A vacuum sheath propagation along a cathode
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The velocity of propagation of a vacuum sheath along the cathode is calculated. A regime of
parameters is identified in which, surprisingly, this velocity is lower for higher currents1996
American Institute of Physic§S1070-664X96)00208-X]

I. INTRODUCTION the figure$ towards the loadto the right of the plasma
Emission of electrons from an electrode that is immerse(yvh_en a voltage appears between the electrodes, glectrons are
in a plasma is a basic process common to many device§.mltted from the cathode at the generator S_'O_'e Of_ the
When the electron current drawn from the electrode is largeS@thode—plasma boundary. These electrons participate in the
a sheath is formed along the electrode that may evolve into @urrent conduction by the plasma. The plasma near the cath-
vacuum gap. The evolution of the sheath determines the ef®de in the region through which the current flows becomes
ergy of the emitted electrons that propagate in the plasmdgnuous, either because of erosion or because of being
and therefore affects the overall resistance of the plasma. Ipushed by the magnetic field pressure away from the cath-
the plasma opening switctPOS'? the sheath evolution ode. We assume that a vacuum gap is formed across which
might be crucial in determining the conduction time and thethe electrons emitted from the cathode pass during their mo-
load power delivery. Plasma erosion, plasma pushing by thgon into the plasma: At this stagd shown in Fig. 1a)] the
magnetic field pressure, and magnetic insulation of the eleccathode—plasma boundary is therefore composed of two re-
trons govern the sheath evolutio_n. Because of the complexitg:ons, region 1 of unperturbed plasma, and region 2 in which
of the phenomena, most analytical treatments of the shealljecirons are emitted and cross the vacuum gap. The vacuum
evolut.|on are either grge d'me”S'Of‘@D) or stationary gap widens and propagates axially. At the second stage the
two dimensionak2D).”” The evolution in time of the 2-D electrons that are emitted from the cathode at the generator

sheath is not well understood. Menf@nalyzed this 2-D . L
) ) : ide of the plasma, where the gap size is larger, become
evolution at the stage at which the current is so large that paﬁ . . .
ngagnetlcally insulated. This part of the cathode—plasma

of the electrons in the sheath that becomes a vacuum gap |i

magnetically insulated. During this stage the voltage pePoundary is denoted as region 3 in Fig. 1. Regions 2 and 3 of

tween the cathode and the plasma is several kV. Thus, a lardB® Poundary compose the sheath, which in this paper is
flux of electrons(hundreds of kA with moderate energy @assumed to be a vacuum sheath, out of which the plasma has
(keV) flow in the plasma. This stage lasts for a short timePeen pushed. Region 3 propagates to the right as does region
only. When the sheath reaches the plasma—vacuum bounda#y It is this stage, shown in Fig.(1), during which the

the voltage between the electrodes across the plasma beathode—plasma boundary is composed of the three regions,
comes several MV. In Mendel's analysis the velocity ofthat is treated in this paper. At the third stage region 2
sheath propagation was shown to(l‘iecsz)m, wherec is  reaches the load-side edge of the plasma, and the sheath
the velocity of light in vacuum and, is Alfvén velocity. As (regions 2 and Bthen occupies the whole cathode—plasma
could be intuitively anticipated, for a larger, the sheath poundary. This stage is shown in Figcll This is the termi-
propagates with a higher velocity. In this paper we show thahation of the conduction phase of the POS operation. A volt-
wheno , is larger tharice® (e is the mass ratio the veloc- age appears at the load and the switch begins to open. Fi-
ity of the sheath is smaller for a larger, . This counterin- nally, all the emitted electrons become magnetically
tuitive decreasing of the sheath velocity with the current in'insulated and no longer flow through the plasma. Only re-
crease is a result of the physical mechanism by which th%ion 3 exists then at the cathode—plasma boundary.

plasma carries a current. In simplified 1-D models the sheath is assumed to evolve
in time while remaining axially uniform. The whole sheath is

Il. THE MODEL considered first as region 2 and later as region 3. In order to
Figures 1a)—1(c) are schematics of a current-conducting find the conduction time, we take into account in this paper

plasma in the POS. The plasma fills a space of a finite axidhe 2-D nature of the sheath and calculate the velocity of

extent between the two conductors of a transmission linepropagation of regions 2 and 3 along the cathode.

