
|

flux, W is the power density deposited in the electron gas,
andR; is the rate of electron impact procdssaving activa-
tion energyH; . Boundary conditions on E@3) are zero flux

at the discharge center agd=2.5T I’ at the plasma-sheath
boundary. A kinetic description replacing the fluid approach
in (3) is preferred if, the electron distribution function de-
parts significantly from the Maxwellian, see for example
Refs. 31, 36, and 37.

In solving these equations analytically it is necessary to
make further assumptions. We consider the species transport
properties(diffusion coefficients, mobilities, and the attach-
ment, detachment and recombination rate coefficjeats
field and composition independent constants. In reality, the
electron attachment, detachment, and especially ionization
rates depend on the electron energy distribution function,
which has to be found simultaneousR?’ The ionization
frequency represents an eigenvalue of the electron density
balance for a steady-state discharge. For plasma bulk calcu-
lation it is often not necessary to include sheath properties,
unless the characteristics of the energy input are considered
(Ref. 1, chap. 1land we shall not consider the sheath here.

The system of equatior(4), (2) is a complicated system
of nonlinear equations. Indeed, substituting the expression
for electric field, Eq.(1a), into the continuity equations for
electrons and negative ions and using the electroneutrality
constraint yields a new system of equations:

on
at

d

ox

an
Fox

(MnT —un) = Vae™ YaN— BiiNP, (43

Downloaded 04 Nov 2002 to 198.35.5.248. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/pop/popcr.jsp



2544 Phys. Plasmas, Vol. 8, No. 5, May 2001 Igor Kaganovich

10 a) 0.5+ n,
\ Uest
\

> . 4
2 time: 0, 10, 20, 30 0
% 8 \ v
g N b@ 0.3
c = u
o 6| 0.2-
[0} n
2
= . 0.1+
3 time:0,2..10
o 4ra ) 0.0 : : : —

R ) R \ s 0 2 4 o 6 8 10

0.0 0.5 1.0 M
X FIG. 8. Negative ion flux as function of electronegativity, arrows denote

FIG. 7. Propagation of small signal for the same unperturbed electron der]%?gﬁn:flj L;?n/;:r(]) m;ic(;lviir:/ e(lj?;:cltgr:tilr;ai/t;,msmjlrll s;gnpe:l()g;c;;;:is)?lovrél\(lii();
sity (ng=3.7—0.%) and different densities of unperturbed plasma no:-xgativevzre| _F" | '/n —n T
ions. (@ n~2.0n, (n=6-0.3), (b) n~n, (n=4-0.2), (c) n=0. All nE ST e
variables are dimensionless, normalized on some reference values, density
n/ny, coordinatex/L, time tL%/(u,Te). lon diffusion was neglected, and
ion nobilities were taken to be the samg= u,, . . . . . .
drift velocity of negative iongg~u. In the opposite case,
whenn/ng>1, ugy is much lower than the drift velocity,

and perturbations drift more slowly, as can be seen in Fig. 7.

Me MNe| B Tﬂ Theoretical calculations of the signal speed coincide exactly
gt ax | Peitax |~ ax | (BeT ) Tigs with results of numerical simulatior&.

=(Z= vy NeTt yaN, (4b)
Ne=p—n, (40 IV. NONLINEAR EVOLUTION OF NEGATIVE ION

DENSITY PROFILES AND FORMATION OF NEGATIVE
where u=u,Te(dINNne/dxX), and Deg=Te(upp+ua)/Ne  |ON FRONTS
+upT; is a function ofn/n. The system of equation@)

may be more familiar than the initial system of equatic®s ~ In the previous section, we found that the speed of nega-
since Eq.(4b) is a diffusion-type equation, in contrast to the tive ion density perturbation depends significantly on nega-
diffusion—drift type of Eqs(2a) and(2b). tive ion density. It means that different parts of the profile of

