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CHAPTER I . .~

v

‘INTROUUCTION e

'f' . - . .
The development of accurate,'well understood plasma P

dlad\Pstlc technlques (1 e. determlnatlon of plasma char— s :

‘acter stlcs, ‘mainl elect on and ion den51ty, lectronn
& Y @

°

t?mperature, recomblnatlon rate. etc D is essentlal 1n plas&
" ma’ research“ Any progress 1n the understandlng of natur—
ally ocourring plasmas or 1n utll zing existing technlques .
‘1n the productlon of plasma w1ll put this science another |
step ahead Prlmary,sources of naturally occurrlng plasma

lnclude the 1onosphere and flame plasmas. S o D
vl}l'uFLAME AS A;PLASMA,SOURCE ' ‘

, 'Thé convenienCe ofjthevproduction’6f'flames'makes'them{~*
. ,‘&‘ B . . . .
a very lmportant source of- plasma. Tﬁey have a temperature

frange from 1000 K to 4000 K and a pressure range of typi-
cally from°1 torrx to 100 atmospheres. The electron concen-

Atratlon of a flame can vary from 10 /m to 10 /m with
'Debye shleldlng lengths of the order of 3 X 10 -6 to 3 X-10_4m;r
The usual characterlstlc flame dimensions of lQ to lO lm.,
"arg suff1c1ent to‘allow the flame to be treated’as a true

' plasma as dlstlnct from a smmple enseable of 1ons and elec—‘
trons. The-colllslon frequency of electrons and neutral

‘molgcules in flame gases is of the otder of/p =1 ~13 IMﬂ/sec

| wherejM]-s Concentration of neutral molecules per meter3



v . e s ,
Y i

In an atmospherlc pressure flame v =3 x lOll/sec(l).

Because of these qualltles research workers have used
/

flames as a convenlent source of plasma for. many experl—_'
. ments. ‘ S : /"
3 . " (,'

/

Varlous technlques have so far been proposed for the
7 . :

~study oﬁ,flame plasmas namely, o

. Mlcrowaves'

°

. Electrostatic Probes

" jspectrophotometry

1
2
3. “Magé Spéctrometry
.
5. f‘Electron Cyclotron Resonance ‘ F{'/
6, lRadlo Frequency Coxls ‘ m ) ﬁp. “.. ‘,\\{
/ S .

The first three me;hods have met w1th a. good deal of suc—'rh
/ N !
cess. - ' ' ,
// -

2} sufferslfrom a drawback'be—

//1 The microw ve method

/

The spatlal resolut1 n 1s thus reduced Hy»the presence

of large holes ln the cav1ty walls. The ‘holes 1n the cav- ‘o
.‘lty whlch\are necessary for the entrance and exlt of the

. {.

hot flame gases also permlt the electrlc and magnetlc

lelds to 1eak out of the cavxty. o R L N\

/

The llmltatlons of the mass spectrometer“are assoc1ated
with the/problem of accurate sampllng -of the flame gases..

'Although much work has . been done to allev1ate the problem,



De O

N

, ’ . -2
e .

lt is at ltS worst at hlgh gas pressures and extreme care

'y

| must be taken in 1dent1fy1ng true flame lons.

© .
¢

1.2 ELEC'l‘RCSTA’l‘IC PROBE- A's A"TPLASMA ‘DI-A;GNOSTI.CT
Electrostatlc probes are one of the fundamental‘tech— -
_nlques in plasma dlagnostlcs. In 1924 Langmulr developed '
\’thls technlque.. The . probe 15'3 metalllc wire lnserted 1ne
- to the plasma and blased posrtlve or negatlve w1th respect;
to the plasma w1th the help of a power supply or battery.v

'The current voltage characterlstlcs prov1de 1nformat10n

about the condltlpx'of the plasma._ For a w1de range of

I

—
condltlons the presence of the probe . does not perturb the
. @ o
'-plasma. Thus the probe does not have any effect on the

guantltles belng measured.‘ The electrostatlc probe offers' ;
‘good spa01al resolutlon over a’ w1de range. of condltions. "
‘pAlthough the probe 1s very easy to construct the lnter~
pretatlon ‘of .the" results 1s not- so srmple.: The difflculty
parlses because probes aye boundarles to the- ?lasma. ‘fhe
governlng equatlons of motlon of thé fharged partlcles ln.b

the plasma'do not hold in the boundary‘reglon. The con- :

.m;dltlon of qua51neutra11ty wh1Ch 1s true for the plasma 1s

o 4»1 ﬁvalld near the boundary (whlch 1s known as a “sheath“)~'

/ele;;?onaand 1on densxty differ.s : ,." '
\ : .

\ . . . - E <Q

.

:gmulr aﬁa H. M, .Mott Smlth( ) assumed ‘a thin bound—

’

ary’la":i\around Eﬁe probe and noted that the qua51neutra1



’

’jequation could be used up to the 'sheath edge' which in
T e A o R : ‘
practicer had a well-defined position.

In recent years: sc1entlsts ‘have trled to. understand

the behav1our of a probe in a hlgh pressure plasma.‘ Schultz

and Brown(4) trled to lnterpret the bosxtlve ion saturatlon s

g J
d reglon of a probe at low pressure,,taklng lnto account thé
dlrected current at the sheath ed@ef_ Good agreement was

/

‘found betwegn the theoretlcal and experlmental results
:at low pressure.i At hlgh pressure the probe collects a-
, bout tw1ce the current predlcted by the theory. Thelr '
~<theory was based on the assumptlon of a sheath reglon
around the probe. Su and Lam( ¥ have presented a contln—
uum theory for a negatlvely blased probe in a sllghtly |
‘1onnzed hlghkfeutral densrty gas. They assumed a sllghtly

he

1onlzed plasma° whlch,was quLescent They have given two

°

,explxcrt forms of current—voltage characterlstlcs,-one for

verxy negatlve probes and the other for probes at close to

plasma»potentlal‘v Both of these are bgsed on the assump—
*tlon that the probe radlus is large compared to the Debye '//
-
length‘ Soundy and Wllllams( ) developed a problng tech—/

., nigque along ghe llnes suggestéd by the theory of Su and

- Lam, but/théxcurrent collected by the probe ‘was 100 thes

e

d‘curremta A num‘ N

_ber of theorles have been P t forw rd to explain thlS dls-

greater than the theoretlcally predlc
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crepancy. ‘ : o

‘ } . : . oo L N . . : *ra
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'1 3 ELECTROSTATIC PROBE FOR THE DIAGNOSTICS OF SFLOWING
. 2 / .
. PLASMAS | - | '

, It has been found experlmentally that the electro—
’ . . .
'statlc probe theory works satlsfactorily in statlc plasmas. .

