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Sheaths in low temperature collisionless and weakly collisional plasmas are often viewed as simple
examples of nonlinear physics. How well do we understand them? Closer examination indicates that
they are far from simple. Moreover, many predicted sheath properties have not been experimentally
verified and even the appropriate “Bohm velocity” for often encountered two-ion species plasma is
unknown. In addition, a variety of sheathlike structures, e.g., double layers, can exist, and many
two- and three-dimensional sheath effects have not been considered. Experimental studies of sheaths
and presheaths in weakly collisional plasmas are described. A key diagnostic is emissive probes
operated in the “limit of zero emission.” Emissive probes provide a sensitive diagnostic of plasma
potential with a resolution approaching 0.1 V and a spatial resolution of 0.1 cm. Combined with
planar Langmuir probes and laser-induced fluorescence, they have been used to investigate a wide
variety of sheath, presheath, and sheathlike structures. Our experiments have provided some
answers but have also raised more questions. ©2005 American Institute of Physics.
fDOI: 10.1063/1.1887189g

I. INTRODUCTION

Sheaths are non-neutral regions that normally form at
plasma boundaries to balance electron and ion losses. They
are one of the most prominent and well-known features of
confined plasma. Sheaths matter. In low temperature plasma,
sheaths are critical to providing directed ion energy for di-
rectional etching in the fabrication of semiconductor devices.
In high temperature plasma, sheaths determine the details of
wall heating, erosion, and wall material recycling. Knowl-
edge of sheaths is important to the understanding of plasma
wall interactions, Langmuir probe characteristics, plasma
etching, spacecraft charging, etc. Sheaths in unmagnetized
collisionless plasma are often viewed as a simple example of
nonlinear physics. But are they simple, and how well do we
understand them? Examination of the literature on sheaths
indicates that they are far from simple and that many pre-
dicted sheath properties have not been experimentally veri-
fied. In addition, a variety of sheathlike structures—double
sheaths and double layers—can exist. Ions require a finite
sBohmd velocity at the sheath boundary. Experimental stud-
ies of sheaths’ and presheaths’ potential drop required to ac-
celerate ions to the Bohm are described.

II. THEORETICAL CONSIDERATION

A. Derivation of sheaths

The usual derivation of the sheath potential profile con-
siders space charge limited emission.1 Ions or electrons origi-
nate from a sheath boundary where the electric field equals
zero. Consider an ion source atx=0, f=0, assume the elec-
tric field E0=−df /dx=0, the velocityv0<0, andf=−V at x.
We can express the ion densitynisxd by

nisxd =
J0

evsxd
=

J0

eS− 2ef

mi
D1/2, s1d

where J0 is the ion current density at the boundary. If no
electrons are assumed, Poisson’s equation gives

d2f

dx2 = −
ne

«0
= −

J0

«0S− 2ef

mi
D1/2. s2d

Multiplying by df /dx and integrating twice gives the Child–
Langmuir law.

J0 =

«0S2e

mi
D1/24

9
V3/2

x2 . s3d

Note that zero initial velocity has been assumed atx=0 and
electrons are ignored. These assumptions limit the applica-
tion of this result to potentials which satisfyeV/Te@1, with
the electron temperature in units of eV.

Langmuir2 recognized that ions in plasma required a fi-
nite velocity directed into the sheath at the sheath boundary
and Bohm3 showed that the directed velocity needed to sat-
isfy vùcs<ÎsgiTi +Ted /mi. The directed velocity must ex-
ceed the “Bohm velocity”cs that also equals the ion acoustic
wave velocity. Following Stangeby and Chankin,4 the Bohm
criterion can be derived as follows: The Boltzmann relation
for sisothermald electrons gives

dne

dx
=

ene

Te

df

dx
= −

ene

Te
E, s4d

whereE is electric field. AssumingTi to be constant, conser-
vation of ion flux and one-dimensional behavior, the ion fluid
equations can be written
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d

dx
snivid = 0, s5d

nimivi
dvi

dx
= −

dpi

dx
+ eEni . s6d

Takingdpi /dx=dni /dxgiTi and combining Eqs.s4d–s6d gives

1v2 −

giTi + TeSdne

dx Y dni

dx
D ni

ne

mi
2dni

dx
= 0. s7d

Equations7d is satisfied in the bulk plasma, wherene=ni and
dni /dx=dne/dx=0. At the sheath edge, assumingne=ni, and

dni

dx
=

dne

dx
Þ 0, s8d

vi
2 =

giTi + Te

mi
; cs

2. s9d

The assumptiondne/dxÞ0 is equivalent to assuming that
EÞ0. The plasma potential in the ion sheath must have
negative curvature. Poisson’s equation givesni ùne through-
out the ion sheath so

dni

dx
ø

dne

dx
s10d

at the sheath edge. Thus the ion drift velocity must be at least
as large as the Bohm velocitycs.

