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-5- PLASMA BARREL

EXPERIMENT

Symbols and Commnly Used Constants

Symbols

1_-
KT~ e

-~ MC = ion sound speed
s

E = particle kinetic energy

E = beam energy
b

I I. = electron, ion saturation currentes' is
K = Boltzmann's constant

M, m. = ionic mass
1

Tb = ion beam temperature equivalent

T , T. = electron. ion temperaturee 1
Vd = discharge potential

v = grid potential
g

Vf = floating potential

V = plasma space potential JKT~-s

a = electron thermal speed = --
e

J KT. m
a. = ion thermal speed = M 1i
e = electronic charge

fb(v) = beam ion velocity distribution

fe(v), fi (v) = electron, ion velocity distribution functions

k = wavenumber
-:

m, m = electronic masse

n, n. = electron density, ion density
1

nb = beam dens i ty

j~eVB = Bohm (Tonks - Langmui r) speed =

Vb = beam velocity

1-8KT
v = average magni tude of electron velocity (3 dim) = Te

-
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v = group velocity
g

v = phase velocity
p
z = axial plasma position

Å:' ÅDe = eleetron Debyelength =~::::'

T.
e = ion/electron temperature ratio = ~

Te
W = frequency

j4rrne2wp' wpe = electron plasma freq~ency = m

J4rrne2
W . = ion plasma frequency = Mpi
W = normalized wave frequency = ~w .pi
a c = charge exchange cross sections, e. g., a Ar+ _ Ar - 5 x 10-15 cm2

(veloci ty dependent)

Physical Constants (CGS)

Boltzmann's constant K = 1.3807 x 10-16 erg¡OK

Elementary charge e = 4.8032 x 10-10 statcoulomb
Electronic mass m = 9.1095 x 10-28 gram

Speed of light in vacuum

M = 1.6734 x lO-2~ gram
p

c = 2.9979 x 1010 em/see

Hydrogen atom mass

Temperature associated with i eV = 1.1605 x 10~ OK

Atomic Masses for Typical Plasma Gases

~ Gas Mass (Al-U)

He 4.0026

Ne 19.9924

Ar 39.9624

Kr 83.9115

/" Xe 130.905
i

...-. -.._.~..-- .. - -'.-'- -_.- _____.__"_ _~ _~_.~_._~_ _u .
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Chapter I. Plasma Production

A plasma source which possesses the desirable characteristics of

quiescence and uniformity has been developed at the UCLA Plasma Physics

Laboratory and is no'.\' being used in many parts of the world for basic

plasma research. Because this source is economical to build and simple

to operate, it is ideally suited to the undergraduate or graduate plasma

laboratory. All the experiments to be described in this text can be

performcd in this one device.

~

I) The D.C. Discharge

Plasma can be produced by electron bombardment of a neutral gas in an

otherwisc evacuated vesscl. In the D.C. discharge, a current is passed

through a set of filaments (tantalum or thoriated tungsten wire) to heat

them by joule heating. A significant number of electrons in the hot fila-

ment can have an energy greater than the work function and are emitted.

These electrons, called primary electrons, are accelerated by an external

D.C. electric field such that they have sufficient energy to ionize the

ncutral gas. TIìC minimum energy required to remove the first valence

electron from the neutral atom (the first ionization energy) is in the

neighborhood of 20 eV for commonly used gases at room temperature. A dis-

charge potential above this energy must be applied between the filaments

(cathode) and the chamber wall (anode) to obtain a discharge. The removed

valence electron is called a secondary electron and is scattered with less

energy than the corresponding incident primary electron; at any given time

most electrons in the plasma are secondaries.

1.'~.~'_: ..e"~,.-,--..~,,.--.,
--- "'.i.i:.....:
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Ionization cross sections for Xe, Kr, A, Ne and He by electron impact.

rra 2 = cross section of H atom = 8.8 x 10- 1 7 cm2
o
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The probability of an ionizing collision (ionization cross section)

generally has a broad maximum for electrons with energy about 100 eV as

seen in Figure 1-1. The D.C. discharge is typically operated with a

potential of 30 to 100 volts between the cathode and the anode wall.

Doubly ionizing collisions can also occur when the primary electrons'

energy exceeds the second ionization energy; however, the ionization

cross section for double ionization is usually much smaller than for

single ionizations. The first and the second ionization energies of

several commonly uscd gases are listed in Table I-I. Schematic diagram

of the D.C. discharge system is shown in Figure 1-2.

a) Space charge limited emission: In the presence of an insigni-

ficant number of neutral atoms (as in a vacuum tube) only a small current

can flow between the cathode and the anode. This current limiting is the

resul t of space charge due to electrons which accumulate near the cathode

and repel some of the newly emitted electrons. The space charge limited

emission current is given by the Child-Langmuir law! J = 2.33 x 10-6 x

(V 3/2)
· d dl A/cm2, wherc Vd is the discharge potential in volts and d is

the distance between anode and cathode in cm. For instance, for d = 15 cm,

Vd = 40 V, J = 2.6 x iO-6 A/cm2.

b) Temperature limited emission: In a plasma device, the initially

~
small space charge limited discharge current ionizes some neutrals. The

ions produced partially neutral ize the space charge allowing a larger dis-

charge current which produces more plasma. Eventually a sheath is formed

around the cathode making the plasma the effective anode. This reduces d

to a few Debye lengths. For n = 1010 cm-i and T = 3 eV, the Debye lengthe

_.......-.-;;:~.------_.~---_._- .. .... .. T --i:li"8L1ÆLJ ~ vlÌ'~I'--''';~~.
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TABLE 1-1

GAS FIRST IONIZATION LEVEL (eV) SECOND IONIZATION LEVEL (eV)

H 13.595

He 24.481 54.403

Ne 21.559 41. 07

Ar 15. 755 27.62

Kr 13.9 26.4

Xe 12.127 21.2

~

Source: CRC Handbook of Chemistry and Physics, 1967 Edition (Page E-56).
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is about 10-2 em and the space charge limiting current density, J = 5.9 A/cm2.

The total emission current is, however, limited by the filament tempera-

ture. The temperature limited emission current is given by the Richardson

2 -W/KT 2law: J = AT e A/cm where Wand T are the work function and temperature

respectively of the filament metal. The theoretical limit for A is 4rreK2 /h 3 =

120 A/cm2 _ Ko2. "In actual practice, A varies from 30 - 200 A/cm2 _ KO 2.

For tungsten, W ~ 4.5 eV, A = 60 A/cm2 - K02, and the melting temperature

is 3650° K. - 3The Richardson law gives for tungsten at 2000° K, J = 1.1 x 10

A/ cm 2 .

Comparison of the temperaturc and space charge limiting processes shows

that in the presencc of the plasma, J space charge ~~ J temperature' The

discharge current, which is just thc emission current, is, then, a sensitive

function of the filament temperature.

One method of producing a high % ionization is to heat the filaments to

a high temperature (white hot at 3000° K) by high current pulses (50 amps for

a filament of .030" diameter, 3" length). In this manner, plasma densities

exceeding 1012 cm - 3 can be achieved while preserving filament life span.

c) Balance between production and losses: The plasma production and

i osses can be represented by the following rate equation:

~ ~~ - (~~ )production ( ~~ )IOSS

In the steady-state, we have

( ;~ )product ion
=

(;~ ~oss

where N is the total ni~ber of plasma particles (electron-ion pair) in the

. .,- _~"';:::-""-¡;~ -,' li_
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system. Let a represent the ionization cross-section of the neutral gas to

be ionized by electrons of energy eVd; no the density of neutrals; ieff the

aver~ge total distance a primary electron travels before it is lost from the

plasma (effective path length); ne v d the primary electron flux through a

surface of area A enclosing the filamnts; and À = ~ the ionizing colli-
noo

sion mean free path for primary electrons. Then, in the D.C. discharge

(a ) nooieff (ne v dA1 = nooieff
a~ production = Idischarge

e

(1-1)

in the limit À ~~ ieff. For simplicity, imagine a primary electron discharge

surface of area A as

nevd
o 00 08 00 0

o 00
o 0

neutral atom targets

t i eff ~
the end of a cylinder of length ieff filled with neutral targets, recognizing

the product Cne) cief~) above as the number of primary electrons per unit

volume times the total volume of neutral atom targets accessible to the

primaries. We can now understand (I-i) by rearranging it as

.-

(~) production
= (netef~) (noovd);

and identify n t . -Á as the total number of ionizing primary electrons avail-e ett-.
able within the plasma volume at any given instant of time and noovd as the

rate of ionizing collisions by a single primary electron. The limit À =

n~o ~~ ieff states that the ionization mean free path is sufficiently long

____-....~::.~'-- '~-..--:.-!';¿;:~g-~-A _~~~~""...~'~~') ~.M e .i~j:ä AI_ -_~.a'o.:.=_~~_ ,f."",_.... --_ .'~
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such that the primary electrons are uniformly distributed inside the plasma

volume. Under this condition of uniform probability of plasma production over

the entire volume equation (1-1) is valid.

There are generally three types of major losses of plasma particles.

1. Loss to the chamber wall.

')- . Volume recombination - secondary electrons engage in low velocity

collisions with ions to produce neutrals.