ﬁowever, ‘the theory does not work 1n most athSpherlc
_ . B ‘
plasmas 31nce in fact such plasmas must usually be con-

sldered ‘as moving plasmas, because of thelr 1nherent mo-
tlon.. There has been con51derable lnterest 1n ‘the appll-

+ catlon of probe theory ln t is type of mov1ng plastma.(6 12)

—

)_ - Lam(a) flrst looked lnto the\case of hlgh.preSSure'

, \
.1on.temperature are‘ap§i0x1mately the same.

Al

.

- Re = ZVfr\pDi °
R \\ _ %
where: . A J
: . o Ld -
“ ) B - \, ! .. .
ve = plasma convection Velocity_ )
gq_rp = probe radius - S \ '
5o L e B , o
.t = positive’ ion diffusivity - L el

This'theory.is onlYléppliCable‘ﬁ:éer the followihg con-
) dltlons. oy \* o | SO s \f -”T; . R
K R ' R S oRress | i |

E P T ' S «\



ﬂmuch smaller than “the thickness of the sheath
2. The Debye 1 ngth is much aller than the thiek—
‘ness- of the boundary fayer adjacent to the body"g

:surface. T TR o .
- B - -

The prediction of Lam was that the probe aCts as a
'51nk to the charged particles which lose their charge by
»recombining on the surface of the probe., The electrons
'w111 hit the probe more often‘%ian the heavier ions due
to. their large thermal veloc1ty.;'Immediately next to the.
ybody surface the nunber density of electrons becomes too
low to carry the ions and the ions' own difquion motiOn
takes over. Outside this\ambipolar diffusion regron, con=

vection effects are dominant and the electron and lon dené

'sities are‘uniform and-equal.

De .Boer and JohnsonClB)

have derived the sheath _ _ck—,.
fAness and current collected by the prooe which d oends-onhi
_the conservation of ions entering the sheath from the freeu'
:-stream.. They have assumed that the boundary layer betweend-'
“the quaSineutral region and the sheath edge is. very small,
‘A strong electric field acts at the 1on\sheath and the ef-»
y fect of the electric field on the ion flow lS very small .
- The free stream electric field cannot be preCisely zero,
Since some field strength lS required to drive the elec—:

‘ tron towards the pOSltlve electrode. The ions. havxng been



o mlc boundary 1ayer 1s formed around the probe t'1f~the

sheath. Agaln slnce the p asma is flowxng,' hydrodyna—'

B electrxc sheath is mhch thicker than‘thrs hy rodynamlc

-vboundary layer, convectlon w1th1n the sheath may be ne« )

wm "

S .‘g}',i»ﬂf

'zglected

fles the. task of sol ing the sheath‘eduation.e At low

(14) The mechanrsm of ron flow W1§P1n the sheath

can be treated as one dlmenSLOnal, whlch greatlygs;mpli—
SR A

.

1on*den51ty the sheath betomes thrckﬁcomPared to the hy~i'

drodynamlc boundary layer. Jforxeafflc1ently 1ow lon den-p

Slty, the sheath can‘fill a"hollow probe, whlch then

serves as a total collector of all Lons convected lnto 1ts;
- : “4~ »
entrance area. In descrrbrng the motlon of lons 1n a

‘e

sheath, De Boer(l41 concluded that convectron 51mp1y adds

.a constant horlzontal component to the ion motron in the

' major part of the sheath ~ The predomlnant electrlc efl

-

fect is in the vertlcal drrectlon and not .in the horlzontal

' dlrectron, but the electron densrty from probe measure—-

h

ment was 50% more in De Boer measurement.

N

Clements and Smy d1v1ded the hlgh pressure movlng

probe theory 1nto two reglons namely,. R a2x2;>1 and

R a2x2<<1 where Ré T = electric Reynolds number

aavs
=~

.,
ft@w



:; ‘
ne .
. . L s =
u2 = eO!CTE - "_ ' ) ‘ ’ R ‘w. R .
=
n_e’r N
L “sé, = Perﬁittivity‘of‘free space
1. o ) TR SRS
k = Boltzman'S‘constant
Té_ = Electron temperature ' ) ‘ ‘T?.
n, = Electron denSLty
e = Electronic charge” S
. . - , : : =
r, #'Probepradius'_'
x . = eV/kT
. , . TV ='Probe potentlal (negatlve)
'ﬁi = Ionic moblllty |
X For Ry a2x2>>1 Clements and”Smy'have'shown'that'ther

supply of ions to a. negatlvely biased probe arlses pre-~
domlnantly from hyd\odynamlc convection of lons lnto the

fprobe sheath "If the sheath remalns thln compared to the
A

"probe radlus,‘the theoretlcal current per . unit length to

a cyllndrlcal probe lS (15)

P

3/4 1/2
.(“150 rpl

".i 5 3(n ev ) 1/4 )

. -
';For Re a2x2<<l the supply of ions to the probe\is‘govern—
ed by dlfoSIOn of 1ons through the electric boundary lay—
exr surroundlng the probe. The theoretlcal d1ffusxve cur—,~
rentdper unlt length to a cyllndrlcal probe was derlved

(16)

U d teur 1/2
_‘Id.:.4(eyrpvfkTe) e.‘



~ model proposed by De Boer and Johnson

— N

~

» By following ‘the gulde llnes presented by Lam, Cle-

ments and . Smy (16) came up w1th.a Smele.expreSSLQn for:

. the transxtlon between dlffu51Ve and’ sheath convectlve be-

hav10ur in the.absence of recomblnatlon.- They found this
transition to be a reasonably broad one, which in fact

‘oovers'a range of about two orders of magnitude of the

2,1/4

varlable (Re a x . Addltlonal compllcatlons arlsea

from the cold dense gases ln “the hydrodynamlc boundary

: layer. " When thlS boundary layer ls-th{'hxln comparLSLon

_-w1th the sheath, then the boundary layer resistance has

E

- a large 1nfluence,on the probe current. L R

1,4 "I',HE‘:ZIA\.]ATURE- OF THE PRESENT WORK -

-

There is no deflnlte theory ‘to calculate the electron :
densxty from the saturation fon current under a varlety
. of plasma condltlons. The domlnant supply of ions to a.
: negatlve probe arlses from their convectlon or diffusion

‘ 1nto the sheath surroundlng the probe. Inuthe.51mple .