large perturbations of negative ion density move with differ-

ent velocity, and nonlinear evolution results in profile modi-
IIl. SMALL SIGNAL PROPAGATION fication. To analyze the nonlinear evolution of the negative

ion density profile, it is convenient to derive the small signal

We start the analysis of the system of equatiéhisby  propagation velocity Eq(5b) in another way. We shall use

studying small signal propagation in unbounded plasma, néethe fact that in the limittkL,|>1 w,>w,. Consequently,
glecting source and sink terms on the right-hand side of Eqsiuring the evolution of narrow perturbations of negative ion
(2), and neglecting ion diffusion terms compared with drift density, the electron density perturbations are much smaller
(Ti/n)(anl9x)<(Te/ng)(dne/dx). The ion and electron than ion density perturbations. Indeed, fra# it follows
density variationsén, are taken to be of the forndn,  sn~w,/w,6n.> dn.. Accordingly, the electron flux varies
Xexp(—iwt+ikx). The inhomogeneity of the background much more slowly than the ion flux, and can be assumed to
plasma has to be taken into account, in particular the electrope nearly constanfon/dt=(a/dx)T',,, dngldt=(/9x)T 4]
density gradient: dng/ngdx)=(1/Lg)#0. The derivations sn> sn=dI', /x>l o/dx. Substitutinggn,/dx from the
are easier to perform in the limit of small-scale perturbationsexpression for electron fluX' ;= — D (dn./dx), and drop-
|[kLe¢/>1. Linearization of systent4a—(4c) results in two  ping all terms except the convection term, E4a) can be

modes, rewritten in the form
w1= —iD efk?, (59 oan a9
i &(Fn)=0, (6a)
Mnpp  TedNe
a)2=ueffk, ueff:M n+M p X . (Sb) “ n
n
P Iy=—Te—— (6b)

The first mode(5a) corresponds to diffusiofisee Eq. eMnnJr,upp'
(4b)]. In the second mode the signal moves with a velocityp plot of the functionl,, /T o(n/n,) is shown in Fig. 8. As

Uer=[ppNe/(unn+ ppP)Ju @ factorppne/ (pan+ ppp) differ-  giscussed, the variation of perturbations of electron flux and

ent from the negative ion drift velocity. The theoretical  gjeciron density can be neglected compared with negative
predictions Eqs(5b) were verified by numerical modeling. 5, perturbation. So that E¢6a simplifies to
The propagation of a small perturbation is shown in Fig. 7

for three different values of electronegativityi/6). When 5_”+u (n) in=0 60)
the electronegativity/n,<<1 is small,u; coincides with the at e ox '
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5r dng|* dng|~
Mp/-LnTea MpﬂnTea
= = == +. (8
2 5t (l’«p(n+ne)+ﬂnn)| (/~Lp(n+ne)+ﬂnn)|
D
O
c
Ti ;0.25; ... 1.25.
; ime 0;0.25 ° In Ref. 38, good agreement was shown between the theoret-
£ 1F ical predictions for the front speed E) and numerically
§ obtained values. The front structure is quasistationary; ion
diffusion is balanced by convective flux in the frame moving
o00 o5 1'0 with the front. After straightforward algebra, the front width
X X R is38
n
FIG. 9. Propagation of large perturbation of negative ion density for the L =29 L 34 E—I— n_ (9)
conditions of Fig. 1, butn,=6.2—3.6x, initially at t=0 n=N/aym front™ &+<=e T ntong/’

X exp(—(x—0.93%/a?), where a=0.0144, and total number of negative ) o
ionsN=0.476, and negative ion density profiles are plotted six times evenyfOr the case of equal ion mobilities, amd =0. The front