If we take

J0 = aini0eÎTe

mi
, s11d

whereni0 is the density in the bulk plasma,aini0 is the ion
density at the sheath boundary, andTe@Ti is assumed,

ain0e
2STe

mi
D1/2

Te =

«0TeS2e

mi
D1/24e

9
V0

3/2

s2 , s12d

s

lD
=

0.79
Îai

SeV0

Te
D3/4

, s13d

wherelD is the Debye length and −V0 is the bias voltage on
the boundary. Equations13d gives the “Child–Langmuir”
sheath. The lengths can be identified as the sheath thickness.
It is apparent that the ion sheath thickness is proportional to
the Debye length in weakly collisional systems with
eV0/Te@1. The Debye length is normally much smaller than
the plasma dimensionsL.

B. Presheath

Acceleration to the Bohm velocity in weakly collisional
plasma requires an axial potential profile connecting the
sheath to the bulk plasma. This region can be identified to be
the Bohm presheath. Assuming a collisionless presheath, ion
energy conservation, quasineutrality, and electrons satisfying
the Boltzmann relation, a potential drop ofeDf=−Te/2 is

required to give ions starting at rest enough energy to reach
the Bohm velocity wheren0 is the bulk plasma density.

The density at the sheath edge is

n = n0 expSeDf

Te
D = 0.61n0. s14d

The presheath potential dropDf increases when collisions
are present,5,6 so ai is normally smaller than 0.61.

Riemann7 has shown that when ionization can be ne-
glected and when the ion-neutral collision cross section is
either independent ofv or proportional to 1/v, the plasma
potential in the presheath varies as

esf − f0d
Te

=Îx − x0

lc
, s15d

where lc is the ion-neutral collision mean free path. The
derivation of the Child–Langmuir sheath assumed the elec-
tric field at the sheath edge equals 0. On the other hand, Eq.
s15d suggests thatE→` at x0. How big isE at the presheath/
sheath boundaryx0? Godyak8 has argued the electron density
has a scale length the order of the local Debye length so Eq.
s4d givesE<Te/elD. Godyak argued thatE=Te/elD is the
appropriate sheath boundary condition. The electrons must
be considered wheneV/Te is not much greater than 1.0.
When the boundary potential is in this range, the sheath is
often referred to as a Debye sheath. The plasma potential
profile depends on the details of the electron and ion velocity
distribution functions at the sheath boundary. In this paper, it
is assumed thateV0/Te@1. In this case, the region in which
the electron density is reduced to a negligible value is iden-
tified as the transition region.

C. Electron sheaths

The result given by Eq.s13d is independent of mass and
similar results can be derived for electron sheaths that con-
tain no ions. Ion sheaths are well known while electron
sheaths in weakly collisional low temperature plasma are
only common near Langmuir probes biased to collect elec-
tron saturation current. IdentifyingJ0e as the random electron
flux directed toward the sheath at the sheath edge

J0e = ae
n0ee

4
Î 8Te

pme
s16d

gives

s

lD
=

0.32
Îae

SeV0

Te
D3/4

. s17d

In many situations a potential dip forms between the bulk
plasma and the electron sheath. The potential minimum
serves as a virtual anode. The presence of the potential dip
Dfdip reduces the electron sheath current density to

ae = expS− eDfdip

Te
D . s18d

In weakly collisional plasma, ion sheaths are normally found
at the boundaries. The plasma potential is more positive than
most positively biased electrode. Electron sheaths are nor-
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mally only present near small probes when they are biased
more positive than the plasma potential or at electron emit-
ting surfaces. In high-pressure collisional plasma, such as
those used in lighting, electron sheaths can be present at
boundaries. Electron sheaths are found when conductors are
biased more positive than the plasma potential. A small
probe biased much more positive than the plasma potential
provides a small perturbation. But what is a small perturba-
tion? The answer is somewhat surprising.