(13), Kulgein(l7)

(15)°

Clements and Smy the ions. had been convected through A

the sheath edge. Once they CrOSS'the sheath edge, the

o

ions change direction qulckly under the lnfluence of the o

- ¢

vhlgh electrlc fleld whlch occurs 'in the sheath and move

towards the probe._ Thls theory has been applled by others

&



10.

to‘different probes.(cylindrical, spherical,.and stagna-
tionvprobe) and sheath confiqurations (planar, cylindri-
cal) Good agreement has been found with existing exper-v
1menta1 data for ionization den51t1es in the range of 1015
/m . The sheath convection theory gives good agree—

4

ment but a significant error arises in the case of sheath-

diffusmon theory (De Boer(;3) (18)

~v10x, Clements and Smy
NlOOx) This particular-mode of operation, the so calledl
'sheath/convection mode, is particulary de31rable because
for many geometrles the theory is simple, its assumptions
_are reasonably well satisfied and ‘the measurement is per—
formed on an undisturbed plasma', since the sheath edge
which abstracts ions from the plasma. extends beyond the
hydrodynamlc and thermal boundary,iiyers surrounding the
.probe.' As . has been pointed out above, the application of:'
the sheath/convection model is limited by various para-
meters.' This the51s describes ‘an experimental investiga-~
tion of probe behav1our at ioniaatjion den51ties down to
/m " in a region where the sheath/convection model
1oses valldlty and therefore another model must be used
The theory developed for thlS new region of ultra—low
ionization den51t1es (for 1aboratory plasmas) also is .

' shown to have application to the measuremen: of ion den-.

-‘Sltles w1th1n thick sheaths or clouds of positive ions."



| o ' . 11.

el

\

(19) and S6nin(2°) have developed a theory for

\ydult
the bipﬁt nosed'probé which has some similarity with the
presené\theory. Their theory doéé not comsider cylindri-
cal or ébhefica& geémetry'and takes no éécquntvqgrihe
Qheéth'effects. The expefimentél measurement;sggws Qood

agreement with the theory presented here._&\

L]
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CHAPTER 1II
THEORY
2.1 THE LIMIT OF SPACE CHARGE AND FIELD LIMITED CURRENT

The simple sheath/convection model by De Boer and

Johnson(l3), and Clements and Smy(21)

In the case 9% a cyiindrical probe in atmospheric.plasmas,

' the sheath radius is much greater than the probe radius,

v

The e#sential point of the‘Sheath/oonvection model is that

all ions convected into the‘sheath.eventﬁally'errive at

" the probe due to the stroﬁgielectrio field in £hé sheatpx

- ‘The field E =~ 0 at the sheath edge (the boundary of the

-

plasma electrons}, and as soon as the ions enter 1nto the
sheath their motioqs are determ;ned by ‘the sheath:elect~
ric field. The sheath radius then adjusts to such a value

(ré) (assuming a chindrical'symmétry) that the current

"~ 'to the probe is space charge controLled The ion cur--

N

’ rent/unlt length at a dlstance r is glven by

. i= = 2n r n_u;Ee ; , - 1)

o -

where pi = ion_mobility, E = the. electric field of the

probe, e = electronic Charge,;ne_= ionization dehsity.

From Poisson’s equation,‘in oy1indrica1 coordinates

1

is shown 1n‘f}g. (1).

#

AN
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av

-—!- M — a-f - —‘1(21' mieo(dV/dr))

13

1 av -1

(2)

Rl

~

Schultz and Erqwn“) have integratea this equation ap-

" plying the boun

V_at r = r_ an
P } %

%

2 nmyje v

r
» _2?‘[1og(rq/rp)}f2

dary.condiﬁiod E=Y=0 at r x, and V =

di=1I giving rise to the expression

2 -1 |

. o p’ p . ‘i' % : (3)

*p

.‘wherevgq = Permittivity of [free space.

It is note

<

3

-

d what in deriving the—asymptotic expresi-’;‘?

(510n above, a factoﬂ of '1.37 in the 'log! term has been

'neglected for s
edge of the she

” .
f§r ro>{rp and

w

. It is apparent

impllcity. The supply of ions to the outer
ath will nau'be .generated by convection
Re sl and”w111 consequently be given by -~

- . : | B - \I "
. ) o
ZrOneer | o o (4),

: ! S

q1ectriq'Reynold‘s number = 2vfrp(pik?e/?'

fﬁlow_yelocity of the plasma,

_Béltzman's constant

. electron temperature. f \
from eguations ‘(3] and (4) that the sheath
’ ’é e - ’ ' ‘ ——



thickness r, will adjuat so that the linear convection of

ey

io s into the sheath is just balanced by the radialxcpaco -
charge limited flow of ions 1nto the probe. Eliminating

3 o

x, from equations (3) and’ (4) Clements and Smy(21) ob- .

-o

tained

. r 38 ~, - :
vV = . - — log ( - )
s 1/2 . "'. s
(Zr:%f (2n evf) o Zneevfrp
. & Lo ‘ ¢ . (4}
’ .
e« 1/3 2/3
ro. 22t e . C(s)
: = I s 2/3 a
‘ nkevfrp .
Ce e e 0

AN
~ ©

At low 1onlzation density- or at high flow velocitx
it is observed that the fields aithln the sheath may not
beﬂstrong enonch to ensure that a large portlon of the )
ions enterlng the sheath do 1ndeed feach the probep maﬂy,
in fact, will be swept on by the £low . back into the plas-
ma. This sztuatlon is 1ndicated in fig. (1—b).° The ions
betweén AA will only contribute to. the probe current, theo
,'others will not contribhte to the probe current althaugh '
they remaln 1n‘the sheath for avperlod of time, It can. °

»be dec1ded wh;ch of these regions best describes a given

a

.. . . .
° . - )



;probe 31tuatlon‘by‘cone1derlng the - s1tudt10n (l b), ln/
this cesé the motlon of most lons W1th1h the sheath lS
1argely unaffected by . -the sheath electrlc field Cone\q
.sequently, the 1on den51ty remalns close to”’ the value

in the plasma and°w1th a cyllndrlcal sheath of radius

”'ra' w1th potentlal ‘V"we have )
. v v .
2nre E T n_e . where r >>r
o e NN o P
rn_e ’

. ey IR
C Le E = 2¢ o'—edr‘j\“// o
o —J/

| | . (6)
The sheath electric field'ﬁhen cen be calculated and is

given by

PSS

= "0
S X .
ZE‘
- o " .. o,,.‘,
o .
v - n_ ev
= . .