0.25 units of dimensionless time. width increases proportionally to the ratio of ion to electron
temperature, which is typically smal-0.01 in gas dis-
charges. For small electronegativitng>n"  Lgone
~2.2 (T;/Tg)(n./n™) front sheath is reciprocal of the
change in density in the fronn( ); small density disconti-
nuities spread wider, as is similar to the shocks in Burgers’
equation, whereug4~n.?? In the opposite case,<n",
Liont=2.2&(T;/To)(n"/ny) the sheath width is propor-
‘tional to the change in density in the front in contrast to the
Burgers’ equation, and in the range ¥/8"/n.<1 the front

where the small signal propagation velodity=dl",,/dn co-
incides with the previous estimate E&b), but still remains
valid for nonlinear perturbations, too. The evolution of non-
linear negative ion density perturbation is shown in Fig. 9
The solution of Eq(6c) is n=ngy(Xx— ugn(N)t) (Ref. 22, and

S;% Tuf OLIJnt (ﬁ; T\(?clc?rlctjlianl Frogl)erzgi(sxt)enr?(\?vﬁlstr\?g g}el:ia(l)lwrr]e- width varies insignificantly andLo,~13Le(T;/Te). If the
Y UerT). gy, PT€" front width is smaller than the ion mean free path, it is de-

dictions, in Figs. 9 and 5 the regions of small negative ion

: i e termined by ion inertia effects and has an oscillating
density move faster than regions of large negative ion den-

. \ - structure?®
sity. As a result, the front profile spreads out, the back profile We have studied many different cases for a few EN

steepens, breaks, and forms an ion density discontinuitéasegyﬂvgmg_rhe negative ion fronts are clearly seen during
(Figs. 9 and & It is fully analogous to ordinary gasdynam- '

ics; two types of discontinuities are possible; one type is a{he active(power “on”) glow if: (a) the plasma electrone-

shock, which is stable, and satisfies the evolutionality crite—g;’ut'r\]lgyn'eS r;?it/\éeig/ns\;g?gginf qlﬁl)z iss?)rr:hg:t?ni n;nngg)e g:ty
rion (back front of the signaj and unstable ion density dis- 9 y P ’

continuities, the structure of which is unstable and spreadgdge region of electron—ion plasma exists, which corre-

. . : R ~Sponds to not very high electronegativity at the edue,
proportionally to time(front of the signal in Fig. 8 To pre ﬁm

vent confusion with ordinary gasdynamic shocks, we shal
call the ion density discontinuitigen density frontsin some
sense, these fronts are even more fundamental than the usual
gasdynamic shocks, since they result from the first ordeV. NEGATIVE ION FRONTS IN STATIONARY
equation(6c), while in order to obtain gasdynamic shocks it PROFILES
is necessary to introduce the Riemann’s invariants, and to
split second order equation into two first ones, etc.

The analysis of the front structure can be performe

Figures 1—4 depict regions with sharp variation of nega-
ive ion density; fronts are typical for stationary discharges.

- . . he question arises: what is the nature of these fronts.
5|m|I_arIy tq the studies of gas dynamic shocksn the frame_ Fronts, discussed in the previous section, cannot be station-
moving with the front, the fluxes are conserved to the right

a ..~ ary, sincel',(n) is a monotonic function and the front ve-
(+) and to the left(—) of the shock, so the front velocity locity Eq. (7) is always positiveMV>0. The situation may

reads change when ion mobilities are not constant and decrease
N B with ion density, for example, due to momentum exchange in
V= Fn|+_rg| _ 7) collisions between positive ions and negative ions.
n"—n On the other hand, the signal propagation velocity tends

toward zero rapidly for large electronegativity
As can be seen from Fig. 8, the magnitude \bflies in —>,un,upl"ene/(ﬂnn+ﬂpp)2, so the negative ion flow slows
betweenu™ andu~, and ifn~=0, V=u" the ion disconti- down abruptly at largen/n. and negative ion pumps up.
nuity moves with a convective velocity, corresponding to thelndeed, the negative ions are produced at the discharge pe-

