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Abstract: Sheath instability associated with intense secondaelectron emission (SEE) is
studied. We show that onset of the instability isigen by relationship that the SEE coefficient
of weakly confined electronsy,,. becomes larger than unity. When plasma is hot ang,. >1 the
plasma tends to exhibit the Relaxation Sheath Ostitions (RSQO’s), during which average
electron energy changes periodically. Energy of w&ly confined electrons rises untily,. =1
after which the sheath potential collapses and hateakly confined electrons leave the plasma.
Next, the large influx from cold SEE from the wallis trapped during the potential restoration.
We show that velocity space diffusion, due to twokigam instability induced by the SEE
beams, is responsible for effective heating of welgkconfined electrons untily, reaches unity
and the process repeats itself. We identify the poise cause of RSO’s and formulate existence
criteria for RSO’s in terms of global plasma parameers.

Nomenclature

B = B, = applied “radial” (normal to the walls) magnéfiield in the discharge
e = electron charge
E, = the plasma’s self-generated electric field ndnmahe walls
E, = applied background electric field (parallel e twalls)
H = width of the plasma (i.e. distance betweenviha#s)
dJ/db, = differential conductivity of the sheath
m. = electron mass
n, = density of neutral atoms in the plasma
T, = electron temperature in the direction normahewalls
T, = electron temperature in the direction of theliggpelectric field
Vp = drift velocty due to the crossed electric andynsic fields
® = magnitude of the potential well that confineso#lons in the plasma
@, = confinement potential in equilibrium
Vi, = frequency of turbulent collisions
ven = frequncy of electron collisions with neutral ®
Vratio = Viurt/Ven
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€ = impact energy of an electron striking the wall

W, = %2 mv,? + eb(x) = energy of electrons normal to the walls

W), = W+W, = %2 my,” + % mw,” = energy of electrons parallel to the walls

I'ce = wall flux of “collision-ejected” electrons

I'wc = wall flux of “weakly confined” electrons

I', = wall flux of “beam” electrons

I'p =T'ce + T'we = wall flux from “plasma” (non-beam) electrons

I'; = flux of ions to the walls

Yee Ywes Yo = Secondary emission coefficient of each spedieteatron flux defined above

I.  Introduction

ExB devices such as Hall thrusters and Penning dypeharges are subject to various kinetic effattkw
pressure where collisionality is low. The “sheatf$] at the negatively charged walls form a potentiall of
magnituded. that helps confine electrons. Electrons with elesrgxceeding®. can escape the plasma while the
rest are trapped. Plasma electrons are often adstonige Maxwellian, but if collisions that replattee escaped
electrons are infrequent, the plasma is strongpleded of electrons beyond the cutoff velocity. STHbss cone”
effect, along with any applied beandj,[creates irregular electron velocity distributifumctions (EVDF's) that can
be subject to sheath instabilities which do notunasith a Maxwellian EVDF J]. Also, when the loss cone is
depleted, electrons bordering the loss cone, pgertlinto it by fluctuations, form a substantialctian of the total
wall flux and have major influence on plasma bebg\as will be discussed.

Materials in contact with plasma may emit electrdng to bombardment from plasma electrons. Secgndar
electron emission (SEE) from device walls has Herg known to increase energy losses by weakening thagth
of the sheath4]. This effect is critical for tokamak divertorS][ Hall thrusters §], dusty plasmas7], etc Emitted
electrons are often assumed to thermalize in thenph 8], but in low collisionality, the SEE forms beanisat
propagate between the device’s wa, [causing additional effects, such as near watideativity [10]. SEE
beams can cause two-stream instability. This isMnto attenuate the beams by perturbing some eleinto the
trapped plasmal[l]. We will show the reverse effect, i.e. bulk eftecis being driven to the loss region, also
happens and has implications for wall energy losseler general conditions.

A negative perturbation of the wall potentimlagnitude®. allows some previously trapped electrons to
overcome the sheath and reach the wall where ttelasorbedUsually, this recharges the wall, canceling the
perturbation. But with SEE, in certain conditiottse extra influx may induce a secondary outflugéarthan itself,
leading to a net charge loss. That is, the conditicvf the sheath, dJdl. is negative, the perturbation amplifies and
the potential rapidly drops. Such behavior occara recently discovered plasma regime with quaisigier sheath
instabilities called Relaxation Sheath Oscillati¢i&]. During the potential drop each period, plasmeapeters
abruptly change and wall losses increase drasticMiinimizing losses is important in applicationsp we
investigate in detail why the instability occurslamder what plasma conditions it can exist.