. i o - B . S o '
o »Zso - R o @
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PATH OF IONS PLASMA S

{’ W
e .
FIGURE (i—a) Sheath/convectlon mode 1 from ref- 22 A1l ioné convected
o oo » : o
~into the sheath eventually arrive at the probe.3
« ' | (-
- PATH- OF IONS
. »
e e — — .
y °
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. QY' ’l S i b e e e
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FIGURE (1-b) Field limited model. Only-thecions-in the band AA reach
o the probe. L _ ' : '
———— /
St e e T e e e S e TR T —
-, a B
A U L e o e e e T T T . :
I N ‘
2y >__ ___________
Yofj E
v,}é} _________________
e e S e T T T T }-%~ 

 FIGURE (ifc) :Pianar'shéath;pqdel._ Eo_is the local field;
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It is. noted that the assumptlon of the ion motLon '
w111 hold if the product of thls electrlc field and the
ion’ moblllty K 1on convectlon ve1001ty. ‘ N
uiE << vf
" n e . . 3
' : O . oy :
‘ g - <<y Lo . N
Convertlng the equatlon (8) 1nto non—dlmen51onal para—*
e kT : .
8 : - ) — -1 . - ey
- meters»ln te:msgof‘Re, a = ——57—— . and:x\— *T
: : , : n_ e P
Tove o .
— ,f; >> 1 °
u, ,Vnoe :
S E
o b
b o
R o .
& s 1l v ' ° R .
- L . . . o ) Re'a - ) ) ° .
+.Thus,, it is found that if %< 1, the current is
. ‘; . : ] o Req L . '. L »
space charge limited and if ~. >>'1, the current is not’
. o o - : X B ‘ : :
spaee charge limited. . e



2.2 THIN PROBE CYLINDRICAL GEOMETRY
If the motlon of mosu of the lons w1th1n the sheath

is not affected- very much by the sheath electrlc fleld
K/

then the 1onlzat10n ﬁen51ty everywhere in the sheath

apart frag the region closg to the. probe will be uni- -

form and equal to the 1on den51ty in the plasmas

»Let Q be the ch&rge per unit length on the probe,w_

- ) Y

whlch is equai and opp051te to the total charge of the -
» ions in the sheath. The electrlc fleld 1n the reglon

¥

close to the probe ‘will bé glven by the expreSSLOn

(10)-

N
T <

' where r is. the unlt radlus vector to’ the probe. AThis

o

reglon is® the. most 1mportant reglon,'31nce lt is- only

frqm thlS reglon that Lons ‘can be_removedvfrom the gas.'

WIf an ioh moves wnth,veloc1ty vector v relative
to the probe and the . veloc1ty of*gas relatlve to the
probe is V’f then the veloclty of the 1on relatrye to ’gfrs
the gas is (v - vf) “y and whlch has been produceé |

Lo

by an electrlc field - ‘f

an
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N

Y . ° o . . S

?;om equatioh-le)”we have .

. 9 el
, E =37er :»* m (v - ¥

o]
e

DR ]
‘e

" . . - . . .‘ '. A. . vv ‘. ‘ .

l’_=‘—-_f..,+. iv'ne X, . o o 12)

- o : : - 10

'
=
LY

- xX27e vf

~.We can conx\qt the equathg (12) in terms of the pon—'

Qu o and f"
W y2me e R e T L
Y ?,——f—-——bf where x and Y are “the - co—ordlnetes parallel

| . . o ~ . E
iy . b

dimen§io§al uantltles u51ﬂg X =

-,éﬁegg and perpepd;c ar‘Eo v ireg_ectrveiy——w1th the*orxgln at-4f———f.f

o

o / the probe.

-

\ Thus the component of v ln the y—dlrectlon, from flg (l-dl,

‘ ey ot e

o ':';__ VT E T 7—A—— sxne A o i A

g

71?:;;2?*‘?*“9 |

...c‘ \ ': | . . ) == Q}“iy

) ae.,fﬁc;zteo»(xzfyz)jﬁ»L*v." @3
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‘ Th‘e‘ componénnt of,~2 in the X'-’-di-'regtion,j from flé (1-4),

is

R '2—-‘-1!— cope. :

1r8¢

Qui X

Te (X2+y7) _ (14) )

§
i

~From’ equations '(13) ‘and. (14) one gets

gy _ _ Z"Fo(xa*y )]
(X +y ) £ (

- s R 2 . 2
L 27E Ve (xT4y ")
LY i o f . o

S Qﬁi'. Q}li R o
7———,,5 v (x +Y ) e
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Eq atlon (15) has a solutlon glven by,‘

Y - tan‘l "% =5;Constant : ‘(16) -

' value ‘at x = - » is Y = Y.’.. The ions whose 1n1t1a1 value]
at X = == _jg less than Y ' w1ll flnally meet the .probe,

‘The

whose 1n1t1a1 values are greater than Y ' will -
pass on’ to ards x = e Inspectlon ‘of equatlon (16)

- ,
above shows that thls 81tuat10n occurs when the constant

=>;0

= tan rY’O' =0 o _ Y ' = 7 ‘ (17)
Only those 1ons hav1ng the value of Yo'i Y‘i —Yé?_.
;;atfk = - will reach the probe, and thus the ion .cur~
rent/unlt length of probe w1th1n the bana ¥,='1Yo' wiil“‘

" be ‘ | B ' |
: noerA .Where A = arega . -~

- H

2me ve “h,' 'hff ooaey



Asymptote to So_lid Line=11

3 . ;.
dY : Yz 5 The ‘Boun'dory Conditions
dX = X-X4-Y ’
' . - are at X=1, Y o)
S o L . ‘dY
T e o CoodXo
:o’;a‘ - e .‘1. _ SR . JUET ’ .
FIGURE (2) * The trajectorles for ions hav:l.ng dlfferent J.mpact
: \
parameters solved from equatlon (15). . - -



_ 2Qu.Y '
I = n ev .g———————
P fzﬂeo £

. ]
: . nerpiY'o v -\ '
. TEg . . (20) .

But at X = - , ,Yo* = T
S

Therefore the ion current/unit length”is
I = nonPiT R . i @
‘ . o _
To obtain a current—voltage relation for such a
E_Qprobe it remains to relate the charge Q to the voltage.
applled to the probe In the basic model we assumed .
that most of the 1ons within the sheath were essentlally
| una ecfe'v y e pro €. h PR .
calculatlng the probe voltage the sheath can be consxd—
I .ered as a cylinder: of radius ro unlggﬁmly fllled w1th a

o charge den51ty of n with no electrlc fleld .or potentlal

at 1ts surface.