There are two sources of electrons in partially ionized
hot cathode produced laboratory plasma, those injected into
the plasma and those created by ionization of neutral gas
within the plasma. In electrodeless rf produced plasma, all
electron loss must be balanced by ion loss. The steady-state
loss rate of ions must balance the loss rate of electrons cre-
ated by ionization because ion and electrons are created with
equal rates. The ion loss need not balance the injected elec-
tron current. Of course electrons lost at an electron sheath
can be of either class.

It is tempting to argue that electron sheaths that extract a
small fraction of the electron loss represent a small perturba-
tion to the system. In fact, electron sheaths can extract all of
the electrons lost from the system. The ratio of electron to
ion flux associated with electrons created by ionization from
Eqs. s11d and s16d is approximately equal toÎmi/me if no
potential dip is present. The limit to the size of the existence
of an electron sheath is provided by the condition that the ion
loss current be balanced by the electron loss current. Assum-
ing all the electrons are lost at the electron sheath gives

Ai

Ae
<Îmi

me
, s19d

whereAi andAe are the ion and electron loss areas. For large
Ae, the electron sheath is no longer a viable solution. The
presence of a potential dip improves the situation. For suffi-
ciently largeAe, only a plasma potential more positive than
the positive electrode potential combined with an ion sheath
can provide the necessary balance of electrons and ion
losses.

III. SHEATH AND PRESHEATH MEASUREMENTS

Sheath plasma potential profiles are hard to measure.
Electric fields in sheaths in many laboratory plasmas are the
order or smaller than 100 V/cm or less and can have dimen-
sions less than 1 mm. Langmuir probes provide a way to
determine the properties of bulk plasma but they do not work
in sheaths or presheaths. The equipotential contours near a
Langmuir probe inserted in a sheath are shown in Fig. 1.9 It
is apparent that biasing the probe results in a large perturba-
tion to the sheath structure and that electron saturation cur-
rent will provide the bulk electron parameters rather than the
local sheath/presheath parameters. We see that the probes
tend to short out the sheath.

A. Emissive probes

Emissive probes have been a key diagnostic in our work.
Operation of emissive probes in the limit of zero emission10

is a diagnostic technique we developed to investigate weak

electric fields and to distinguish between bulk and beam spe-
cies. They provide a sensitive and relatively nonperturbing
diagnostic of plasma potential with a resolution approaching
0.1 V and a spatial resolution of 0.1 cm. An emissive probe
consists of an electron-emitting source whose potential can
be varied. A simple version is a thermionically emitting hot
wire ssee Fig. 2d. It provides a measurement of the plasma
potential because electron emission is suppressed when the
hot wire is biased more positive than the plasma potential,
and electrons can be emitted when the wire is biased more
negative than the plasma potential. Space charge surrounding
the emitting wires reduces emission so that probes must be
biased more negative than the plasma potential to emit. The
basic idea of this technique is to extrapolate the inflection
point to zero emission. An emissive probe was used to deter-
mine the equipotential contours shown in Fig. 1. The current

FIG. 1. Equipotential contours near a 0.5 cm diameter planar Langmuir
probe biased at 0 V. The probe was positioned 0.6 cm from a plate biased at
−50 V.

FIG. 2. Schematic diagram of an emissive probe.
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emitted into plasma by a hot wire vs the bias voltage on the
wire is shown in Fig. 3. For low bias voltage the emitted
current is space charge limited and given by the Child–
Langmuir law. For sufficiently high negative bias voltage to
the probe, the emitted current is given by the Richardson–
Dushman equation

Jth = AT2 expS−
eW

Tw
D , s20d

where W is the work function. The current switches from
electron current emission to current collection when the
probe is biased more positive than the plasma potential as
shown in Fig. 3. The curves all coincide in this regime. Dif-
ferentiating the current vs voltage with respect to bias volt-
age gives the inflection point, i.e., the transition from emis-
sion to collection as seen in Fig. 4sad. Representative data
showing the derivative of the current-voltage curves and the
extrapolation to zero emission current are shown in Fig. 4sbd.
Over the years we have used emissive probes to determine
the plasma potential in systems with plasma densities rang-
ing from “vacuum”11 to 1013 cm−3, electron temperatures
ranging up to 20 eVsRef. 12d and neutral pressures up to
1 Torr.13

Experimental measurements were carried out using
multidipole14 “soup pot” plasma devices originally con-
structed out of stainless steel cooking pots15 ssee Fig. 5d.
Multidipole soup pots were employed in many of the experi-

ments reported in this paper. Steady state plasma was pro-
duced by primary electrons, with energies the order of
60 eV, emitted from heated thoriated tungsten filaments. Pri-
mary electron confinement is enhanced by the surface mul-
tidipole magnetic field produced by permanent magnets.