largest density. riphery due to electron attachment to gas molecules, and drift
Substituting the expression for the negative ion flUx  towards plasma center. The negative ion density is governed
[Eq. (6b)] into Eq. (7), we have by Eq. (4a), which in a stationary case reads
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an tainskL=1.722, and the electron loss frequency is only 20%
~Uett o =VarNe ™ YaN = BiiNP, (100 higher than in the case of a uniform diffusion coefficient
(kL=/2), for L;;=0.7L the electron loss frequency is only

and if Ues—0 on/gx—c. Thus, fronts appear as an 1.7 times higher, and eventually atj—L Zgoss
asymptotic limitn/ne>1 in stationary profiles. The concept _,p__ . /L/(L—L;;). Thus, even though;(t) changes with
of ion discontinuities allows efficient prediction of stationary time, Z. 1055 Varies insignificantly with_j; .
profiles!”?%% The front width is of the order ofl o The negative ion motion is governed by the competition
= UeN/varNe, ion diffusion may spread the front wider, up of diffusion and drift. In the ion—ion plasma coresn,,
to a width Lon= VuiTi/(va+ Biin). Note, that in contrast and for u,=pu, I'y=—T¢/2, and Eq(4) simplifies to
to gasdynamic shocks, the width of the stationary front is
larger than the nonstationary front width E§), and is de- n 9 on) 1 INe
termined by the negative ion source. This is due to the fact ;= 5( ig) + E(Zionizne_ W)' (1)
that an effective mechanism of front compression due to

overturning is absent for stationary profiles. Note, that Eq(11) is also valid at the steady stafeith the
time derivative terms set equal to zgrdn the afterglow,
Zioniz=0 and dng/dt=—2Zg psdle. As discussed,Ziy,
= :‘*LiTe,stK2 and Ze,loss::UJiTe,aftK2 whereTe e and T 5 are
In the afterglow the power is switched off, the plasmaelectron temperatures at the steady state and the afterglow,
decays due to wall and volume losses, and the electron tennespectively. Thus, at the very beginning of the afterglow,
perature drops simultaneously. A new kind of negative ionthe first term on the right-hand sid®HS) of Eq. (11) is
front appears in the discharge afterglow if the electron temequal to the second term, and the negative ion density re-
perature remains high enough,>T;. The electron tem- mains the same. WheR, has quickly dropped to a fraction
perature can be elevated in the afterglow due to two reasonsf its original value due to inelastic processes, the second
(i) metastables heat electrons in superelastic collisions, art¢rm on the RHS of Eq(11) is small and the first term
(i) there can be a small residual power in the afterglow; indominates. This implies that negative ions diffuse almost
practical situations this may correspond to capacitivelyfreely in this region and, thus, drift is small compared to
coupled biasing of an otherwise inductively coupled pulsediffusion. In the ion—ion plasma coren{<n), the positive
discharge, see for example Ref. 40. Solving the heat condu@nd negative ion fluxes coincidsee Fig. 6. As the negative
tion equation(3) we found that a residual power as small asion density decreases towards the edge, the electric field in-
0.1% of the power during the active glow can keep electronsreases, reducing the negative ion flux to practically zero.
warm with T,~1 eV see more details in Refs. 21 and 34. InThus, free ion diffusion is slowed down, since the electric
Fig. 6 the spatial profiles of densities and fluxes for bothfield retards the motion of negative ions. The electric field
electrons(dashed lingsand negative iongsolid lineg are  can be found from Eq4b). The electron density is uniform
shown in the afterglow50—-200us after power is switched in the ion—ion plasma core, andl'g=x(dng/dt)
off), when the electron density is much smaller than the ini-=xZg josd1e. The electron flux increases towards the wall,
tial value of 4.2<10°cm™3, the electron temperature was where the negative ion density drops, so the electric field
fixed at a value 1 eV in the afterglow. The electron density
keeps decreasing mainly due to wall losses, while the total _ Tedne  Te  XZgosdle
negative ion density remains nearly constant. Negative ions N n_e ox bi(p+n)  bj(ne+2n)
are trapped in the discharge by the large electric field at the
periphery region. Wall losses of negative ions are negligibléncreases towards the edge whagén is large. As the elec-
when electrons witlT .>T; are still present. tric field magnifies, the drift flux of negative ions equalizes
The frequency of electron los3, s, Which is deter- the diffusive flux and, at some point, the net negative ion flux
mined by the slow diffusion in the edge region, is nearlyis reduced td",<I'.. At that point, negative ions are almost
constant, as can be deduced from the exponential decay of Boltzmann equilibrium,T;(dn/dx)~Te(N/Ng)(INg/IX).
electron density in Fig. 6. The electronegativity ratim, is  This implies that the negative ion density drops nearly expo-
very large at the discharge cent@on—ion cor¢ and ap- nentially, n~exp(—x/8), where 6=(T;/Tg)(dIn(n/dx) L,
proaches zero near the edge. Theref@g; [Eq. 4b)] is  towards the edge plasma forming a negative ion front. The
very inhomogeneous, being large in the ion—ion core regioriront can be seen clearly in Fig. 6.
~u;Ten/ne and small in the edge regios u;T,. At the The transition from nearly free negative ion diffusion
edge region of electron—ion plasmh;(<x<L), the elec- (ion—ion corg to negative ion Boltzmann equilibrium occurs
tron density is described by a linear diffusion equation:at the point where the diffusion flux becomes of the order of
Nl 9t=D 4 3°Ne/ 9x?), hereL;; is the extent of the ion— the drift flux (say three times larger Therefore, the point
ion core and. is half of the interelectrode gap. The boundary where the negative ion density starts dropping rapidly can be
condition at x=L;;(t) is Dgnfdne/dx)=(dng/at)L; (1), estimated from the condition of equality of electron and ion
which is a consequence of continuity atk@<L; . This fluxesI',=I'¢=I",/2. At this point, the negative ion diffu-
equation has an analytic solutiom(x,t) =ng(0,0)[ sin(«(L sion flux is three times larger than their drift flux. Substitut-
—X))/sin(k(L—L;))]e %loss where Zg o= Dampic?, and  ing expressions for fluxesl',=u;Ti(dn/dx) and T,
kL tafk(L—L;)]=1. For example, foiL;;=0.5_ one ob- =XZ, e, We find the equation for front propagation,