Power flows from the generatéo the left of the plasma in In order to describe the evolution of the magnetic field

flux in the sheath at the cathode—plasma boundary, we apply

dpresent address: Center for Technological Education Holon, 52 GolomlEaradayS law to the dashed reCtangle In F@).’I.Faradays
Street, P.0.B. 305, Holon 58102, Israel. law takes the form
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FIG. 1. Schematics of the vacuum sheath evolution. The sheath is composed
A of regions 2 and 3 located between the cathode and the plasma. The elec-
trons emitted from the cathode in region(@noted by solid lingsmove
ballistically in the plasma, while the plasma electrgdsnoted by dotted
lines) generate a return current and then flow along the plasma boundary.
The width of the current layer at the plasma—vacuum boundary is enlarged
Vacuum in the figures. The emitted electrons are first accelerated by the electric field
and then decelerate while moving into the plasma. The sketch betigeen
and(b) shows the nonmonotonic dependence of the electric potential on the
distance from the cathode angdenotes the value of the potential at the
peak of the potential plot. Region 1 is an unperturbed plasma. In region 3
the electrons do not cross the gap since they are magnetically insuykted.
The initial stage—no region of magnetic insulatigegion 3. (b) The sec-
ond stage—the sheath propagates axially. The dashed rectangle is used for
applying Faraday’s law. This is the stage treated in the p&peThe third
u stage—the sheath has reached the load-side of the plasma.
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19 (= tric fields parallel to the three other sides of the rectangle are
! ! ! . . . .
“oat ), B(X",)yo(x’,t)dx zero. Inside the plasma the electric field is zero and therefore
it is zero along the upper and the right sides of the rectangle.
B B(x,t)? 1 At the cathode the parallel electric field is zero, and therefore
= @(X.yo(x), 1)~ 8mne ’ (1) there is also no contribution to the loop voltage from the
Herex is the coordinate parallel to the cathode in the direc—IOWer side of the rectangle. . .
. . . : We note that, as shown in the sketch at the top of Fig.
tion of the power flow and is the coordinate perpendicular 1(b), th tential d i tonicall funci
to the cathodeB is thez (and only component of the mag- » the potential does hot vary monaotonically as a function
of the distance from the cathode. The electrons emitted from

netic field (it is negative in our notation ¢ is the electric . . .
potential difference across the sheath evaluateg,an is the cathode are first accelerated by the electric field during

the electron plasma density, aeds the elementary charge. their motion in the sheath. They are then decelerated while
We assume that the magnetic field is present only inside th1€y move into the plasma across the potential hill at the
sheath of a sizg/,(x,t), and that the magnetic field in the plasma boundary. The potential hill exists because the
sheath is a function of andt only. Therefore, the left-hand boundary between an unmagnetized plasma and a vacuum
side (Ihs) of Eq. (1) is the change-in-time of the magnetic that is permeated by a magnetic field is positively chafged.
field flux through the dashed rectangle. The right-hand sidd he resulting electric field pushes the plasma ions away from
(rhs) is the integral along the sides of the dashed rectangle ghe cathode. This electric field also causes the plasma elec-
the parallel electric field. This integrathe loop voltage  trons to drift along the plasma boundary and to form a dia-
equals the potential difference between the cathode and theagnetic current. The unmagnetized plasma—vacuum
plasma along the left side of the rectangle, because the elebeundary was discussed in detail in Ref. 9 for the case that
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an electron beam is injected into the plasma and the height of B
the potential hill was shown to equal the second term on the =B (5¢)
rhs of Eq.(1). The associated electric field that pushes the
plasma ions away from the cathode decelerates the electrohtere w,;=(4mne’Z/M)*? is the ion plasma frequency,
emitted from the cathode after they have been accelerated H wp= el’zc/wpi is the electron skin deptheEZm/M), and
the sheath. Thus, while the first term on the rhs of By. By is the largest(negative value reached by the magnetic
expresses the electron acceleration in the sheath, the secdfield in the transmission line.
term expresses the deceleration across the potential hill. The Equation(1), written for the above dimensionless quan-
sum of the two terms on the rhs of Ed) is the loop voltage tities, becomes
along the sides of the dashed rectangle in Fig).JEquation 9 (=
(1) was used by Mendel in his analygisyith only the first p— f b(X",7)¥o(X', 7)dX = @(X, ) — p*b?(X,7).
term on the rhs. The novel phenomenon described in this IT Jx
paper results from the inclusion of the second term. ®)