3. Loss to probes, filament supports, any other obstacles, insulators

or conductors \.¡hich become pI asma sinks through surface recombination. The

total plasma loss can be expressed by

(aN) nV
tãt loss ~ '(

where V is the volume of the system, n is the plasma density and l is the

plasma lifetime. In a system where ions can flow to the chamber wall freely,

the plasma lifetime is T = -2, where v. is the flow velocity of ions and Lv. i
1

is the scale length of the system. Using this expression, we obtain

(aNl :: n v. Aat) loss i

~ where A is the total plasma surface area.

.~'--__;-~.3_~____ -~_'._.'"~-~~ ~ L n J ,--'.. -~
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3) Experimental Procedure

a) Gcner~l familiarization: Leak in enough Argon to raise the neutral

-3
pressure to about?i'ilo torr and tur the fi lament power supply to a minimum

vol tage wi th the switch off. Then the switch is turned on, and the filament

vol tagc is careful ly turned up until the cathode wires glow red hot. The

disch:irgc pOioer supply is set to the desired value (about Ç'o Vl and then the

filament vol tage is turned up until the desired discharge current (Id) is
;. rv 5' 00 /V ;a

obtaiiied./ 'Notice that as the filamnt voltage is turned up, the discharge

current increases rapidly (emission liaited current flow). Be. very careful
~

in the adjustment of the filament voltaie, since when the filament is hot

enough to emit electrons, it is on the verie of .elting. The filament

biased negatively with respect to the pla5ff is slowly destroyed by

ion b0mbardment and must be replaced periodically. The filament life

span ftill be shortened if it is subjected to a larg~ surge of current.

Thus, always ":ary the filament voltage slowly until the discharge current
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is obtained. The neutral gas pressure can be read off an ionization gauge.

Pressure adjustments are made with a leak valve. Some typical operating

condi tions are listed in Appendix B.

b) Saturation ion current measurcment:

Sct up a negative bias "/00 Vf.ih 'circuit to obtain the ion saturation

currcnt, 1. .is Check to see that currcnt is positive (if not, increase bias).

Compute the ratio I II. . Does this ratio depcnd on the plasma derisity?as is
How should this ratio dcpend on ion mass?

~

* The factor ~ arises from thc fol lowing:
i
I - due to plasma at edge of shcath surrounding probe being composed of

particles with velocity 0 ~ 00 toward probe face only.

1

2 - due to average of direction cosine over hemisphere since particles

may strike probe at angles 0 ~ e ~ rr to thc probe plane.
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c) Dependence of plasma parameters on external parameters: Measure

i e., V\
the~' ~ R saturation current as a function of:

1. Discharge voltage (with chosen neutral pressure and filament current).

2. Discharge current (with chosen discharge voltage and neutral pressure).

This is adjusted by varying the filament current. Be careful not to turn the

filament current up too high and destroy the filaments.

3. Neutral pressure (10-5 - 10-3 torr, at fixed discharge and filament

currents) .

To make thc rcsul ts of these mcasurcments more accurate, the electron

saturation current and the elcctron temperature should bc measured by dis-

playing the full Langmuir probe trace on an oscilloscope. The student should

look ahcad to Chapter I I, pages 43 - 49 for an explanation of the Langmuir

probe method.

Dctermine the dcpcnòence of plasma òensi ty on the discharge voltage.

How does this dependence relate to the variation of ionization cross section

with electron encrgy (Figurc I-i)? Compute the fractional ionization,

n/nneutral for at lcast threc different prcssurc settings. Does the fractional

ionization remain constant for a constant discharge current?

d) Plasma lifctime mcasurement: A flat stainless steel plate is placed

in the magnetic field-free region and biased at -75 volts with respect to the

-:
anode. This induces additional ion loss such that in the steady state, the

balance equation becomes

( ~~) production

n V=-l+
T

J.
1

C

where n is the plasma density. when there is an ion currcnt I. extracted by1 i
.._~.~.~~- ._. lß~_~~ _ tl~__!!~LI?. t,L ~ ¡..'-'~.. ." J~M, .--,-~...
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the plate. The pla~ma production rate may be expressed in terms of the

discharge current Id and the effective electron path length teff as

(dN\ãt )product ion =
Id

o(eVd) no teff -e

If we withdraw the plate from the plasma, the balance equation becomes

(~~ )production
n V-'

T
.

If the production rate and the lifetime of the plasma does not change for

the second case! we obtain

nV nV 1.-i= -1+ iT T e T =
e(n -ni)Vr.2 ior

i) Using the saturation electron current to obtain the plasma den-

si ties, and measuring the extracted ion current I, compute the lifetime.

ii) Estimate the effective path length of the primary electrons.

~eff' and express it in terms of the system diameter.

iii) A more direct method of measuring T consists in suddenly ter-

minating the discharge and measuring the decay of the plasma density.

a (nV)
at =

V

vA
- nvA or T =

.,

Introduce different areas of loss surface A and check the dependence of

T on A.

Experimentally the discharge current is repetitively pulsed on and

off by a simple transistor circuit as shown in Figure 1-6. Plasma charac-

teristics such as density and temperature can be sampled with a boxcar

.J i. ~
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integrator or an intensity-modulated scope to be described in Chapter II.

e) Radial density profile: Obtain the radial plasma density profile

by monitoring the electron saturation current as a function of radial

position. Observe a uniform density in the center region and a steep den-

si ty gradient in the magnetic field region near the wall. Calculate the

densi ty gradient length L = (~~~) - i. Can the steep density gradient

be explained in terms of plasma production, particle reflection or plasma

loss?

f) Quiescence: ~1oni tor the density fluctuations by recording the

fluctuations óI about the mean electron saturation current I. This can
o

be accomplished experimentally by displaying I on an oscilloscope and
o

measuring the percentage signal fluctuation. This should be done with a

50 ohm terminating resistor. (Explain)

~
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~

4) Appendix A: The Vacuum System~' 5

All vacuum systems used in the plasma physics laboratory employ a water

cooled oil vapor diffusion pump backed by a rotary vacuum pump, as sketched

in Figure 1-7. In the normal mode of operation, valves i (high vacuum valve)

and 2 (foreline valve) are open and valve 3 (roughing line valve) is closed.

In this mode, the diffusion pump is pumping on the system and the rotary (or

mechanical pump is pumping on the diffusion pump. The base pressure of the

system may be as low as 10-6 torr (mm Hg) and the foreline pressure should

be in the range i - 50 microns (i micron = 10-3 torr).

The oil diffusion pump cannot pump gases at pressures greater than a

few hundred microns. Attempting to operate the pump at pressures greater

than this will result in thc cracking of the diffusion oi i and possibly in

the contamination of the system. Never expose a hot diffusion pump to

pressures greater than a fcw hundred microns. If the system is at atmospheric

pressure, it must be pumped down to less than 75 microns before the high

vacuum valvc is opened. This is accomplished by opening valve 3 (with valves

1 and 2 cl~sed) and allowing the mechanical pump to pump the system through

the roughing line. \~en the system pressure is below 75 microns, valve 3

is closed and valves 1 and 2 are opened.

Neutral gas prcssure in the system is controlled by valves 4 and s.

Valve 4 functions as on-off valve, while the leak valve controls the gas

pressurc. The two gascs uscd most frequently in our laboratory are Argon

and Helium, and typical operating pressures rClngc from 2 x 10-5 torr to

2 x 10-3 torr.

Valve 6 is used to bring the system to atmospheric pressure when it is

desired to open the plasma chamber.

..ft --
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Pres sure Measurement s

The wide range of pressures to be measured necessitates the use of two

different types of pressure gauges. The Hastings gauge, a thermocouple type

of gauge, can read pressures from about 1 micron to atmosphere. The Hast ings

gauge serves two purposes in our vacuum systems. When roughing out the system,

the Hastings gauge determines when the pressure is low enough to open the

high vacuum valve connecting the diffusion pump to the system. When the system

is in the normal operating mode, the gauge is used to monitor the foreline

pressure.

In the normal operating mode, the system pressure is too low to be read

with a Hastings gauge, and an ionization gauge must be used. The ion gauge

reads pressure accurately from about 10- 3 to 10- 8 torr. Operation of the

gauge at pressures above a few microns for any length of time will severely

shorten the tube life. Be sure to turn off the filament of the ion gauge

tube whenever the possibility of its being exposed to higher than recommended

pressures exists. AC power to the ion gauge, as well as to the Hastings gauge

should be left on at all times.

The ion gauge operates by ionizing the gas in the tube and measuring the

collected ion current. Therefore, the sensitivity of the gauge depends on

the ionization cross section of the gas. The gauge is calibrated for dry

air and the correction chart for various gases appears in Table 1-2.

Operating Procedures

When the system is in the normal ope!ating mode only the gas control

valves, 4 and 5, need be operated. Valve 4 is opened and the leak valve is

adjusted to obtain the desired neutral pressure. Close valve 4 when the

_.~~~
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experiment is comp 1 et ed .

Except in the event of a maj or leak, or for maintenance purposes, the

diffusion and mechanical pumps are never shut off. If the pumps must be

shut off, steps I through 4 in the shut down procedure should be followed.

To put the system back into operation, fo1 low steps 1 through 5 in the turn

on procedure.

The plasma chamber is left under high vacuum except when it is necessary

to bring the chamber to atmosphere in order to replace filaments or make

other changes. In this case, steps i and 2 in the shut do\ff procedure are

followed. To resume operation, follow steps 4 through 6 of the turn on

procedure.

~
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6. The ionization gauge filament may be turned on after the high vacuum valve

has been open a few minutes.