B. Ion sheath data

The sheath at an electrode biased much more negative
than the floating potential is an example of an ion sheath.
The first measurements of the plasma potential associated
with such a situation, measured in weakly ionized multidi-
pole plasma, are shown in Fig. 6sad.16 A closer look at the
sheath shown in Fig. 6scd shows that the Child–Langmuir

FIG. 3. Current-voltage curves for a heated wire probe. CurvesA–D cor-
respond to increasing heating voltage.

FIG. 4. sad Derivative of emissive probeI-V characteristic curve.sbd Inflec-
tion point of I-V characteristic curve as a function of the ratio of the tem-
perature limited emission current to the collected current.

FIG. 5. Multidipole “soup pot” device. Alternating north and south line
“cusps” provide a surface magnetic field.

FIG. 6. Plasma potential profiles oversad all of the plasma,sbd the
presheath,scd the “electron-free” sheath, andsdd the transition region of the
sheath. Data are for 0.44 mTorr with a plasma electron density of 2.1
3107 cm−3. The lines show the fitted profiles.
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law is a good fit. Note that the fit is insensitive to the region
whereeV/Te,1. These data provide an opportunity to verify
the assumptions used to derive Eq.s13d and to establish the
characteristics of the presheath that accelerates ions to the
Bohm velocity. Equations15d is seen to be a good fit to the
data in Fig. 6sbd. The dependence of the presheath potential
profile on neutral pressure is shown in Fig. 7. The dimen-
sionless plasma potential data graphed vsx multiplied by
pressure proportional tox/lc are all fit by Eq. s15d. The
parametersx0 and f0 were determined from the best fits.
After fitting the Child–Langmuir law to the sheath and Eq.
s15d to the presheath in Fig. 6sbd, a transition region was
identified between the sheath and the presheath. Quasineu-
trality breaks down in this region. Note that the transition
region thickness, found to be approximately 2lD, is a signifi-
cant fraction of the Child–Langmuir sheath width and the
potential drop in the transition is comparable to the presheath
potential dropfsee Fig. 6sddg. The fitting procedure underes-
timates the transition region thickness because the Child–

Langmuir sheath is assumed to start with zero electric field.
The electric field in the transition region was found to be
approximately equal toTe/elD in agreement with the predic-
tions of Godyak.

Collisions with neutrals become important for sheaths at
higher neutral pressures. Emissive probe measurements of
the sheath in a dc glow discharge given in Fig. 8sRef. 17d
show the sheath is much broader than a Child–Langmuir
sheath. Ion motion is described by mobility-limited flow.18 In
very collisional plasmas, the ion collision lengthlc can be
much smaller thanlD. For example, consider an argon
plasma with n=108 cm−3, Te=3 eV, and neutral pressure
=10 Torr. In such plasmas, there are only two relevant scale
lengths, the plasma dimensions and the collision length. In
this case, the bulk plasma takes on the role of the presheath
that must be matched to a collisional sheath. The electric
fields in the bulk plasma and sheaths are comparable and
Bohm sheath criterion need not apply and the velocity at the
wall may not reachcs.

C. Electron sheath data

The plasma potential profile measured along the axis of
a positively biased plate located in multidipole plasma shows
the presence of an electron sheath as seen in Fig. 9.19 A
ceramic insulator covered the backside of the plate. When

FIG. 7. Presheath plasma potential normalized to electron temperature vs
distance from the sheath/presheath boundary multiplied by the neutral pres-
sure. 0.44 mTorr data were measured for three combinations of filament
heating voltageVf and filament bias voltageVb indicated byVfVb.

FIG. 8. Plasma potential profile of a dc glow discharge
operated at 0.1 Torr.