II.  Overview of Electron Kinetics in ExB discharges wit Secondary Emission

The system under consideration is diagrammed inlFigVe use the electrostatic direct implicit paetin-cell code
(EDIPIC) [13], to simulate a one-dimensional planar xenon ptasiwunded by floating emitting walls. The main
input variables are the uniform applied fields &d B, neutral gas densitg, plasma width H and turbulent
collision frequencyvyp.
Particle dynamics are

525252525252505252505¢,  dielectri

governed by the plasma’s

self-generated field ) T R, By ~ Q{E‘éj =
and the ExB drift motion 14 " . plasma

from the background Yy z, E; SEE

fields. Electrons suffer ¢ N = e e e

o

Coulomb collisions,  SSSosos2oesoses>”  dielectric

elastic  collisions  with  gjqre 1. Simulation model. Plasma is uniform in yand z directions.
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neutrals and “turbulent” collisions. We focus o thtter two here because Coulomb interactions welgkly affect
the plasmal4]. Turbulent collisions, introduced to produce amtwns conductivity, scatter the y-z component of

the velocity vector, i.e. rotate it at a randomlarig the y-z plane][5]. This leads to displacement alongdhd an
average parallel (y-z directed) energy gain afx= m\Vp? per scatter, where#E/B is the drift velocity. Hence
turbulent collisions can be used as a heat sobadping balance energy losses to the walls. Adjgsti, is way of
controlling the plasma temperature in EDIPIC, the tesults presented are general, depending ompléisena
properties alone regardless of how they are actlieMee coefficieny represents the average number of secondaries
produced by an electron striking the wall and delgseon the impact energy, EDIPIC models SEE with boron
nitride ceramic wallsy(e) is an increasing function ef[16], well approximated by 0.:¥2.

Fig. 2 is a phase plot showing the arrangementeatr®ns in energy space in a typical simulatiolne Bverage
energy parallel to the walls <@ = <W,+W,> far exceeds <\ and & because the heating is anisotropic.
Electrons with W< ed, are trapped in the potential well. Beyond the ffudib W, = ed. is the “loss region,” as
electrons with W > ed, quickly escape to the walls. The high density arfethe loss region is the beams, which are
continuously replenished. Beam electrons are it mhotion with parallel energies spread between® 2mV 2

Bulk ePmin  WCE ede Loss

500 >
(a)

Figure 2. (a) Phase plot taken near the end of aatile state. (b), (c)
and (d) show the boxed section of energy space &) @t three times in
a RSO period; near the beginning (b), middle (c) ah end (d) of the
stable state. Simulation parameters are E= 200V/cm, B = 0.01T, n,.=
10" cm?® vy,,=2.8x10s", H=2.5cm. Red dots are plasma electrons and
blue dots are secondaries

The wall flux consists of four components. Trapfiealk” electrons can escape when their velocityteexare
scattered into the loss region by collisions wigutnals. The flux from these collision-ejected #leas (CEE’S) is
denoted ce. Electrons with W lightly below &, called weakly confined electrons (WCE's), cambeged by the
potential fluctuations (typically ~1V) into the bsegion. Simulations show WCE'’s produce a subistiaffuix, T'yc,
similar in magnitude td'ce. The potential well strength limits the “plasma” electron fluk, = I'cg + T'we. Since
the walls are floating, the equilibrium valdg maintaind’, = I'; whereT is the ion flux. The beam fluxés,
between the walls are equal and opposite in equitip so they cancel’; is estimated by the Bohm criterion, so it
is constant and unaffected by processes discussed h

[ll.  The Criterion of Instability

From the structure of this system, one can antieip@w it becomes unstable. Sheath instability mcdua
negative perturbation of the potential magnitudesea reduction of the (negative) surface chaigat the wall,
which further lowers the potential. {dd® > 0 is equivalent to dJiek O by charge conservation). Consider a
perturbation A®. I'y,c increases as previously trapped electrons with-a() < W, < ed. can suddenly reach the
wall. Beams are emitted from the wall, at the “taf'the potential well, so W, > ed, andAT’,= 0. AISOAT ¢g, from
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the tiny increase in size of the loss cone, is

negligible. So overallg, should decrease if Ez=175V/cm, By= 0.01T, ny=10"2cm= vy, = 5.6x10°s . H=2.5cm
and only ifywc> 1. EDIPIC records temporal « 1t 19
data of the average energies, wall fluxes ani@
SEE vyields for each component (CEE, WCE 2
and beam). We have verified in all runs with Eu_g.
RSO’s that the parameter jumps marking®
instability each period occur whenyc
reachesunity, seeFig. 3.vp, Ynet aNdycg May
changein responseo the potential drop, but
the causeof the drop igwc reaching unity.