Shut Down Procedure

1. Shut off ionization gauge. filament and close high vacuum valve. (Valve 2

should be open and valve 3 closed.)

2. Open valve 6, bringing the plasma chamber to atmospheric pressure.

3. Shut off diffusion pump heater. Allow one half hour for the pump to cool.

4. When the diffusion pump is cool, the mechanical pump and the cooling water

may be shut off.

:-

'-g;-
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r Gas Shut Off Valve (4)
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Figure 1-7.
Typical Vacuum System
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PLASMA BARREL

EXPERIMENT

Chaptel 11. Basic Plasma lli;igno:.;tjc:

One 0f the roinst irii',nLìlt ~lnJ frcqiii'ntl)' used plasma diagnostic tech-

i¡jeiiies is the LmgmlJir probe method. 111Ìs method, ",'hleh was first intro-

dii, eel hy L:ingmuÎ r1 -ili,)iit fi fty )'i'ars ago, caii 11(' ii';ed to determine the valuc:-

ol :11(' ion ::ntI electron ,knsitics, the electron temperature, (lnd the electron

dj ',: rihition funet ioii. This method iiivol\'es the me:i~urcmcnt of electron and

¡,ii ,'urr('nts to a slT"ill ëil'Lll electrode or Ill'()he as diffen'nt voltages are applied

t,) the prohe. This ~'i('lds a \"'un'c called the prolic charactC'ri~tic of t.he pla!ll!kJ.

Alhither iniport;llit tc,'linjqiic, using mii.loi-..;ivc~;, is freqiientl)' employed

I, ,.ìC:ISllJ"' plasr.¡a paL¡l;let('r~, especI:il I)' in situaticlJs when: it is diffi\:ult

Jll~t'rt prohes iiit,\ thl' í'icdium. :\n inti'rfcr;im0tcr mcthpd ic; iised to

;,'n:iilìe thc ph:iSt. ~i.itt pf thL' mÎC1"()"'1VCS transmitted thrc¡i¡~h the plasma

."..: tiil' :i':'.;r.i~(' cli':tr,"i ,k!,~jt\ j~ d('iIiILl'd flor.; the :iinoiint of phase sJlift.

¡;. \iir.ihinilig ti:c ¡r'I\"'n',I,:i"',' (,I" Lidit) frl'qlll'!1-:Y r;:'.'tho:. hitli the probe

T' 'iiiiquc, hV C:I:1 r;;(:isiirl' thi' LÌeiisitv to bl.'tti'r th:-ii l:. accuracy. Elcc~ro-

:.,li,ti,' h;I\'CS prl'p,if::it¡l1~ :-lun¿. a iki;:,it) ¡~l.l..jl'l1t hith frequency (.1)
o

" Jt t' t" I i'"t 1'01, ilLI :'~I:1 \, :1\(': ;it thL' Lriti":iil Ji'n:;it:. l:I\'cr;: feir \\'hich. l.
. (~' J, h1.('ri', ;.: ti:i, pI ;i~ni 1 I"ç,iucnc\'. Si 11\:(' the II) (.p~i¡;;¡t i on ofp (l ;"'

'.. " c'li','tron l'Li~i:,., ',;il'C'': i~.i ';C'ii.;iti.'(' tUI1,.tioii of the density profile,

.iJl"t.flil m:ipping of th.. elL-:trun rla~mi h:i\l~ pr0p:ig:ition characteristics

\.111 lt'\'l':il the dC'n:-ity along its prpp:ig:ition path. 111is more ;idvanced

I"'.'l Í1o\l is dcscri bed 1 n llupt cr V.

1 ) L:m gm ii r l 1'\1 h ('

Tli(. fiind:-í.icnt:il pl,¡:~¡::.l ¡':lr;Ii:ICll'r~ (:I!! he detcrmiliC'd hv placing;) small
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COlidlh-:ting prohi' into the pl:is::I;¡ ;¡nd iili;,ervini; the ciirreiit to the prohe as

a function of the di ffercnce hctween the probe- and pJ 35ma space potentials.

The plasma spacc potentia I is jiist the potent ial di fferencc of the plasma

voJume with respect to the \"('ssC' l\al1 (;inodc). It :irises from :in initial

iirdJaJance in electron and ion loss rate~ :ind depends in part upon anode

sllrLiee condi t ions, :iiid li 1 ;\!wiit cmi s'~ i \1!1 current.

/(¡'ferring to th\' pri,r)l' di:,r;icterist1~" T-igure II-I, v.e see tkit in reg10n

/\ \,11'. n thl' pro)1\ piitL'nti:¡ I,

e,)1 II .'1 cd elcit 1',)n (Urn'lll

\ ,is ;¡ho\'c the plasm;! Sp:i..'C potcnti:1I, V , ther s
rc:l.:ilC':; a :-:itii:-:ited levi'l and ions arc TCjli'llcù,

Wliili 1n regioii H .iii:;t tiii' OP¡),~..ltC' IV,:I)"C;. Ry ev;illl.îting the sJqJC of the

elcclrnii 1-\' C'h;lla,'ti'li"ti" if, ri'~ior¡ h th.,' 1,'Ieetron temperature T JS ob-
('

t 1111: ,j, ¡lIld hy r.;,':hlillll¡: tlH' ¡i)fl 01 ell',.troii s:ituration current and using

tl:,' nl':lsUli~i:¡~'nt, ti,,;' .knc.j t)' \.';)11 h.:' cl1mplltcJ.

jiii' (111'1'CI1 t lO 11 i.', t l"J In' ,i ì\lt1hl' i '; gi V('II hy S\l":¡li ng over ;i 11 the cori-

t l j ! ' ¡ ¡f i n 11 S 0 f t h l' \. ,j i i l \; 1 c. ri i ¡ s n:: i ~ ¡ l( ( I l"'; :

i ,. 11. q. V.J 1 J ( 1 )

h¡;, ;',. :\ :it. the ti)t;,j ,',)ì !..... í;;,. slIrf:ic' :¡rVil iif the. P l;, l! IL' ; \', = the aver;:ge
1

\,.i,).'ity of sP\.'\'ii':-' ,j I'i..i \"
1

'r .,
:: ì

v f ¡ \' )
!1 J j

.Iv for unnnrinal i ;:('J f, (,:) .
)

It is

....ll kno.:ii in st:iti..ti\.';¡) ¡;i._.\..tiiiii,,~.; th:L (l.lì.isÙms :imong particles will

l,lJlt in an (:qiiilihriii~ ,'C'li),'ity distribiition f givrn hy the ~1.xwellian

f i¡;¡ i" t i ~)n :

-.

\ l\' ).l
=- n

( """:1.)- ~ j7

':~i
m

.:.

) I'~ 2

(-)i v I )

~ (,I :\ ¡i --T~--
(2 )
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This distribution function is useù to evaluate the average velocity of each

species.

We wi I I first consider a small plane disc probe ~hich is often used in

OUT experiments. Mien it is placed in the yz plnne, a particle will collide

\o'i tJi the probe and give rise to a current only if it has some v component
x

of velocity. Thus, the curTcnt to the prohe docs not depend on v
y

- V
P

V .
5

or v .
z

'ilw ('iirrent to the probe from e3ch spec ics is a funct ion of V

1 (\,) = nqA r'" ù v
-() )'

1

C"~~~ r
Lxp

1

(-~. \' =') ( (2nn )-2
:riV rr
-ll- d\'z mi l _0' r.

~ V 2)
r: (- 2 r). z,xp KT

a

r'\' .
miri

t!\' V
X .\

1

CT::"f L.xp

1

(-2

In \' ?)
I,X X .

Kl
CL

(3 )

Tlie' lllh'cr 1 i mi t of iiit q~r,lt iun in tlie intcgr;- i over

el,", IdlÌl V coi:I¡HHwnt of vl'lo-:ity less tli:in \' ,X miii \' 15 \" since ri;irti-x Oìl n

(j~ma\~)~ 11 d
_ arC' rcpe e ,

Ijì'i¡1 11-2.

Jiii' integrals ('vcr \' anJ \' in (3) give unity so the current of each\' :
:'1,, ,-i 's is just

Cl 1

(2 'ë l\la) 2

dv \'X X ma _ (_~ciVX2)
I: xp KT a .

(4 )

1 L \' ) = naA
L. ,

min

,I) Tlit: electron saturation ciirrent, I
C5

In this region all electrons

hitli v)¡ component tt1l:inl probe :irc collecteù. We uht:iin the electron satu-

r:i~ j on curTent



repelled

collected

/
I,

Vmin
Vx

h gurc I 1-2.