FIG. 9. Representative electron sheath near a plate biased at 20 V.
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the insulator was removed, an electron sheath was not found
and the plasma potential near the plate was more positive
than the plate bias potential. This result is shown schemati-
cally in Fig. 10.20 For curveA no insulator was present while
for curveB the insulator was present. That result was attrib-
uted to the presence or absence of the insulator. Our recent
measurements21 have made it clear that the change in profile
was the result of doubling the plate conducting area. Mea-
surements of the plasma potential fars30 cmd from a biased
plate at low pressure in another device given in Fig. 11sad
show that the bulk plasma potential remains unchanged with

increasing plate bias until a critical value is reached. Beyond
this value, the potential drop across the electron sheath re-
mains approximately constant by increasing the bulk plasma
potential. The sheath width increases with increasing voltage
drop across the sheath. With increasing neutral pressure the
critical value of bias voltage moves to lower values. In Fig.
11sbd, the current drawn by the plate for conditions corre-
sponding to those of Fig. 11sad are shown. The critical value
of potential is seen to correspond to the condition that the
plate draws the emission current from the filament.

The potential dip shown in Fig. 9 and Fig. 10 presents a
problem in steady-state plasma.22 Ion-neutral charge ex-
change in weakly collisional plasmas should fill up the po-
tential dip. Charge exchange ions are electrostatically
trapped in the well. The increased ion density reduces the
curvature, i.e., the well depth. In steady state the dip should
not exist. The solution appears to be that the potential dip
seen in one direction is not a dip in the perpendicular direc-
tion, and that ions can leak out in the radial direction.19

The extremes of the plasma potential in rf plasma can be
determined from the time-averaged emissive probeI-V char-
acteristic curve. Peaks in the derivativedI /dV are found at
maximum and minimum of the plasma potential. This is il-
lustrated by data for a low-density inductive discharge shown
in Fig. 12.23 rf is applied to a spiral coil separated from the
plasma by an electrostatic screensFaraday shieldd whose
area could be variedssee Fig. 13d. It is apparent that the
minimum plasma potential is approximately constant near
20 V while the maximum varies linearly with the open area.
Data near an electrode, to which a sinusoidal voltage is ap-
plied, in a filament produced multidipole plasma, is shown in
Fig. 14.24 Note that the maximum positive profile resembles
the electron sheath profile including the potential dip shown
in Fig. 9. The minimum potential profile resembles the ion
sheath profile. Ion trapping in the potential dip is not a prob-
lem because charge exchange ions are emptied out each
cycle. Overall, the characteristics of the potential dips are not
understood.

IV. ACCELERATION AND “SHEATHS”
AWAY FROM THE PLASMA BOUNDARY

Are presheaths the only way for ions to be accelerated to
the Bohm velocity? In collisionless plasma it is not clear that
the acceleration must take place in a region immediately ad-
joining the sheath. Schwager and Birdsall have provided an
example of separation of the acceleration region from the
sheath25 in single ion species plasma. They modeled a Max-
wellian source and absorbing plasma boundary using an
electrostatic particle simulation code and found ions reach
the Bohm velocity in the source sheath, obviating the need
for presheath acceleration.

We have assumed sheaths occur at the plasma boundary.
Do sheaths always occur at the boundaries? Two alternative
wall plasma potential structures are shown in Fig. 15.26

Double sheaths are well known near electron emitting
surfaces.27 Transient double layers have been identified as
naturally occurring in magnetospheric plasma and both tran-
sient and steady-state double layers have been produced in

FIG. 10. Schematic of possible steady-state plasma potential profiles near a
positively biased plate. CurveA corresponds to a large plate. CurveB cor-
responds to a small plate.

FIG. 11. The dependence of bulk plasma potential and plate current at an
electron sheath on the plate bias voltage for five neutral pressures. The plate
diameter was 5 cm and the filament emission current was 0.5 A.sad Plasma
potential vsVplate−Vplasma. sbd Plate current vsVplate−Vplasma.
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laboratory plasma. Double layers are non-neutral regions lo-
cated away from a plasma boundary that resemble an ion
sheath connected to an electron sheath. They are typically
several Debye lengths in thickness.