'The'negatiyefcharge\on the probe wiil be'equal ahd
opposite to the pOsrtive charge'in the sheath;'>Welsee"
that the.charge,Q‘on.the probe Wili‘be & _“rgznoe whigh»

Wtogether with the volume charge ofvthe sheath'will

produce ahfelectrichield_at asy point £"in



the sheath is

av (ro -r )n e

ar T by of

Integréting the above equation one gets

25

2 2 2 2
n_er r. r r - r '
_ o - o O o) P
V= - (__7log-—- ) (22)
o 250 r rp’ -

p\

' For the experimental range of 3> log ¢ —2 > 1.2 the quan—

. tlty in brackets in equation (22) can

by % ( 0)2 8

P

be approximated -

L | p | - -
i o | : en _r 2 r
: . - ) ' — . 0O 1 ( o, 2.8
—_—_— V= - — T’
» | 2¢ p
2.8
2 10¢ Vr 2/2.8
To - '("' : 2 ) :
B l‘enorp
But Q = mwen r';‘/ -
. oo
B
- . 10e vr 2+ 2/2.8
= weno ( %
. §] enorp
: s o . . »
i"' But from equation (21) we get -
A—?——-—.
P ~ e

(23)



B "o

Putting the vaiue of Q from equation (23) one gets

en_u 10e V 0.7.
Ip = — = men rpzy( 9 )
. g ‘ enorp
14 . 2
: : 215en _r .
—. \ (o) 0.3
=+ Te nopi\L TV ) )
, o
K » K o
’ . "21.33en_x
\ — ) \ (e} . 0-3 . »
o= 2omengy Vo ( egV R (24)
\ 4!‘

o

Again, ffom=equation (22) we get7 \

2 2 0 a2 .
n_er_ ° r “. r r_“=r
- _ _o p o o _ ‘o
V =5 2 log +— —;;7& )
o .x/'p P p- L |
2 2__ 2 - QL
n_er . . xr Ter ~.
. _ oo o . o S
= 280 . {1og = _ —;;—fE—} _
,, P . 2r,"
But Q0 = -‘nro n,e
o . . r 2 »
= 9 2 = 1 »
A o ‘ P . 2ro 7
.singe‘rosfrp, .
o R
Q -
VvV = . o 1 C
iweo‘ {log ;; 5 } R -
<L e



2ﬂeo
Q= r N
' ‘ o 1 . . (25)
1°g ‘r""" - I [ 5 N ‘
¥ P (

\

i (26)

2.3 THICK PROBE CYLINDRICAL GEOMETRY

)

With high flow velocities or with large diameter

prbbési%ﬁé“aihtﬁhce.Yo' bécdmes very smallycompared to

the probe radlus. In this case, flow is different. The
electrlc fleld equal to 5———— , Will be constant wh11?

the flow Velocxty con51der1ng -the anle}d flow varles

[

with posltlon-and is glven by
V< 2% sing yd - @2n

f
' B \

'“where ¢ is- the angle betw en the velocxty vector vf and »

' (28)

£
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ov tL ,' a . . .
and durlng thlS time the ion w1ll move radlally 1nwards
Pnder the actlon of ‘an electrlc fleld by an amount dr,vi

therefore,

e . o=

c g:E. = . Qui °
. dt. = 2qe T
 Bus ar _gr g _ %%
d¢ dt d¢ 4re £ Sing o
ST Qu; o
dr _ 1 (29)

' a result equatlon (29) becomes

al

';,d¢r’ﬂ Zneovfs;n¢.-

‘Following Glements and Smy(ls)vln a 51m11ar 51tua—'
tlon 1nvolv1ng the sheath convectlon model Lit is neces-
sary to modlfy equatlon (25) in the flow and an extra term

is to be added for .the 1nherent radlal flow ve1001ty. as"
e .

dr . _ QHi- o cos o
~dé e vesing sin ¢

i E >

which has;theiﬁolution. -

. 0'- oo A hd . Qp. ’ . . . ; R -
: : - i ‘ e
L EE S e N v o L~ .60

|

" The current/uhitvlehgth”tO»the probe will be -
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R4

. ~30
° .
L 5 ey v & = - Qu.n_e '
-;p = 2 (2vf r sin¢ n0')¢=d e ;.o) (31)

‘\? P

2.4 SPHERICAL PROBE, GEOMETRY

In the case of a-sphérical pfobe,‘the inviscid flow

: . | B ) N . [y " . . - .- .
velqcita,which varies With position is given by,

# ;
' _ 3. o !
v =3 Ve sind

- .

In ﬁime dt}'ﬁhe ion will mOVe‘thfough an angle dé and. -

?

fduring this timg~will'mové radially inwards under the

" action of ;n.eledtﬁic field. Considering the inherent

radial[flow:veloéity in‘this situation, one gets,

-

QEV_ ' Qui. 3 2 ©i . 2r cosé: (32)
-_— - 3 ) ” R v N T e
‘§¢ , 41?orp, » 3vf sing s;ﬁf .

i I

sin?¢f%£-‘+ 2r sin¢ '‘cos$¢ = 7y 55— sin¢
d¢ ’ o "o . £
. 2 SR S 2 - :
(rsin®¢ ) = 57— » — {-cos¢) + oc o L
‘ - 41reorp‘ 3vf, ST
ﬁheucurreni to ﬁhe:probe is given by,
I = n_ev2rsin S g
P No®V = ‘¢': P
_“b(?ogtz vf§1n¢_22wsin¢«r rp)¢:°,
: o ¥
v ‘ »\\-. J l - ) - . | . ,-,v..‘ ’ » N .. ' .‘u . . ‘.A '» ‘. ‘ “/.'{’ . : -
: e . et s - L
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‘ N ‘ 31
° ‘ e e . o
‘ n_eQu, - s o ' ' ‘ . S
I = _EL__J;_ . : (34) :
But, one knows that - “ o
. F3 . , . . X * . . h ° .
9-'- Q ’ L ‘ . ‘ L
V - e : Y
r . . . D. . .
- ,Zﬂso P - o . o,
@ =dwery e
Putting the. value of d in eéuatiOn (34)'ene.ge¢s .
I = 4wén “1 p | E f T (}6)
: ‘0 | | S