El cct ron \'c lad ty Ili q ri hut i 91\
/\11 electrons l\'th energy !e\'1 grl':1ter th:1n ') mi, \' , 2 aI'£' collected._ min

(
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I es = -nei\ r'"
o

') 1"T' )_l

(_n", '1
dv \' e ~x x m

e

1 2

(-r V )
Exp K~ e x = -111."\

1

(!Tc) 22nme (5)

Similarly, in region Band C where V .: V and electrons are repelled,p s

j

l
,

the total current is

ICv) = 1.is - neA r
\' .min

( 2nKT )-~
Jv v ex x m

c (-.k v 2)

2 e xExp KT t'
(fi )

I 2SuJistituting -=2 e v. = - eV, (6) becomes
min

I (v) =
t-ì Li, -n('i\ (~) 2is 2nm

e

c\'Exp
KT

e (7)

Siii,',- V .: 0 in region Rand C. Equation (7) ShO\\'5 that the electron

curri'iit increases cxpoiicntial1y until the probe \'olt;ií-e is the same as the

ph ::;;¡ Sp3CC potential (V = \' - \' = 0).p s
Ii ) Tlie i on sat urat i nil current, I _ :

is The ion s:itur:ition current is not
sir.:'Jy given by an expres~-ion similar to (5). In order to repel all the elec-

1 r, :., 3nd observe I. , \' miist be nC'gativc and have: a magnitude ncar KT Iei s P e
:l~, i1,)\.,11 i ii Fi gUl'C i 1-:). . . 2 .The sheath en tenon reqiiires that ions arriving at

tJ11 j',-'riprh'ry of the probe sheath be accelerated toward the prohe with an

cn,r¡',y -KT , \o'hich is much larger than their thermal energy lI.. The ionC i
s:i: ill ,¡tion current is then approximately given as

Ii' = neAC:~O) ~
(8) ¡¡

¡i

I.\'i'll though thi~ flux density is larger than the incident flux density

:11 ~i.t' pniphC'ry of tIii' cnllecting Shi:ith, the tot3l particle flux is still



Potential

Vp

r j gu re I J - .) .

Ions-.

",KT
e

e
_ -i

.',:¡..';it/i potential as fuiiction of distance x from infinite pI:ne probe.

x
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Ciiji::n-ved because the area at the prahl' LS sm:iller th:in thi. outer collecting

7 - 5::n::. ;it the sheath bounJ::ry.

c) Floating potenti:il, \'f: Next we consider the floating potential.

\\11i'JI V = V f' the ion aiii! electron currents arc equal and the net probe

,llYli'nt is :ero. Combining equations (7) and (8), and letting I = 0, we get

\' =
f

KT
e

e

i

9.n (~) 2"
4rrm

c (9 )

J) 111C e i ec t ron t ('lìPC 1'a t UTe. T :
e

ti :,':'TatUle can be obtaincd from equation (7).

~icasurenicnt of tlie eli.ctron

ror 1, (( I ~c haveis

KT l-
i l \') - -rllA (2nnl:) 2 Exp (~V ) = Ies

e ( c\' )
Exp KT

e (10)

d '!11 i ¡

d\'
c

-- Kl'
c (11 )

¡,\ ,J; i:'l'lcntiatiii¡: tlh' !()~arithin of the electron CUTrent with respect to

:1" ,''¡'l' \,'jltag(' \' f,'1' \' -, n, tIlt el('\'ron tcmpcr:ituTc is obtained. We note

::'., rlii' sl\)jl': of ;1,1 \'S \ is a straight Iirw only if the distribution

l' .. .'íl.'-Ì\c-'l 1 i an.

.' ) ~kasur('rncnt of the electron distribution function, f (v ): The
e- x-

c¡",-: nin current to ;i plane probe could he written in a more general exprcs-

Si'i, :IS (again neglecting the ion current)

I = nqA ( .min

v fev )dvx x x
= nqA r fe V) d ( V)
m J.. q qc qV (12)

d 1

J lq\') CL fCq\')
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~h(:re q = -e, the electron c1wrge. lhi; is :l very sini¡;.i" way of obtaining

the electron energy Jistribution function. 1 f we measure f (v ) as a function
x

of plasma position, W~ can ootain the phase space distribution f(vx'x). A

further refinement is to observe the distribution at a given time l after a

ccrt ain event using a sampling osci lloscopc. This results in the complete

description, f(V,X,1), of the electrons in a given system.

2) Double lrobcS-E

A dutlblc probe coiisists of two electrodes of equal surface area, sepa-

riited by .i small dista:ici' anJ imm~rsed in the pl:1sm;i, Figure Il-4. One

prùlii' Jraivs clIrrent 11 "hill' the other is drawing current 12. To find the

ch'lt roii temperature' of the plasma, \,'e consider quantitatively the current

to tlii' probe for varioiis potcntial differences bch;ccn the probes, Figure ii-s.

Si¡i.'( tilt" probc's arc flo,iting ;,t \'f of the pl~lsm3, i.c., the double probe

c i ;,'1) i 1 hi! '; no pI :isr:i.i ¡: i-, ';mù (anode) connect i iiri, the tot al current in the

p.;lit' circuit must be :e1'o. From (ï) and (5), the current collected by

pi. :H' III is

= - 1is 1 es
(e (VExp \. i

+ \' f
KT

c

- \' ))
s

(13)

11.;;1, 1lie òefinition üf tIll îloating potential \oith (ì),

I lS

d C (V _ \' )

i-: f s 'i_: xp \ KT. J-
e

I ,
i ~ (14)

11,- :1,'(' (i 3) !iccomcs

1

1

eV
J j s (l - h ¡i ( l\1) 1.1 e

(15 )
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In the same manner ~e get

i 2 " i 2 i 5 l) - Exp ( ~~: ) J .

If the probe areas arc equal, then (8) implies

I =1 =1..
1 is 2 is 1S

f
¡'
i,
~ :\ ;"" net prohe circuit current motivates the definition
r
t
r.

f

t.
,.

I

l

I

f
t
¡

l
r
~

ì
¡
ì

l

~

:,/"

f

,

f
¡----,...,

1--1 = I.i 2
ConilJining this with equations (15), (16) and (17) yields

1.is
-1 - i.

1 S

-=

( ell \

Exp KT~)

¡.!i;-L' the double piobe pi)tential is defined by il=V
1

(16)

(17)

( 18)

(J:-) for I

V. Solving equation
2

-= -lis tanh ( 2~~e )

lJi l1 i-rentiating equation (19) .... t h respect to il at ~J = 0

d I

I~, -=

- T . sech2 eil ¡ (e )=
,1,;, 0 is 2kT il 0 \2KT. ~

e e

(19)

(20)

l.t',. electron temjH.raturc is relateJ to the slope of the double probe

characteristic by

dl li: = 0 =
- lis (2l,~ e )dil

v
-._-, '-_~;-~_~""';;.;'.:;_-,- _a. ,e:~.!-i._-~' ~.,~,~.AI ~~~- ?.I~--_'r#

(21 )

..'~ _...i~..-- -~~..
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The double probe can collect a maximum current equal to the ion

satuiation current and does not disturb the plasma as much as the single

probe with its anode connection. However, the small amount of detected

current (microampere range) does warrant a much more sensitive detection

circuit, as in Figure 11-4.

The student is required to compare the electron temperatures and

pbsr.¡:i densities obtained with the single and the double probes.

3) Mi crowave Interferometer9. i 0

l11C basic idea behind thi s diagnost ic scheme is as follows. The

plasir.:- acts like a dielectric medium to electro magnetic radiation, and

a "3\'e propagating through the plasma wi 1 1 suffer a change in phase

Ii.
M = (k - k ) dxvacuum plasma

o (22)

..,h'-1'I.. L is the path length of the plasma, k = ~ is the free space wavevacuum c
Ilu:.i~;cr of the electr0m:-gnetic ..'3ves. and k is the wave number of theplasm;i

W3\. !lropag3ting in the plasma. "hich is given hy the dispersion relation
1

(w2 - w 2)'2
pC

c
k

r 1 as ma
=

(23)

lleli' Ll is the wave frequency.
1

__ ( 411mne2 ) 2,
w the el cctron plasma frequencypc

If the plasma density is uniform over the dis-3lhì is the speed of 1 ight .

talh~i' L, we obtain from equat ion (23) for the phase shift

00 = ~ 1 - (1 - W~g2 iJ L.

(24)

r'

~.,.~-,..," -" .. -.-~',,,~""."'. .~""-_.""-..;.-._.-.-.~,-. '~""il,..=", :. .-"'.'-'\ ~~i-~.:~..

I

,;
1

I1

il

¡i
H

I"
¡

"

1

¡¡

I¡

\'
'i

i
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a) Oensity measurement by phase shift: When w 0:0( w (note thispc

rcstriction) we obtain a relation between the phase shift and plasma density

A~ = ~ ¡! w~~l
(25)

¡

,I
;

Defining the critical density by

4'1 e2
c
m e

3 w2 we can express equat ion (25)
'i
'í

i

al t ernat i ve ly by

n
n

c

=
2ti 4'

k L,vac
where k

vac
w

c
(26)

Since a 11 laboratory pI asmas have a cert ain degree of inhomogeneity, i. e. ,

SOI1lt density gradient, t he phase shift ticp is an integrated quant i ty as

r('pr~sented by equat ion (~3). However, the density profile can be obtained

,i by r~ Jative density measurement using movable probes. If we write n(x) z i.

n fi,;, where f(x) contains the spatial variation in the plasma density,
o

a l lition similar to t'qu::tion (26) can be achieved using

n =
o

2n A~
L

k fL f(x)dxvac
o (27)

I!iii: \"ith the help of the radial probe measurement on the relative density

profi Ie, the microwavc interferometer technique could be used to obtain the
:-

abs,ilute density at any radial position.