The plasma potential and ion and electron phase spaces
for double layers and sheaths are shown in Fig. 16.26 Trapped
sreflectedd and free particles determine the potential struc-
ture. Electronssionsd are trapped for ionselectrond sheaths.
Both electrons and ions can be trapped or free for double
layers. Double layers have been observed when three of the
four possibilities are present.28 It is important to note that
Poisson’s equation does not depend on the direction of the
particle velocities so free particles can enter the double layer
from either side. Naturally occurring stationary double layers
have not been identified near the walls of uniform plasma
devices but no one has looked for them. However, naturally
occurring double layers have been identified in nonuniform
magnetized plasma.29–31 Representative experimental double
layers in which trapped and free particles are provided at

plasma boundaries are shown in Fig. 17sRef. 32d and Fig.
18.33 Ion acceleration can also be provided by combinations
of several presheaths or double-layers. Multiple double-layer
structures have been observed34 in laboratory plasmassee
Fig. 19d, as have multiple presheaths35 salthough not in col-
lisionless plasmad.

V. MULTIPLE ION SPECIES

A. Theory

Most plasma encountered in industrial applications18 or
fusion studies consist of more than one-ion species. While
many of the characteristics of the presheath are understood in

FIG. 12. sad As the conducting area of
the electrostatic screen is increased,
the right-hand peak shows a decrease
in the rf fluctuation amplitude. The
left-hand peak is approximately con-
stant.sbd Asymmetric behavior of the
plasma potential with changing screen
area. The lower limits of the plasma
potential are almost constant.

FIG. 13. A schematic drawing of the inductive source and the electrostatic
sFaradayd screen.

FIG. 14. Maximum and minimum plasma potentials profiles at different rf
frequencies, measured by the time-averaged emissive probe technique. The
applied rf was symmetric with respect to the ground. Plasma conditions
were ne,109 cm−3, Te,2 eV, Po,10−4 Torr. The inset shows the times
when the maximum and minimum plasma potentials occur.
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single species, this is not the case in multispecies plasma.
The behavior of plasmas with two or more positive ion spe-
cies is not a simple extrapolation from single positive ion
species plasma. Mobility limited flow cannot provide the
Bohm velocity or close to the Bohm velocity for each spe-
cies and it is not clear that each ion species should reach
those velocities.

In the presence of multiple-ion species, Riemann has
derived a generalized Bohm criterion that must be satisfied at
the sheath/presheath boundary.36 Assuming collisionless,
instability-free one-dimensional motion, conservation of ion
energy and flux at sheath/presheath boundary and Boltzmann
electrons gives

]ni

]f
= o

j

nj0e

mjv j0
2 S1 −

2ef

mjv j0
2 D−3/2

s21d

and

]ne

]f
=

e

Te
ne0 expSef

Te
D . s22d

Equating Eqs.s21d and s22d at the sheath/presheath bound-
ary, wheref;0 gives Riemann’s generalized Bohm crite-
rion for a system of multiple-ion speciesshere assumed to all
be singly chargedd

ne0

Te
ù o

j

nj0

mjv j0
2 . s23d

It is important to observe that this criterion depends explic-
itly on the all species velocities at the sheath edge. The ve-
locities of individual species are not specified. Although an
infinite number of solutions exist, two interesting ones are
the following:

Solution 1,
1

v j0
2 =

1

csj
2 <

mi

Te0
, s24d

assumingTi !Te, and

FIG. 15. Plasma potential profiles associated with three non-neutral struc-
tures: an ion sheath, a virtual cathode, and a double layer.

FIG. 16. Plasma potential profiles and ion and electron phase space associ-
ated withsad an ion sheath andsbd a double layer.

FIG. 17. A typical potential plot for double layers as measured by an emis-
sive probe. Planar Langmuir probes do not provide a good measurement of
the plasma potential over the region betweenA andB. OutsideA andB, the
emissive and collecting probes are in good agreement.

FIG. 18. Double layers corresponding to different discharge conditions.
Curve A shows the potential profile along the column before the double-
layer formation when an electronsanoded sheath is present. CurvesB andC
show double-layer corresponding to two different discharge currents.
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Solution 2, all ions have the same velocityvs at the sheath/
presheath boundary

vs
2 ù o

j

nj

ne0

Te0

mj
= o

j

nj

ne0
csj

2 . s25d

For solution 1, each ion species is lost at its own Bohm
velocity while for solution 2, all species are lost at the same
velocity vs which equals the sound velocity of the system of
particles. In the presence of weak collisions and instabilities,
it is not clear whether solution 1 or 2 or perhaps another
solution describes the losses from a multi-ion system. Solu-
tion 1 is somewhat attractive because if ions are born with
the same spatial profiles, they might be able to pick up the
same kinetic energy in falling through the presheath poten-
tial. However, in real plasma the assumption of collisionless,
instability-free one-dimensional motion is not realistic.
Charge exchange, other ion-neutral collisions, different spe-
cies ionization rates, and streaming instabilities in real
plasma all can affect the first solution.