2.5 PROBE MEASUREMENT IN AN EXTERNALLY GENERATED THICK
SHEATH . S O A

e e The motivatioh for-thesercalcuiations arqse~frqﬁ a -
. d <
somewhat dlfferent experlmental SLtuatlon. It 1s p0551ble

° o °

to determlne the 1on denSLty proflle by means of measure—

}ments with a small probe in a tthk planar sheath ThlS

'SLtuatlon is shown in flg. (l—c).“ In thls type of sheath
reglon there ‘are- only neutral gas moleCules and lons in
[}an electrlc fleld By con51der1ng the probe apd 1tsblas

below its surroundlngs to be small ‘the sheath electrlc R

,f1e1d<can be con51dered unlform over the reglon of lnflu—

" ence of the probe and the lon densityytyplfled by a value’

; e A . L e
n_ . . N R PR S - S
> R S e i : Lo s

RS

The, total electri'c field on.an ion is-giggh'by
: P L T S N IR EEPRE S

< o . .t
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- Qr
E = B * e r
' whioh causes an .ion driftﬁvelocity.ofw o
[ . c ) CoT . CRRR L ¢
v = weE+ ) (37)
=i Lol =o .iﬂaor .
o o. . = ‘ @ g

o

,The relatlon between Q and v for thé statlc sheath t°f

is, however, dlfferent from that for the flowing plasma.
"It is assumed that the probe does not affect the boun-

daries of: the sheath and<so ‘the usual 1n 'vacuo' expres—

sion applies,

Q ' . : 'rO )

] ©
V:‘.Y’Tﬁ—g— ]‘-Og‘(—r;)o- _ . S .(__38)

where 2r0~is the., 1ength, typlcal of the dlmenSLOns of the

sheath. Putting the value of Q in the equatlon

2

: I“ _=‘.' Quieno v
- P R
. en.y,2me V
: = T a’i o
. - T, . ;
_Qe 1og ( { s,
< . Tp - .
A _ 2men 1V I , D
A T . T (39)

~ which is similatvto;equation (26) . The.expressiphffor a’



‘spherical-probe infaﬂstatic sheath is the'same'as eéua—T
,inn’(363.i? | | | |
v ‘

, In der1v1ng equatlon (39) we have assumed that the
ion current near the prdbe does not. dlstort the electrlc“
f1e1d At hlgh densities such dlstortlon will occur and
-_the current to the probe w111 be llmlted by the space
:charge. Effectlvely thevvoltage applled between the probe,
ﬁ-and 1ts surroundlngs w1ll drop off across the space charge
‘vreglon and only the 1ons swept 1nto thls reglon w1ll reach7-'

the probe. In thls srtuatlon equatlon (5) w111 apply be-"

vcause of the sheath convectlon SLtuatlon.
. : . : ‘,3 !k.

" In this section fourﬂexpressionS°for the current to'v
-cyllndrlcal and spherlcal probe under dlfferent condltlons'
are derlved - These formulas can be applled at lower den—
s1t1es in flow1ng plasma ‘than before and also can be used
to carry out direct. measurements of dion. den51ty in sheaths “
‘The most 1mportant dlfferences between ‘the - conventronal J
"sheath/convectlon expressrons and these derlved expres--

- siens are the absence of any dependendé’on flow veloc1ty.

a

Phy31ca11y, the probe ‘can be con51dered ‘as havxng

C o

'”,:two Ilmlts on’ 1ts 1nf1uence on the plasma.« The flrst (ap-

_proprlate to the electrlc f1e1d that would exlst 1n vacuo)

ls’dlctated;by the,ratlodof‘drag forces to,electrlc.forces,j‘

2
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and the second corresponds to the probe length whlph
'determlnea the actual probe currents._.51m11arly, 1t"
is the- smallest of. the fleld llmlted or sheath/convec-
bjtlon current whlch 1s approprlate. COmparlng the two‘
'express1ons for ‘the : cyllndrlcal current‘equatlon (5)
(thlck sheath) and equatlon (26) (fleld llmlted).we

observe that the ra§lo

.o
’

T e V- I S
I (thick sheath) = (27"¥je,) 77" (Zen v v)*/7 -
I (f2eld limited] = 2% en g oV

S

(40)

.and [=Ye) we mlght expect from the dlscu551on leadlng to'
- R-a _
relatlonshlp (9) that = would deflne an approx1mate.
. X . . e
boundary between the fleld 11m1ted and sheath/convectlon

7

'.reglmes.‘, . o



.~ .+ . 'CHAPTER IIT -

* EXPERIMENT

-INTﬁOﬁUCTION:
o
An experlmental 1nvestlgat10n has been carrled

r.out to prove that at low 1onlzat10n den91t1es the

probe current 1s .no longer space charge llmlted but _

- is, in fact 11m1ted by the electrlc fleld generated

by the probe; Meker type of burnerwaStmed to pro—‘
'duce a hlgh pressure flow1ng plagma by burnlng pro- B ~
‘pane and alr. Pota351um, an\alkall materlal waS‘used
to lncrease tbéflonrzatlon level ln the flame.. The
‘_current whlch ‘gave. 1nformat10n about the condltlon

of the plasmawas collected through an alr cooled

;d brass probe. An alr cooled grldWﬂs used to greate
A‘a planar sheath ln the plasma. 'The flow~ve1001ty‘\‘
nd the temperature of theflamevereneasured to
A‘scale the moblllty of 1ons. The detalls of thesex—
hperlments and thelr setup are descrlbed in dlfferent‘

N
,sectlons,of thlS'ChaRter,.eiﬁ_,f

3.1 THE BURNER SYSTEM T AR A

'The‘flamefis the_sourcepof’plasma:in_the,exper—

D



' iment ' The Meker burnen whlch produces a unlform and
stable plasma, has a small nozzhashaoed orifice Of 1.5

mm. dlameter for the gas w1th an air 1nlet located justz

"_above this orlflce. The a1r is mlxed Wlth the gas ‘in

S a long burner tube before combustlon. The long burner

'tube reduces the turbulence due to the gas jet that 1s
flowing through the burner. The optlmal ratlo of length
rto dlameter of the burner should be 6:1, whereas the
«ratlo»used _in the-experlmental burner’ls S5:1. ‘ The Meker-
burner used 1n our experlment glves 1mproved a1r flow
,and SO achleves a hlgher temperature and better 1on-“
‘ization (22).. The metal grld at the top of the burner
prevents flashback and thus achleves a more stable flame.
'hThe size of the ‘holes in- the grid is not very crltlcal
valthough a large hole 51ze may\lncrease the risk of
flashback . If the holes ,are too small and Close to each
:other,_there is a teqﬁency for the normally separated
flames to fuse together and 1ift off the grld surface
to glve a conventlonal bunsen shaped cone. The<central
apertures in the grld -give sllghtly dlffereqt combustlon
N

condltlons, due to the 1ack of secondary alr reachlng

'that reglon.’ The grld also acts as a heat Slnk Grld



o

(23)

’supported flames show much better stablllty ow1ng to

the damping ‘effect which.the screen sink has on “the

AR |

front movement of the flame.