~ W ,the relation givcn by equation
pe

One must use equat ion (23) or (24)

b) Observation of cut-off: For w

(21) i \)r (27) is no longer va lid (why?).

diJ', t I)' and the relation beh'een ti~ and n becomes quite complicated. Ho..'cver,

WIlt, .: wpe' the wave number becomes purely imaginary and no propagation is

. ."'~:",,~"~-~~'::.-" ~.l" ll. or t¡~!L~.l :i,-, ..~""".!~~." .~_'l,!j;; '~"~-_~:"_.-~~
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possi ble. By observing the cut-off, we c~n calcul ate the maximum density

in the plasma, n = n , where n is the critical density defined above.max c c
n~ student is required to compare this microwave method with the Langmuir

probe result.

4) Experimental Procedure

a) Follow the procedure as described in Chapter I to obtain a D.C.

discharge. Clean up prol'es and set up a sweeper circuit as described in

Appendix A. Observe a Langmuir characteristic curve by using the oscillo-

scope. ror recording, the single sweep mode must be used with sweep rate

of 1 to 2 seconds per em, such that the mechanical movement of the recorder

pin can follow the changes of the signal. The manual sweeping circuit of

Fi;'lJre 11-7a is a possihle suhstitute for oscilloscope and automatic

ì' ~,\o"l';)er when recording the Langmui r curve graphically.

h) Details of the probe characteristic: Take several single probe

tI.~0S using the probe sweeper circuit and the x-y recorder. Replot each

t ri,.:(' on semi- log paper and suhtract out the i,m saturation current to

oh:;dn the current contributed by the' secondary electrons. I\t low neutral

pr":'lIres the primary electron current will appear as a long, high tempera-

ture (gently sloping) tail with negative current in the ion saturation region

of probe bias. In thi sease, subtract the primary electron current (as wel i

as 1 he ion saturat ion current) from the total probe current to obtain actual

s(',~ondary electron current. (Primary electron current collected for a given

Pl'"Ii,' bias can be estimated by extrapolating the straight-line primary taiL.)

Ob:;, in the electron temperature from the slope of the curve and the density

fr",:i both the ion and electron saturation currents. Experimentally determine

hù~, : he ratio I II. depends on the mass ratio.
cs 1S
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You \\i1l find that tllC primary electron current usually overshadows

t he ion current. lIowever, the ratio of primary electron to ion current

c;;n be reduced significantly and the ion saturation current can be observed

by simply raising the neutral pressure to about 10- 3 torr (explain why).

c) Duuble prob~: Set up the double probe manual sweeper circuit with

tlw x-y recorder and obLiin a double prohe trace. Compute the density and

e1L'ctron temperature ¡-nd comp:ire the result with nand T obtained from a
e

siii¡.)e probe characteristic at the same time in the same region of the plasma.

d) ~Ii croV.'ave int('rfC'rometer: TIiC X-band microwave interferometer set-

up is shO\'i in Figure 11-6. Microwave signal generated by the oscillator

1~ split into two raths, one propagat ing thrrnigh the plasma, V cos (wt + . ),i i
phasc shi ft cr to provide a reference signal,tii uther through a \'nrLihlc

,-'1S (l.it + 4i). The si¡:nal propagating through thc plasma is received by
2

,I !,ickup horn on the other side of the vacuum sY5tem, and then added to the

r, !i'lciice signal by the r:;¡gic teE': V = V cos (,.it + q, ) + V cos (wt + . ).sum 1 1 / 2
ï:ìl~ signal is then fed into a cr)'sta1 detector, \\'hich produces a current

:: ; ( ,I ì :11 i ex V2
sum

Ih t;i~i ng a time average of the current I from the crystal,

.~ I ~,\ ,~\' L;) = ~, :: + I V :' + \' 1 V 2 cos (If i - qi 2) .sum 2 1 2' 2 (28)
I, r :, g i veil

:in,l idth

plasi:ia density,~, is fixed.
1

the phasp shi ft er to obtain a

Vary V
2
with the variable attenuator

;i
null (~ 4i = TI). Be careful not1 ~

Vi as this will result in a phaset" ,,\'C'r:ittcnuate the reference signal

lìhkpeiident signal (\'2 =: (J in (28)).

lbe crystal diode output signal is so smal i that a high gain amplifier

¡¡.:¡sf be used. Furthermore, the microwave signal should be gated on and off
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(i . c., square wave modulated output) to avoid confusion over D.C. shifting

of the output signal in the high gain amplifier.

Turn off the plasma (by turning off the discharge), find the null again

and record ß~. In finding the null, large errors can develop. To minimize

these, plot ~v 2~ versus ~ for the case where the plasma is present andsum z
the case \vhere it is turned off to obtain h'o cosine curves offset by phase

M. Al though this procedure is tedious, it i5 recommended for improved accuracy.

Calculate the plasma density using equation (26) and compare the results

~¡th those obtained from the probe measurements. If the density is non-

uniform, try to correct the result by measuring relative density profile

wiii,: a m\lvable Langmuir probe. Difficulties arise whenever the dimensions

0: the plasm.: cont.:incr are comparable to the wavelength of the microwaves.

¡Ii :;iis case, the I''an'guide hùrn is not large enough to sharply define the

L: ,';1\o;:iVi' heam an.! Ul1h';llteJ c1\'ity modes are excited in the vacuum chamber

;,' .. result. These ir.des have multiple paths through the plasma and can

ii: , : ieaJ Jy alter the measurement uf ¡\~. lienee, steel wool has been placed

Ii' :1;- hoth the sendiiií~ and recC'ving horns to attenuate these undesirable

r:J1~ ipJc path sign;.ls.

e) Density ~leaslir(,IT('nt \"ia Pla5ma Resonance: The most accurate local

di'n~i t)' measurement in an inhomog~neous plasma is achieved by exciting the

j(\ ,¡ J plasma resonance vJp (x). An oscillating electric field of frequency w"

is l.tl'rnally exciteù in the plasma by a capacitor plate oriented to give an

cJ ,; lÎe field along the ùensity gradient as .chown in Figure II-7. \'.here-

C\'.'l the l'xUrnal frcquL'lcy m.:tches the loc.:l plasma frequency Wo = w (xo),
p

t), ,i:iiplitude of the external electric field is found to -be enhanced by an

or~ r 0 f m:igni tude or ii;irl'. Tni s reson:ice is best detected hy noting the

....-a..~_.- ~.,__..:;'C~.~,.-~.
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deflection of an electron beam traversing the resonant location (Figure 11-7)

111 a direction perpendicular to the density gradient. (A detailed description

of this electron beam diagnostic is to be presented in Chapter V.) Since

the cxtermal oscillating field frequency Wo can be precisely measured, the

p1a~ density can be determined to better than 1%. A Langmuir probe can be

caJ i brated using this technique.

(~L1i:')'J I ()\S

..ii.' d~,('s tiii' 1 ,mC;:l: llr,!t ic'ii ..urrt'nt dcpL'iid i'n "- T ?
c

i i- there is an cx,'css of primary electrons 1n the plasma, what kind of

1JL'lt can O;)C sel. by using (1) single prùbe', (2) double probe and (3)

r:-icro..';lve interferometer? Can you measure the density of the primary electrons?

¡or (1 ¡1lasm3 consisting of positive and negative ions of equal mass, draw

the probe characteristics, careftilly labeling the quantities I ,I ,s+ s-
\' f and V s . Ilow do YOll deduce T and T ?

+

4. ~~at processes determine potential difference between the plasma and the

anode?

S. ¡"'hcn a fine conducting grid (callC'd "plasma demon") is biased to some

:")sitive potent i::l , it ..'35 found that the clectron temperature increases

~.. a factor lip to 2 - 3. (an you expl:dn this effect?

......__.. .1:.1.. .,-~,',' jll ..~..~_~_.."',. _ ~~., ~-'~--" ~,,;:-~!llIl 1!..~4
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sheet velo of 7 x 106 em/sec. The apparent current sheet thickness";'

is then 5 1....1, and we conclude that the conduction hole around the
probe can be no larger than this. (The probe itself was 3 rom in diameter.)
Portions of the field distribution having more gentle structure than this
may then be assumed to be accurately rendered.

REFERENCES

i. T. Ohkawa, H. K. Forsen, A. A. Schupp, Jr., and D. 'V. Kerst. Ph)'s. .Fluids 6,
846 (1963),

2. i. N. Golovin, D P. Ivanov, V. D. Kirillov, D. P. Petrov, K. A, Razumova, and

N. A. Yadinsky, Proc. 2nd Intern, Conf. Peaceful Uses At, Enerp)', Genn'a, 1958
Vol. 32, p, 72 (I. D. S. Columbia Univ. Press, New York, 1959).

3. J. . C. Keck, Phys. Fluids S, 630 (1962).

4, L, O. Heflinger and S. L. Leonard, Ph:)'s. Fluids 4, 406 (1961).
5. R. H, Lovberg, Proc. 6th Intern, Canl. Ionizaiion Phenomena in Gases, Paris, 1963

Paper IX, 6 (North-Holland, Amsterdam, 1964), in pn'ss; also Gen. Dynamics

Corp. (San Diepo) Rept, No. GA-4363 (1963).
6. L. C. Burkhardt and R. H. Lovberg, Ph)'s. Fluids S, 341 (1962).
7. J. L. Tuck, Proc, 2nd biterl. Conf. Peaceful Uses At. EneYKY, Genet'a, 1958 Vol. 32,

p. 9 (I. D. S, Columbia Pni\', Press, New York, 1959). .
8. L. C. Burkhardt and R. H. Lovberg, Proc, 2nd Inlern. Conf. Peacefiil Uses At.