B. Laboratory experiments

The presheath/sheath boundary near a negatively biased
plate in a multidipole plasma was identified as the position
where a significant change occurred in the plasma potential
measured by an emissive probe. Laser induced fluorescence
sLIFd measurements were made of the argon ion velocity
distribution function in argon plasma using a diode laser.37

The data given in Fig. 20sad demonstrate that the Ar+ ions
reach their Bohm velocity at the sheath edge as expected.
LIF measurements in a two-speciessargon+heliumd plasma,
given in Fig. 20sbd, demonstrate that the Ar+ ions reach their
Bohm velocity before reaching the sheath edge. The gener-
alized Bohm condition could then be satisfied with He+ ions
moving slower than their Bohm velocity at the sheath bound-
ary but the assumptions used to derive the generalized Bohm
condition are questionable.

VI. INSTABILITIES

The drift velocities of the two-ion species differ through-
out the presheath although they might be the same at the

presheath/sheath boundary. The velocities differ by less than
the individual species Bohm velocities. This ion distribution
function is ion-ion two-stream unstable.38 The frequency
spectra of ion saturation current to a negatively biased cylin-
drical probe are shown in Figs. 21sad and 21sbd as a function
of the neutral concentration of Ar added to a He plasma. As
seen in Fig. 22sad, the instability frequency increases with
the addition of argon. This behavior is qualitatively consis-
tent with the predictions of the appropriate ion fluid and
kinetic equations shown in Fig. 22sbd. Note that different
scales are used for the theory and data. The linear growth
rates calculated for the instabilities shown in Fig. 22sbd are
relatively small and unlikely to make significant changes in
the ion distribution functions. The Ar+/He+ ratio does not
equal the Ar/He ratio of the neutral species because of Pen-
ning ionization of the Ar via He metastables.39 The Ar+ and
He+ concentrations in the bulk plasma were determined from
the phase velocity of ion acoustic waves launched in the bulk
plasma region.40 The concentrations in the presheath were
not corrected for the effects of ion accelerationsand the cor-
responding density reductiond or charge exchange.

FIG. 19. Plasma potential vs axial position of a two-step double layer.

FIG. 20. sad The spatial profiles of the plasma potential and ion drift veloc-
ity determined by LIF in an Ar plasma.Cs is the argon ion Bohm velocity.
sbd The plasma potential and drift velocity profile for Ar+ in an Ar+He
plasma.C1 is the argon ion Bohm velocity.
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VII. CONCLUSIONS

Overall, ion sheaths in single-ion species weakly colli-
sional plasma witheV/Te@1 are better understood than
electron sheaths. Both ion and electron sheaths can exist and
the Child–Langmuir law provides good fits to potential vs
position wheneV/Te@1. Electron sheaths are much less
common than ion sheaths because they require that a suffi-
cient area be available in the plasma chamber for the ion loss
current and many chambers are not big enough. The charac-
teristics of potential dips preceding many electron sheaths
are not well understood.

In weakly collisional plasmas, most of the ion accelera-
tion to the sheath boundary takes place in a presheath within
a collision lengthl of the boundary. Emissive probe data
show the plasma potential in the presheath varies asef /Te

=Îx/l, measured from the sheath/presheath boundary in
agreement with Riemann’s predictions. WheneV/Te@1, the
Child–Langmuir sheath provides a good fit. A transition re-
gion, the Debye sheath, in which the ion density becomes
negligible is found between the presheath and Child–
Langmuir sheath, so sheaths are normally thicker than the
Child–Langmuir sheaths. The electric field in the transition
region is found to beE<Te/elD in agreement with the
qualitative predictions of Godyak. LIF data indicatev<cs at
the presheath/sheath boundary for single species plasma.
Both electron and ion sheaths are seen in rf plasmas. Double

layers provide a way for a “sheath” to form away from the
boundary.

More than one ion species are present in most plasmas of
interest, but sheaths and presheaths of multiple species
plasma are not well understood. LIF data indicatevAr .cs at
the presheath/sheath boundary for an Ar+–He+ plasma and it
is not clear how the individual ion velocities are determined.
Furthermore, the presheath was shown to be ion-ion un-
stable. The multiple species presheath/sheath problem still
needs lots of work.
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