Although the front movement. of the flames lS re-

' duced by the grld lt 1s Stlll the major problem in the
\ :

‘yburner system. The flame also OV ut ‘due to- the

_poor £low regulatlon. The Tem of osvlllatlon of
»»ﬂthe flame is. reduced to a great extent by the grid.

The v1brat10naly 1nduced eddles can be ellmlnated by

a flxed platform The 1nstab111ty of a risrng hot gas
column is respon51ble for the fllckerlng in the tlp of
the flame. It ;s best_allevlated_by‘lntrodu01ng a.
;:chimney which captures the hot gaslpolumn before the
instability develops. This proyides a reference_hot
'bonndaryland adds to’the»stabili‘& Of'the £1ame . ‘
Therexperimental setup ef/the'burner is'Sthn in

@

wfig. (3) ' The high_pressure propane" passed through'
a Iegulatlng bulb to a propane tarkk of 3" dlameter and .
12"»length.' The propane enteredthrough the bottom

inlet and came out £rom the top. , Thé tank halped )
keeplng a contlnuous and steady flow of prOpane to the
burner. The gas then enters ‘ thevburner,through a
small orlflce at the bottcm and wasregulated w1th,a flow‘
‘metegvplaced in between the tank and the burner._ Alr is.

e
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T

also passed to‘the‘bhrner through»two préssure regulating
‘valves, an alr tank and a flow meter.} Two'chimne;s‘are
Aplaced at the top and at the bottom parts of the flame
uSLng .clamps. - It was found experlmentally that the
chlmney at the bottom is the most effective in keeplng
the flame stable. Photographs of the flame w1thout

a chimney, with a chlmney at the»top and alsonat the
‘bottom are shown ln'flgs. (4) and (55._;The‘funétion of
the exhause pump at the top is to pump out the burned
gasés. | | | '

i

3.2 FLA&E IONIZATlQN

Y

It has been found that the most 1mportant charged
speCLes present in flames are’ electrons and correspondlng

‘amounts of posrtlve 1ons. There are also small traces

(24)

of negatlve ions ln flames The'concentration”of

ions found‘in the reactlon zones of unseeded premixed

Bhydrocarbon(alr flames at pressure between 2 to 760

~mm Hg lies in the range of 1015 -1 18/ 3(25- 28) The

'only ions common to all hydrocarbon flames are CH3+, 3 3
'cHo+, ifd H3O. | of these, H3O is found latex ‘than the

others and therefore ‘is unllkely to be a prlmary lon(zz)
In the case of the premlxed flame, the rate of ion

'generatlon 1ncreases stéeply w1th flnal flame temperature‘
(typlcally by 200% per 100° Cl. The rate of ion

generation also varles with the air/fuel ratio and -

is a maxxmum ‘at the stlochrometrlc ratio. 'The 1on

b
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'concentratfonOfa¢u0pane/air flame is found to vary with:

on pressure and is a mlnlmum at atmgsyheric preSsure o g

. to 10 cms from the top of the burner and it was obserxved

~ potential Li<Na<K<Rb< Cs.

pressure and is @ maxxmum at atmospheric pressure
)

The thickness of the reaction zone of(;he flam:édggends
€29)

;-.

29 7H

Clements and Smy(ls)found that in a pr0pane/a1r flame, wl )
the 1on1zatlon is. max1mum at the reactlon zone and ’ ' ‘a;;
c, ] . RN |
falls W1th dxstance from the reaction 20ne. The ex~ ",Mﬁya
-0 [ A
. g

perlmental measurement shown in flg (6} agrees with the"

° R
results of Clements and Smy(18) Th§ experlmenta;t L -

3

‘measurements were ‘carried out in the range of 2 cpus S g

- s ' °

4 : . . . X R & . e
thdt the ionization remadns fairly censtant in that
. . . PR o
e -0 oo : St L
reglon. , o S S BEAEIR R

"3.3 IONIZATION IN THE prefMiiCE OF ADDITIVES A

T e
. The ionizabion lgvel of fldﬁ@ﬁ can beeincreased
by adding Smallztraces of substances having low ion- N
ization potential. The rate ofgionization in flames - . i°
s - } 3 . 9 . . S "

is found to be a decreasing function of ionization
e - R

The p031t1ve ions produced (together wrth,electronsl
tend to consist of srmple molecular compounds, and are

- . =]

often monoatbm;c metal 1ons; Conséquently,afhe corres-—

- pondlng thermal data (lonization potentlals) are known

It is also easy to add nebullzed solutions ot metal e

salt.to the»gas supply}and to v?ry,these over wlde L T

- : : T - P - o
i ° . . . .
o _ . S 0 .
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',potassium'seeping which

\

44

ranges by changlng t/; concentratlon of the solutlon.‘fThe.-/

@

1onlzatlon of the metal

actlon zone, but occurs

is not restrlcted to the re=

°

throughout the burnt gases.l,In

the reactlon zone, the domlnant process of 1onlzatlon

‘is “cheml lonlzatlon“-

'ls produced due to cheml

:the metal atoms in a pro

'AL+‘H Of*—-f—f>A

‘3

The domlnant pos;tlve 1on H30+

ionlzatlon, which reacts w1th

cess shown belowC24)

o

. +.H20 +_H LT c”

+

! - o B © o

'fWhere A= alkali metal. -

I

ThlS transferred cheml 1onlzat10n is capable of produCLng

values of [A ] well above those approprlate to thermal

equlllbrlum whlchdpersls

. seeding'apparatus shown

KOH was placed in three

carrylng a hlgh voltage

ts jnto theureactlon;zone; The

1on;zatlon in the,experimental flame was dncreased by

is being carried out by the

in fig. (7). A solff¥on of

necg'flask{ Two electrodes

were placed at the tWO'extreme‘

necks_— the cathode belng placed deep 1nto the solutlon -

/
and the anode remaxnrng

About 15 kV ac . was ap

/

through an auto—transformer and a hlgh vol&age step-up

Sh

a few mm above the solutlon..,’@

plled at the two electrodas Qﬁ

l"?