Energy, Gett"m, 1958 Vol. 32, p. 31 (I. D. S, Columhia Univ. Press, New York,
1959).

9. D. A, Baker, G. A, Sawyer, and T. F. Stratton, Proc. 2nd biInn, ('''(f. Peaceful
Uses Ai. Energy, Genem, 1958 Vol. 32, p, 34 (I. D, S, Columhia llniv, Press,
Nt'w York, 1959).

10. R. F. Post, A",i. RI"I'. Niic/. Sci. 9, 367 (1958),
1 i. D. nohm, with E. H, S. Burhop and H. S. 'Y. Massey, in "TIll Characteristics of

Eli'i'trical Discharges in l\Iagnetic Fields" (A. Guthrie and H, K. \\akt'r1ing, t'ds.),
p, 13, l\kGraw-Hill, New York, 1949.

12, K. Yamamoto and T. Okuda, J, Ph)'s, ."'iie. J"pmi II, 57 (1956),
13. S. (;Iasstonl' and R. H. Lovberg, "Controlli'd Thermonucltar Ih'actions," p.470.

Van :'ostrand, Prinn'ton, New Jersi'y, 1960,
14, L. Spitzer, Jr" "Thi' Physics of Fully Iiinizi'd (;asi's," 1" 87. \\ilty (Int,'rsi'ience),

Ni'w York, 1956.

15. D, E. T. F, Ashhy, J. Niic/. Ent'/.Y, Pi. (' 5, 83 (1962).
16. F. Jalioda and (;, Sawyi'r, Pii)'s. Fliiids 6, 1195 (1963).
17. J. H, :\laliih,'rg, U,'t', ."'ci, Iiislr, 35, II, 1622 (1964).
18. G, Ecki'r, \\. Kriil, and 0, Ziilltr, Ann, l'li)'sik 171 10, 222 (1962),

19, D, F, Un", "1', R. E, ))unamiy, l. 11. 1\lalinlwrg, C. L. Oxl,'y. 1\1. Sii';irns. D. W.
Knsi, F, i~, Snitl, S, 1', Cunningham, amI H. (;, Tui'kli,'ld, jr" 1'1't" liid 11I11'rn.
('011(, I'I'Ct/,t! Usn Ai, f:lia¡:.I, (;~,''',',,, IlJ58 \'01. 32, p, I J(, i. I), S, Co1iliihia
L 'nii', Pll'SS, :\l'\l York, 1959),

20, A.:\ 1. :\mlrianov (' "i" iii "Plasma Physi,'s anti till Prolih-ms of Controlh-tl TIllrmo-
nudear Hi'a"tions" (;\cad, S,,¡, L !,S,S.I~,. 1\1. A. L"ontii'ich ;inti j, Turkl'\'ich,
,'tis,), \'01' II, p, 274. :\Ial'nillan (I'ngaiion). Ni'w York, 1959,

~.~ (Y:T+__...L~.~--_.."... - "..._-..
FlIo..

P t.AS..04 (;)(A9"" ',~l r. , tcC¿¿VJ'!",
ì~. Hi.'ll)L~~To""E ~~

l-e"-l A~ L)

(l'C."h.I'/165; 11L.r)
'"

Chapter 4

Electric Probes

Francis F. Chen

I INTRODlCTION . . . . . . , . . I 13
2 SHEATH FORMATION , . . . , . . i 172.1 The Debye Shielding Length 117
2.2 The Child-Langmuir Law. . 1182.3 The She"th Criterion . . . . 120

3 PROBE THEORY IN THE ABSE:-CE OF COLLlSIO:-S A:-D MAGNETIC FIELDS 125
3.1 Prohe Current in a Prescrihed Electric Field . . 125
3.2 The Transition Hegion . . . . , . . . . . . 135
3.3 Saturation Ion Currents: lnknown Electric Field 13R

4 PIlOIIE TtlEORY IN THE PRESE:-CE OF COLi.SIO:-S 15 i
4,1 Prohe;it Space Potenti,,1 ........ 152
4.2 Saturation Current in the Limit ,\ .... Ii .. 155
4.3 Asymprotic Analysis of Large Spherical Prohes 160
4.4 Summary of Pro he Theories with Collisions 161

5 PROIIE THEORY IN TIlE PRESE:-CE OF A :\J.~i;:-ETic FIELD 162
5.1 Over-all View of the Problem . , . . . . . . . 163
5.2 Electron Current Il'ar thi' Sp"ce Potential ,.. 164
5,3 "Collisionh-ss" Theory of '1 Prohe in Strong :\Iagnetic Fields 169
5.4 Summary of Prohe Th,'ori,'s wiih a :\Iagnetic Field 175

6 FUMTINI; PROBES , . . 1776.1 Floating Potential, 177
6,2 Doll hI" Prohes . . 1786.3 Emitting Proht's I R3

7 TIME-Di':I'ENuENT Plm:-o:\msA 1857,1 EIT,'ct of Oscillatiims . . IRS
7.2 Ih'sponsi' of a Pulsed Probe. 187
7.3 L'Si' of Prohes to Study Fluctuations 189

8 EXI'EIIIXIENT:\1. CONSIIEIlATIO:-S . 191
8.1 Experimental Coinplil'ltions 1918.2 1'1'01'" Construction 194
R.3 Typi,'al Circiiits 196H,'f,'ll'lH'l'S , . , . . , 199

1 Introduction

One of the fundamental tecllOiqui's-the fin~t one, in fact- for
nlla~;iiring tIll properties of plasmas is the use of electrostatic prohes.
This tecliniqiie was ikn'lopi'd hy Langmtlir as i'arly as 1924 and con-
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sequently is:'1etimes called the method of Langmuir probes. Basically,
an electrosta,.-", probe is merely a small metallic electrode, usually a wire,
inserted into a plasma. The probe is attached to a power supply capable
of biasing it at various voltages positive and negative relative to the

plasma, and the current collected by the probe then prm'ides information
about the conditions in the plasma.

It is a fortunate property of plasmas that under a wide range of
conditions the disturbance caused by the presence of the probe is

localized, and the probe can act truly as a probe in the sense that its
very presence has no effect on the quantities it is measuring. We shall
find, however, that under certain circumstances, particularly in the
presence of a strong magnetic field, the disturbance is not localized, and
the probe current then depends not only on the plasma parameters

(density and electron and ion temperatures), but also on the way in
which the plasma is created and maintained. In such a case the method
becomes obviously less usefuL.

In spite of the diffculties which arise when probes are used in present-
day plasmas, the method is an important one because it has one advantage
over all other diagnostic techniques: it can make local measurements.
Almost all other techniques, such as spectroscopy or microwaw propaga-
tion, give information averaged over a large volume of plasma.

Experimentally, electrostatic probes are extremely simple devices,
consisting merely of an insulated wire, used with a dc power supply,
and an ammeter or an osciloscope. Nature, howe\'er, makes us pay a
penalty for this simplicity: the theory of probes is extremely complicated.
The diffculty stems from the fact that probes are boundaries to a plasma,
and near the boundary the equations governing the motion of the
plasma change their character. In particular, the condition of quasi-
neutrality, which obtains in the body of the plasma, is not valid near a
boundary; and a layer, called a "sheath," can form, in which ion and
electron densities can differ and hence large electric fields can be sus-
tained. A fundamental result of the original work of Langmuir and
H. M. Mott-Smith, Jr. (see /, pp. 23-132) was that in many cases the
sheath could he considered a thin layer near the probe surface and that
the quasi-neutral equation could he used up to a "sheath edge," which
in practice had a well-defined position. i n recent years considerable

progress has heen made in the application of boundary-layer techniques
to this prohlem, so that the artifice of a sheath edge has been removed
and the continuous transition from boundary to plasma can be dt'scribed,
at least in the collision less case. The sht'ath then appears as a natural
consequence' of the nature of the matlllniatical t'qiiations, and the
accuracy of the approximations which i ,angmuir made with great

ilsight in the early days of plasma physics has been borne out in' rge
-~niimber of physically interesting cases.

i t will be our purpose to summarize the aYailable theoretical results,
gi\'ing a sketch wherever possible of the way in which they were obtained,
and to supplement this with practical information on experimental

techniques. In Sec. 2 we begin with a short introduction to the physical
notion of sheath. i n Sec. 3 we shall present the well-documented theory
of probes in a collisionless plasma. .-\lthough the theory of probes in the
presence of collisions and magnetic fields is still in a primitive state. we
shall treat this in some detail in Secs. 4 and 5 because of the current
interest in magnetically confined plasmas. In the final sections we shall
describe specialized techniques and practical considerations in the use
of electrostatic probes. Quantities \vil be in cgs-es units.

The literature on prohes is so extensive that we have not attempted
to include here a complete survey of it. However, we have tried to include
references to the most recent papers, from which references to earlier
\yorks can be ohtained.

I n order to get an over-all view of the situation, let use look at a
physical plot of prohe current \'ersus probe voltage, as shown in Fig. i.
lIere negative, or electron, current to the probe is plotted against lp,
the probe \')ltage with respect to an arbitrary reference point. This plot
may be obtained continuously in a steady-state discharge, or point by
point in a pulsed discharge, the probe bias being changed from pulse to

t
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pulse; or the ire curve may be obtained in a few microseconds in a
pulsed discharg.: by the use of a fast-sweeping voltage source.