In Fig. 1 the electrons emitted from the cathddenoted  Equation(2) becomes
by solid lineg are shown moving as a beam ballistically ~
across the plasma. The plasma electr@enoted by dotted % —pb @)
line9 are generating a return current in the plasma and a 97 '

diamagnetic current along the plasma—vacuum boundary. Agnd Eqs.(3) and(4) are combined to form
mentioned above, this diamagnetic current is driven by the '

potential hill that is expressed in the second term on the rhs b o%2

of Eq. (1). We note that the present analysis is valid also in P 3% §2 ®)
the case that there is no return current but rather the electrons

emitted from the cathode provide the diamagnetic currentn Egs.(6)—(8) the single parametey is

We also note that there might be a sheath at the anode— 2 va

plasma boundary, and a voltage across it. We do not address pP= 3 o 9)

the anode sheath here.
We assume that the sheath size is determined by th&herev ,=—By/(47nM/Z)*2 Similarly to the equations in

magnetic field pressure Mendel's analysig,Egs.(6)—(8) have solutions of a traveling
Mo B wave form
ot (AmnMIZ)e! @ Yo=Ym exd —k(x—7], (109
and that the electron flow in the gap is governed by the b=exp[—§(>”<—ﬁr)], (10b)
Child—Langmuir law
1 2¢e 1/2 Q03/2 and
—J:g<ﬁ I (3) o= om exi —2k(x—07)], (109

HereZ andM are the ion charge number and massis the for Xx—U7r>0. Region 3 in which the electrons are magneti-
electron mass, angis the current density in the direction. ~ C@lly insulated is located at<ur. By choosing a traveling
We also use Ampe’s law. wave solution we describe the evolution during the period of

time at which the generator current and the associated mag-

, 4) netic field have reached constant values. However, we be-
c X lieve that the behavior in the general case is similar. Region

2 of the sheath extends in our solution to a constant-in-time
h axial lengthk 1. Region 2 and the boundary between re-
gions 2 and 3 propagate _axially with a constant veloaity
We next find the values &€ andli and the values of,, and
as functions of the parametpr
Equations(6)—(8) become
2

neglecting the displacement current. Equatidbs-(4) are
the governing equations. Equati®®) describes the sheat
evolution in region 2 only, in which the electrons are unmag
netized. ~

In order to simplify the analysis, we introduce the fol- ¥m
lowing dimensionless quantities:

pe .
. w P~ 52
Yo=—"Yo. (53 == 6n—P?, (113
. oy kigm=p, (11b)
x=—2 x, (5b) "
¢ and
T= %61/4wpit, (50 ~3/2
k=M
. 8e pk= V2 (110
¥ omee ¢ (54 )
For a givenp these are three equations for the unknagyn
and Ym, k, andl. An additional equation is obtained from the
Phys. Plasmas, Vol. 3, No. 8, August 1996 A. Fruchtman 3113
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1 1T T T T T T I T T T T T T [ T 9mz(1+ 5)’ (19)
M - 1 where
|- 1) .................. u -
L T ot .
0.8 '_— l\ —_ = 2p21
ro 7 and
! . ~
0.6 =1 . k=p?, (203
| ! | ~
Lo | e=p?, (20b)
i H
! _ .1
04l Vo N a=—. (209
L \\ E p
LN 1 We note that in this regime the potential difference between
02— \\ — the cathode and the plasnithe rhs of Eq.(119] is unity.
I N e 1 While in the regime described by Mendéi is an increasing
I e i function of p, in the new regime explored heteis a de-
ol e b T d creasing function op. These two regimes are presented in
0 2 4 6 8 Fig. 2.