VI. NEGATIVE ION FRONTS IN AFTERGLOW
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n and appear as an asymptotic limitn,>1 in which ion sig-
miTios =Ze tosdeXlx, - (12 nal propagation speed tends to zero. In contrast to nonsta-
Xit tionary fronts, the width of the stationary front is larger and
The negative ion density profile in the ion—ion core can beS determined by the negative ion production source. This is
found from Eq.(11), neglecting the second term in RHS. owing to the fact that the effective mechanism of front com-
Assuming that negative ions diffuse a large distance comPression due to steepening is absent for stationary profiles.
pared to the initial extent of the ion—ion plasma ctrg, WhenT;<T,, other kinds of negative ion density fronts
the solution of Eq(11) for time t>t;=L2,/D;, is may also form during the afterglow. These fronts are not
analogous to gasdynamic shocks. Negative ions diffuse
freely in the plasma core, but the negative ion front propa-
gates towards the chamber walls with a nearly constant ve-
locity Vig= 4D, Z |ossin contrast to diffusive front velocity
~ D, /t. The negative ion fronts are a new type of nonlinear

In(x,0)dx
n(x,t)= ﬁe

where 7=t—t;;. Substituting n(x,t) into Eq. (12) and

- X2/4Di T (13)

Ne(7) = Ne(tii) XP(—Zg 0ss7) We find, structure, different from gasdynamic nonlinear waves and
xﬁ beyond the classification of dissipative structutese for
T 4D.r —Ze joss7TIN(B), (14 example Ref. 111
I
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