The qualitative behavior of this curve can be explained as follows. At
the point V., the probe is at the same potential as the plasma (this is
commonly called the space potential). There are no electric fields at
this point, and the charged particles migrate to the probe because of

their thermal velocities. Since electrons move much faster than ions
because of their small mass, what is collected by the probe is pre-
dominantly electron current. If the probe voltage is made positive
relative to the plasma, electrons are accelerated toward the probe.

l\Ioreowr, the ions are repelled, and what little ion current was present
at i". vanishes. Near the probe surface there is therefore an excess of

negatiw charge, which builds up until the total charge is equal to the
positiw charge on the probe. This layer of charge, the sheath, is usually
very thin, and outside of it there is very little electric field, so that the
plasma is undisturbed. The electron current is that which enters the
sheath through random thermal motions; and since the area of the
sheath is relatively constant as the probe voltage is increased, we have
the fairly flat portion A of the probe characteristic. This is called the
region of saturation electron current.

If now the probe potential is made negative relative to V", we begin
to repel electrons and accelerate ions. The electron current falls as V p
decreases in region B, which we shall call the transition region or
retarding-field region of the characteristic. If the electron distribution
were :\Iaxwellian, the shape of the cun'e here, after the contrihution of
ions is subtracted, would be exponentiaL. Finally, at the point V"

called the floating potential, the probe is suffciently negative to repel all
electrons except a flux equal to the flux of ions, and therefore draws
no net current. Ari insulated electrode inserted into a plasma would
assume this potentiaL.

A t large negative ,-alues of i'i' almost all the electrons are repelled,
and we han' an ion sheath and saturation ion current (region C). This is
similar to region A; but there are two points of asymmetry hetween
saturation ion imd saturation electron collection aside from the obvious
one of the mass difference, which causes the disparity in the ahsolute
magnitude of the currents. The first point is that the ion and ekctron
ti'mperaturcs are usually unequal, and it turns out that sh.eat h formation
is considi'rahly different whi'n thi' colder specii's is collecti'd than when
thi' hotter spi~cies is collected. The second point is that whcn tlllre is a
magii.tic fidd, the motion of tIii' electrons is mudi mori' affi'ctl'd hy the
¡ìi'ld than tIii' motion of tIll ions. These two points, which wi'ri' Illgki:ted
iii thi' original theory of Langmuir, are responsihk for making impossihle

~¡t..

: simple and straightforward application of probes as origi 'y

riroposed by Langmuir.
If it is possible to place a probe in a plasma in such a way that the

plasma is not greatly disturbed by the probe, then one can hope to
obtain from the probe characteristic information regarding the local
plasma density n, electron temperature kT", and space potential V..
The shape of part B of the characteristic obviously is related to the
distribution of electron energies and hence gives kT" when the distribu-
tion is Maxwellian. The magnitude of the saturation electron current is
a measure of n(kT,,)1/2, from which n can be obtained. The magnitude
of the ion saturation current depends on nand kT" , but only slightly on
kT¡ , at least in the usual case where kT¡ ~ kT" ; hence ion temperature
is not easily measured with probes. Finally, the space potential can be
measured by locating the junction between parts A and B of the curve
or by measuring Vf and calculating V" . In the presence of collisions or
magnetic fields, the probe currents depend also on the transport coeff-
cients of the plasma. In many instances, such as in a magnetic field, the
absolute magnitude of n cannot be calculated with certainty; howewr,
probes are still useful for finding the relative density in different parts of
the plasma. In unstable plasmas probes are useful for measuring fluctua-
tions in 1/ or V" , which are simply related to fluctuations in probe current
or floating potentiaL.

2 Sheath Formation

2.1 THE DEBYE SHIELDING LENGTH

Let us consider the effect of introducing a potential Vo at some point
.\ = 0 in a plasma of dimensions R and undisturbed density "0' The
potential is given by Poisson's equation, which, for simplicity, we write
in one dimension:

d~V __ _ 47Te(1/1 .-- n,,).
d.,.2

(I)

If we normalize V,,,¡ , 1/" , and .\' as follows:

71 '
t J'

kT" '
1'1

x
R '

n"

1/0

1/1

1/0
(2)~v"

the i'quation bi'COnllS

/i2 dtr¡

R~ -iie
I.I( r¡) v,.( r¡). (3)
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where

h == (kTe/41T71oe2)1/2.

Since the quantity ii R is small in a plasma (by definition), Eq. (3) has
the appearance of a boundary-layer equation; that is, the highest deriva-
ti,'e in the equation is multiplied by a very small number. This means
that the equation without the derivative, v" = Vi , which is called the
"quasi-neutral equation" or the "plasma equation," is valid over scale
lengths of the order of R and that r¡ changes considerably only within a
small length of the order of h next to the boundary in order to satisfy the
boundary condition at E = O.

For example, let the ions be infinitely massive, so that n¡ is constant,
and let the electrons be in thermal equilibrium:

n" = "oe-TJ.

Poisson's equation then takes the form

d"-"I

el(.\11i)2 = 1 - e-TJ ~ "I.

Thus for small r¡ the potential decays like

f' = I'oe-1J'/hl,

and the externally imposed potential is shielded within a distance of the
order of h. The length ii is called the Debye shielding length.

2.2 THE CHILD-LANGMUIR LAW

Let us now examine another idealized situation, that of two infinite
plane-parallel plates, one which emits particles and is at zero potential,
and the other which is perfectly ahsorhing and is at a potential VB' This
is shown in Fig. 2.

Consider first the case of emission at plane A of only one species of
particle, with charge ---(' and mass m, emitted at zero velocity. The
particle vdocity at a position where the potential is i' is then

i' - (2e 1,1/1)1 12.

If tIlt emitted part ide current density is j, the particle density ¡it x wil he

1/(.\) j(2e1'(.\) '/I) 1'2

(4)

(5)

(6)

~
.:t~~

(7)

(8)

(9)

"t. l:Lt.L I HI L l' KUtit.b II~

FIG. 2. Schematic of the potential distribution between two planes, one of which is
emittin¡. electrons.

Poisson's equation becomes

d2/ïel.\2 = 41Tej(2eVjm)-i/2.

:\Iultiplying by dVldx and integrating from x = 0, we have

1 (dl')2 'fV(2eV)-1/2 T
- -- ~- 41Te) -- df2 cl,\'. 0 11

'.0 41Tj(2me)I/l!VI/2 + (ell:) .
d.'\ 0

(10)

By space-charge-limited flow, we mean that (dV¡dx)o vanishes. We then
ha\-e

i' 1/4 cll' (81Tj)I/l!(2me)1/4 d.\.

Integrating from .\' - 0 to x d, we have

1 I'~ l (81Tj)I/l!(2me)I/4 d

or

.I
2 Ill! I'~!2

(iiit, ) 91Ti2 .

(I l)

( 12)

which is thi' Child- Langiiuir ~-power law for space-charge-limited

ciirent flow hehn'en t\\o plani's separated hy a distance d with a potential
i '/1 lllt\\Ti'n theii.

.:\.
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The top ( -\e of Fig. 2 represents the case of small j, when the space

charge is Smêi1,i and the potential therefore a linear function of x. The

middle curve shows the case when j is at the value given in Eq, (12);
then the electric field is zero at A and a further increase in emission does
not increase the current because no field acts on the particles at A. ,;,;

If now the particles are allowed to have finite velocities when they are '¡.
emitted, their inertia allows them to leave the surface A even when no
electric field is present. This has the effect of depressing the potential ,;
below zero and building up a field which opposes the emission of

electrons. The potential curve then looks like the bottom curve in
Fig. 2, with a potential minimum V rn at x = Xm. In the case of a
Maxwellan distribution of emitted electrons, the potential distribution
can be found by integrating over the initial distribution of temperature
hT, To first order in Tj-l/2, where Tj = eV/hT, Langmuir (/, p. 379) finds
for the space-charge-limited current

. (2 )1/2 I (V - Vrn)3/2 ( 2.66)
j-- - 1+-- me 97T (d - xm)Z Ý ~ . (13)

This shows clearly the increase of current due to finite temperature. The
values of V m and Xm in Eq. (13) must be found by a more complicated
procedure, but for practical purposes they are small and may be
neglected. Although we have for definiteness specified electrons, the
Child-Langmuir law obviously holds also for ions if the appropriate
mass and temperature are used.

2.3 THE SHEATH CRITERION

Let us now introduce a second species of charged particle, so that we
have a species i which is accelerated from A to B and a species 2 of
equal and opposite charge which is repelled from B. We want eventually
to identify surface A with the surface of the plasma and B with the
surface of a wall or probe. Since a plasma is very nearly neutral (by
definition), we require that ni ~ nz at A.

Our purpose in treating this problem is to gain some physical insight
into the limitations of the approximation of a definite sheath edge

which separates the plasma region, in which there are no electric fields,
from the sheath re~ion. in which large fields can exist. If the plane A in
Fig. 2 is to represent the sheath edge, then to ensure a smooth transition
to the plasma solution. the electric field of the sheath and its derivatives
must nearly vanish there. We shall find that this condition imposes a
requiremt'nt on the yelocity distrihution of the particles emitted at A
and collected at ll

4. ELEC''HIC PHOBEl: J.L i

For simplicity, we shall treat first the somewhat degeneratl' ~e in
- which Ti = 0, i.e., the accelerated particles have no random motion. In

this case we must give them a nonvanishing drift velocity Vo at A, since
otherwise their velocity at A would be 0 and their density infinite if
their current is to be finite.