With the definitions(5), let us write these results in di-
FIG. 2. The normalized velocity of sheath propagaiioand sheath sizg,, mef§lon7| units. Ihe~d|m$2nsll,c2)/nal quzntTeila#?ﬁwpiIZC,
as a function of the parametpr Ym=YmC/ @pe, ‘Pm_'g‘Pmm € “/8e, andu=3uce™".
In the first regime

2 Ua
magnetic insulation of the electrons. The gap size at §§m<l-

(21
X—Ur=0 equals the electron Larmor radius. In the dimen-
sionless coordinates this implies that The sheath size is
Yo~ c 3¢ | 23
PYm= P (12 Y= 61/2( 2—) , (22a
It is convenient to combine the equations to form @pe Ua
P m(y2—1)=1. (13  the inverse length of the sheath is
(o 2ol (20a) " (225
Il. THE VACUUM SHEATH EVOLUTION 2ce |\ 3c ’
Figure 2 showsi andy, as a function op. At the limit  the electric potential is
in which _9mc2 20a 23
p<1, (14) Pm="ge | 30| (229
the sheath size is and the sheath velocity is
T 15 u=(18c% )", (220
P The energy that the electrons emitted from the cathode have
In that case, the sheath when they move into the plasma is obtained from the rhs of
Vm>1 (16) Eqg. (113. In the regime defined by E¢21) this energy is
/
and is much broader than the electron skin depth. The other 9me? ZU_A)” 23)
guantities are 8 3c/
k=p*3 (179 In the second regime
~ 23
b= ) (17b) 2 Ua
P 5 >l (24)
U=p3 (179 ce
Equations (15) and (17) describe the case analyzed by Then the sheath size is
Mendel! and inequality(14) defines the regime of validity of c
this case. The potential difference between the cathode and Ym= P (253
the plasmdthe rhs of Eq(113] is p?°. o F
At the opposite limit and its inverse length
> w 2U 2
p>1. (18) k= Z_F(J:e ( 3ée) , (25b)
In that case the sheath size is comparable to the electron skin

depth, where
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the cathode, for which inequalitg0) is satisfied, is approxi-

v
Upe= 6—1A/§1 mately between 6 and 28 kG for the hydrogen plasma, and
between 4 and 24 kG for the carbon plasma. The regime
the electric potential is described by inequality14) is valid only for weaker mag-
BS netic fields.
Pm=gne’ (250 An additional requirement in order for the plasma to
remain unmagnetized is that the sheath velouitis larger
and the sheath velocity is than the velocity of the Hall-induced penetratidr
9c2e [=vac/(wpil), | is a characteristic plasma lengtThis re-
U= Zon (250  quirement imposes the condition
The i i V2 (1o i\ M2
velocity of propagation of the sheath along the cathode P< -1 (_p) ) (31
is lower for higher currents. The energy that the electrons € c
emitted from the cathode have when they move into thex necessary condition in order for both the left inequality in
plasma, in the regime defined by H@4), is (30) and inequality(31) to be satisfied is that
9m02 1/2
g € (26) I> (32)
wpe
The energy(26) is larger than the energ{23). The energy One could argue that the emitted electrons do not neces-

(26) is the maximal energy the electrons emitted from thesarily move ballistically in the plasma, nor is a plasma return
cathode have inside the plasma. It is clear though that duringyrrent set up. However, as we mentioned in Sec. II, our

their motion across the potential hill they may have a higheinodel describes the sheath evolution also in the case that the

energy. emitted electrons flow along the plasma boundary and form
the diamagnetic current. The upper limit in inequalid®) is
IV. DISCUSSION in fact too strict.
Several conditions have to be satisfied in order for the In summary, we presented here a 2-D time-dependent
model to be valid. We require that model of a vacuum sheath evolution along a cathode. We

identified a regime of parameters in which the velocity of

sheath propagation is lower for higher currents. We note that
U>va, (270 the assumption that the sheath propagates by forming a

and vacuum gap is not necessarily true. Currently under investi-

gation is the propagation of the sheath along the cathode in a

Uae<l. (279 quasineutral plasma that is induced by plasma erosion, and

In order for (27) to be satisfiedp should be much smaller that is followed only later by a vacuum gap formation.

than 2(3¢"4. A more stringent condition follows the as-
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