During the potential drop, the large
number of WCE'’s reaching the wall increases %'géuu 10700 10800 10900 11000 11100
the total incident electron flux and the time (ns)
corresponding beam outflux by an order ofFigure 3. Time evolution of the SEE yield for eactflux
magnitude. When these beam electrons witlfomponent.  The potential is superimposed for
vp <1 reach the opposite walls, there is a negomparison. Noteyce = 2.3 in this run (out of range
absorption of electrons and the wallsabove).
recharge. Some of these beam electrons
become trapped when the potential restores. Oyéhallnet change in the plasma before vs. aftéalifigy is the
hot WCE's withyywc = 1 in the “WCE region,” @, < W, < ed. are emptied and then replaced by colder trapped
beam electrons (TBE’s). Gradually, the WCE's regamergy untilyyc reaches 1 again (see Fig. 2). The process
repeats and we end up with periodic oscillationg ¢&ll the time interval during instability the taisle state and
the “equilibrium” between instabilities the stalsliate. Notice in Fig. 3 howyc increases over the stable state but
Yo Ynet anNd® barely change. The WCE's drive the oscillations.

We now estimate what range of system parameteduipe RSO’s. There must be a curve of marginallgyab
Vratio(Vp), Whereviaiio = vun/ven @nd \p = E/B, dividing the {410, Vp} plane is into two regions distinguishing
plasmas hot enough to produce RSO’s from thoseatganhot. Marginal stability of the sheath is deteed by
AcdAD. = 0, for a small perturbatiorAd at one wall that allows electrons withbg{A®) < W, < eD.to reach the
wall. In terms of theenergydistribution in the plasma centey(\v,, w)), we have

00 ed,

[ ] fu(wow,)(1-y())dwdw =0 (1)

0 e(®,-Ld)
wheree = [w, — e@,-AD)] + wy is the impact energy of electrons at the wall. Nb&g this integral includes only
WCE'’s. Incoming beam electrons were emitted atdipeof the potential well, SO Weam> €D andAT’, = 0. Also,
AT'cg << AT'yc because the density of CEE’s in energy spaceghbgilgly low compared to the bulk (compare loss
and bulk regions in Fig. 2). For smakp, Eq. (1) reduces to

2| 1, (0, w,)(1- W) dw =0. ()

Intuitively, WCE's strike the wall with negligible-energy and Eq (2) is simply the integral overafiat
energies of electrons at the edge of the bulk, lvban be modeled as a 2-D Maxwellian of temperalyre T, [9].
Eq. (2) reflects our earlier heuristic explanatadnyc = 1 being the critical point of instability. Margil stability
reduces to the following condition, written as éoedy integral.

- _mt (my my) .
ywc~y2D(Tz)_f£W( jexp( 2_I_ZJCIV— 1 3

=
&
;

SEE Yield By

2

Ref.9 gives estimates for,J T, and®, in terms of plasma parameters. The formulas aupled, so 7, given by,

2
_I_Z ~ k 1+ Vturb n.la(E) 1+ In H L Mi (4)
I/en B Amfp en Tx 2me
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must be calculated numerically. While the formuka®
estimates within a factor of a few, the scalingdsurate, so 30
better precision can be obtained by choosing aection
coefficient k so that Eq. (4) agrees with the value of T
obtained in a simulation. Eq. (4) can then acciyaisedict 20
T, nearby in parameter space. We find the critica 2
temperature X, such thaty,, = 1, is 44.4eV and with k = "'*
3.34, the resulting curvggio(Vp) wherey,p = 1, divides the 10
parameter space into RSO and RSO-free regiong;igesd.

This gives credibility to the model because theveur 5
predicts where RSO transition occurs in thg, direction o . .
over a range of ¥ values using theamek. We conclude L0 == VD=EZI1B§(()t1ﬂscmls]

that RSO's should occur when, Figure 4. Simulations run over a range of parametes.
T,244.4eV (5) Marks represent plasmas that featured RSO’s

Previously, the regrowth of the WCE energy needed t(Squares) or reached a stable steady state (pluses)
drive oscillations was not well understood. We relye Characteristic curves showing T and yzp VS. Vraio and
found that the WCE energy gain following instailthat Vo are superimposed. H is fixed at 2.5cm.
precipitates the next instability is driven by d#fon in
velocity space that causes migration of hot elestrfisom
the bulk through the WCE region to the loss reghatice the “heating” of the WCE region occuringFig. 2 (b-d)
shows electrons moving left to right, whereas tigbu collisions alone would heat electrons verticalAn
additional energy source must exist.

The beams and high density of TBE’s produce shagkpin the beam/WCE regions of the,B¥, which is a
criterion for two-stream instabilitylfl]. The resulting fluctuations drive relatively cdi@am electrons leftward and
hot bulk electrons rightward in energy space, tlifausive manner that leads to average energy oathe WCE
region during the stable state. This is respoadii the trapping of beam electrons in R&f. But apparently the
reverse effect leads to a flux of WCE'’s to the waBecause the WCE’s are hotter, in general, thanbeam
electrons, this can be thought of as a net enexgpy |
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