Since there can be no particles of type i traveling from B to A, the
distribution function of i is

fl(O, v) = 1/oS(v - vol. Vo ~o
(14)

fi(x, v) = 1/oS ((vz + ~~rz - vol'

We now assume that the potential B is so large that almost all particles
2 are repelled; their distribution wil then be Maxwellan:

( mz )1/2 ( ( 2qV)fl", v) = 1/0 27TkT2 exp -mz VZ + -k /2kTz)' (15)

With the dimensionless variables

qlV'
"' = - kTz '

u = V (~_)I/Z2kTZ ' l = x ( 47Tnoll)I/ZkTz ' (16)

this becomes

)I/Z ifz"'. u) = 1/0 ( m2 - exp (- m~ u2 -"') ,7Tml 'ls mi (17)

where we have set qi = -q2' and where VA = (2kT2imIP/2. Note that

since particles I are accelerated, qi V is always negative, and therefore 71

always positive. Similarly, Eq. (14) becomes

fl("'. u) = 1/0V;IS((UZ - 71)1/2 - uoJ. (18)

The densities are found hy integrating with respect to 'l'~ du:

"2 "lie'l

"I ,-- "0 I ö(y- I/o) (y/,d~)ii2 c_"" "0(1 , ",1/02)-1/2. (19)

Poisson's equation is then

r¡" "lire 1 l 1JUIi 2)-- 112 e '1), (20)

't
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With the ur"integrating factor r¡', the integral from 0 to x is

lr¡'2 = no~2u:((l + r¡IlÕ2)1;2 - I) + e-'" - 1) + lr¡;t (21)

For the moment, let us neglect r¡¿. The left-hand side in Eq. (21) must
be positive; hence

2u~((l + r¡UÕ2)12 - I) ? I - r"'.

Near the origin r¡ = 0, this inequality becomes, upon expanding,

2u~( l 'TUõ2 - * 'T2UÕ~) ? 'T - l 'T2

( m i,2 )1,2 I"0 = 2lr: ? Ý2 .

This is the original sheath criterion derived by Langmuir (2, p. 140)
and Bohm (3, Chapter 3). It states that in order for the sheath equation
to have a solution for small r¡ there is a restriction on the streaming
velocity assumed for particles i at plane A: namely, that it be larger
than (kT2 mi)1/2. .

The most common application of this criterion is in the case of ion
collection, in which ions are particles i and electrons particles 2. In
many discharges the ion temperature is much lower than the electron
temperature, so that the assumption T1 = 0 is applicable. Equation (23)
then says that the ions must stream into the sheath boundary with an
energy greater than lkT", which is much larger than their thermal
energy.

The reason for this restriction on the cold species can be seen by
plotting the density, as given by (i 9), logarithmically against potential 71,

as shown in Fig. 3. The trapped particles 2 have a density which appears
as a straight line on the semilog plot. If 71" is rigorously zero, the curve
for ni starts at the same point "0 as does "2 , and its initial slope depends
on "0' If Un is small, "1 is less than "2 for small 71. Referring to Poisson's
equation,

"or¡" .. -"1 -"2'

we see that if 71;. = 0 and 71 is to he positive, 71" must be positive near

71 0= O. If Un is too small, 71" is negatin', and this wil not permit a mono-
tonic solution for 11( g). The solution will oscil1ate hetween two values of 71,
corresponding to an imaginary valiii' of 'T'2. If /Ill Wl'fl' large, we see from
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Fie. 3. Schematic of ion density (ni) and electron density (n.) distributions in a
sheath as a function of potential'l. for various values of incident velocity "0 of the cold

ions.

Fig. 3 that "1 is always larger than "2 , and the problem does not arise.
The critical condition is that

( ~~I )0 = ( ~:2 )0'
(24)

From Eq. (19), this is just

_ 1/0 u-2 = - n or u2 = .l-

2 0 0' 0 2'
the same condition as Eq. (23). This equivalence was first pointed out by
.\lIen aud Thonemann (4).

The proof given above is subject to the criticism that 71,71', and "I"
cannot all vanish at x c_-= O. since then only the trivial solution is possible.

In practice 71;. and T/(; have small but finite values. If 71" is positive, for
example, then by Eq. (20) "1 must exceed "2 at x '- 0, as is ilustrated
by the dotted line in Fig. 3. The curve "i(r¡) may then dip below "2' and
the critical vallie of /In is reduced. This effect, however, is slight as long
as the Debye length is small compared to the characteristic lengths in
tIll plasma, such as the mean free path or an ionization length. The
etfi'ct of finite TJ:l and TJI~ has been computed by Ecker and McClure (5).

i f now the accderated particles arc allowed to have a spread in energy
at tlii' sheath edge, the critical drift velocity "ll given by Eq. (23) is
considerahly reduced; however, the \'ahie of"n then cannot be expressed
simply, i'n'n for a l\axwel1ian distrihution.
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We may -, point out the implications of the sheath criterion on the ':, ;
probe ~ha"erefist;c of Fig. i. Coos;d~nhe usual case;o whkh T, ~ T. .,~ ;'
Then In part A of the characteristic, where electrons are accelerated .,;'
toward the probe, the sheath criterion (23) tells us that the electrons :t?
must enter the sheath with a drift velocity greater than (kT¡jm)l/2. '~~i
Since this is small compared to the random electron velocity, and the -,~,
finite electron temperature makes the criterion even less severe, the ::'
current entering the sheath is closely approximated by the random ;',
electron current in the plasma. Vse is made of this in Section 3. i. On
the other hand, in part C of the characteristic, where ions are accelerated
to the probe, the sheath criterion requires the ions to have a directed

velocity greater than (kT('jM)I/2, which is much larger than the random
velocity. The velocity distribution at the sheath edge is then unknown
and the ion current must be computed laboriously, as is done in Sec. 3.3.
However, for sheaths thin compared to the probe radius, so that the
geometry is almost planar, it wil turn out that the ion current density is
given roughly by no times this critical velocity. This is essentially the
reason probes are insensitive to ion temperature. The situation is, of
course, reversed if T¡ is much larger than T(' .

We have, for purposes of ilustration, considered the case of an infinite
plane probe, but it is clear that such a probe cannot actually exist, since
in the absence of ionization all the plasma would eventually be lost to
the probe. The probe current in steady state is given by the rate of
ionization in the plasma, and therefore the probe is in a sense actually
an electrode. As we shall see in Section 3.3, the situation is different in
the case of spherical or cylindrical probes, for which the probe current
depends only on the properties of the plasma far from the probe and not
on the mechanism which produces the plasma. However, except for
geometrical factors, the basic prediction of the plane sheath criterion is
stil valid; that is, the shielding of the probe by the sheath is incomplete,
and a total potential drop of order of magnitude kT2 must exist in the
plasma region to accelerate particles i to this energy by the time they reach
the point near the boundary where the quasi-neutral assumption fails.

Further discussion of plane sheaths, which necessarily involves the
ionization mechanism, may be found in the work of L. Tonks and
Langmuir (2, p. 176). The particularly simple case of no collsions has
been treated hy Harrison and Thompson (6), Auer (7), and Self (8).
A rigorous boundary-layer analysis of the plasma-sheath transition has
heen given by Caruso and Cavaliere (9). The stahility of the ion stream
in this case has been examined by Chen (/0). The effect of a weak
magnetic field on the sheath criterion has been studied by Allen and
Magistrell (I J).

3 Probe Theory in the Absence of Collisions and
Magnetic Fields

The exact way in which the plasma parameters are related to the
probe characteristic wil depend on the shape of the probe and the
relative magnitudes of the collsion length, the probe dimensions, the
Debye length, the Larmor radius, and so forth. In this section we shall
discuss the simplest case-that in which both collsions and magnetic
fields are negligible. This case is essentially that covered by the original
theory of Langmuir. There is, however, one exception; that is, in dealing
with saturation ion current the effect of acceleration of ions in the
plasma region (which we discussed in connection with the sheath
criterion) was at first unknown to Langmuir. For the proper treatment
of ion saturation current we shall have to turn to comparatively recent
work. We shall confine ourselves to plasmas consisting of singly charged
positive ions and electrons. Extensions of the theory to include negative
ions or multiply charged ions is straightforward. The main difference

from the discussion of Sec. 2.3 is that now we shall have to consider
particle orbits in more than one dimension.

3.1 PROBE CURRENT IN A PRESCRIBED ELECTRIC FIELD

We now turn to the problem of sheath formation on actual probes,
which are normally not planar but cylindrical or spherical, since such
shapes do not disturb the plasma as much as a large flat surface. Particles
can now move in orbits in a central force field, and the density is no
longer a simple function of potential as it was in the one-dimensional
case. Again we have Poisson's equation

V2 V = -41T(qini + Q2n2)'

but now not only is the Laplacian more complicated but also ni is a
complicated integral involving V. The solution for V must even in the
simplest case be found numerically. However, in some physical situations
the probe current can be found without knowing the exact behavior of
V(r). I n these situations the original theory of Langmuir is applicable.
I n describing this theory we shall assume that the function V(r) is
already known.

3.1.1 Thiii Sheath: .~pace Charge Limited Current

Suppose that the prescrihed electric field is such that the potential
drop around a charged spherical or cylindrical probe attracting particles
of type I is concentrated in a thin layer of radius s surrounding the
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