|

‘fl transformer. The electrmcal spark between the d%ode:L

‘<

and KOH splutifn:surface{

tarted around 15 kV and onceA

'
"
Lpo B
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‘ te the spark, some Water vapour was also carrled by

o’

- oo R
the sparklng started the yvoltage ‘could be reduced to -
about 10 kV.just-to‘malntaln'the spark. The spark
atoniaed'the KOH’solution and poﬁassium partlcles_were

carrled away by the flowing air to the bUrner. Due

Q9

‘t the outgolng air from the spark chamber to a coollng

o

“

system.' Water vapour condensed 1nmthe coollng chamber

.v“and dry air wrth potassrum entered the burner. A
’1/16“ dlameter 2% thorlated tungsten rod ‘was used as
" a cathode.and,l/S? dlameter»Z% thorlated tungsten rod

: as anode. By changing the concentration of'solution,

3ﬂof seedlng was altered To change the con-

~

the lei‘

'centratlon, the entlre solutlon was changed and a new

a

solutlon,of;dlfferent concentratlon poured lntq the flask.

3.4 ,STRUCTURE OF THE LANGMUIR PROBE R

Throughout the experlment, an air cooled brass-f

-

'probe w1th an outer dlameter of 1/16" and an inner dla—

neter of 1/32“‘15 used : ngh pressure alr was passed
through the paobe to keep it cold The'air pressure'

could be regulated from 0 to 15 lb/sq. lnéh

e “ &,

* 3 5 STRUCTURE 91? THE. GRID

[

K

The grld structure shown in flg. (8) ls'made w1th_‘

small brass tubes of outer dlameter 1/16“ and inner dla-

‘meter of 1/32" bent to 90° hv: at both ends and inserted

oo

. "Q‘f‘;“r‘:’é ;

kR



Cam—

AIR OUT

[+]

~ THE STRUCTURE OF GRID -*

. .. FIGURE(8)

KIR IN

47




a

AN : ’ . . [

into blgger tubes of 1/4“ ‘diameter. §oft‘solder“is

applled at the junctlon pornts. One of the sides of

ffthese blgger tubes lS closed and polyflow tubes of

'43/8“ drameter i's connected to the open ends using a
'1/4“ by . 3/8“ junctlons. ngh pressure air of about’

}70 1b/sq. inch flows through the grld to keep it cold

3.6 ELECTROV DENSITY MEASUREMENT.

<

Two methods are used to measure the electron den~

sity of the experlmental flame, namely the - "saturatlon

- grld current" and the “negatlve probe for ion current".

The grld descrlbed in Sectlon 3 5 is placed ‘on’ the flame
plasma and is brased negative w1th respect to the.
'burner w1th the help of a fluke 412-B h;gh voltage power
supply; the polarlty of whlch can be changed with res-
'_pect to ground. The voltage is varled and the current
is measured by:a Kelthley 153 ammeter until a saturated
grid current is obtalned At low. grld voltage, the- -
'sheath around the probes remalns small and the current

. ‘increases wrth,the increase of voltage. At hlgher
.voltage, the sheath formed around the probes of the
grld expands to such an extent that the sheath overlap

each other.‘ As the voltage is lncreased further, the

heath dOes not expand rn A horlzontal way, but expands‘pi

-.f lrke a planar sheath_an the vertldhl dlrectlon. The

rate at whlch the Lons are formed is equal to. the rate



. \Su S e e

'at whichuthey are heing attracted‘by'the grid Consequently,va
he grid current saturates wrth the grid voltage. o |
The grld is moved to. dlfferent parts of the flame
\and the electron density is calculated from the satur—
iated érld current usrng the formula l = en va where
'Puf_cross sectlon area of flame. An electron density
_'ofvz-xhldl4/m3.ls calculated?from the saturated grid
current.which'was blaced at a height of>lo cn frdm the
top of the burner.’ The current«voltage characterlstics,'

of the grld from whlch.the electron den51ty 1s belng

calculated is shown in fig. (91. "

The”electron density is alsoAmeasured‘by placing
a negatlvely blasedaprobe in the plasma, the electron |
denSLty belng calculated from the equation (4). provrded

that r /r is greater than 2 1 I D e
3 7 MEASUREMENT OF ION DENSITY IN A PLANAR SHEATH

Measurements in. .a thick planar sheath,are accompa
llshed by placrng an alr cooled grid blased to =400V .
‘ w1th respect to a burner about 8 cm above the flame.

o

The electron den31ty at. that helght of the flame is | o

) calculated from the saturatlon grld current-method

descrlbed in Section (3 6] and 1s found to be~~2 x 10 /m .

N

‘A sheath of about 2 cru thlckness ;s generated helow

the grrd at —40db at a density of 2~x 10 /m « The

Lo
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\probe is blased posxtlve w1th respect to the grid. w1th
the help of a Fluke power supply and a Kelthley 153
microvolt ammeter is used as a null point detector.
The probe voltagé is then increased untll the null point
'1s obtained  and then_the probe,ls b;ased_—lOV with \
g respect to thisbspace potenqaal,_.Thetcurrent collected.
by the probe at that.hegative.voltage gives the in-
formation about'the ion density at-that'particular )
p01nt 1n the sheath. Theeprobe is then moved up and
.down w1th respect to the grld and the‘same procedure is
repeated. The 1onocurrent is measured lnSlde the plasma
in the same way. ‘This result-is shown in fig. (L0). -
‘The space potentlal inside and\putside the sheath. is
measured u51ng the null deflection. technique. ThlS

is also. shown in flg. (11) »

3.8 VELOCITY AND TEMPERATURE MEASUREMENT AT ‘THE TOP OF
THE /CHIMNEY

The temperatpre at the top orﬁthe*chimney;where -
the probe was placed lS measured a Leeds and ‘Northrup
‘Optlcal pyrometer, no. 8621-C, and then compared to

. the’ thermocouple measurement. A copper-constanthne_

thermocouple is used. -

The velocity Vg ‘of the gas is calculated.from the

"tracks of Lllumlnated Aluminum oxide whlch ls 1n}ected

at the bottom of the chxmney and then photographed w;th'
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", DISTANCE OF PROBE FIOM THE GRID {(m.m)

'PIGURE (10) The varilationrof ton current inside. and outside the shaath.
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'D.C. NULLMETER

'FIGURE (11) The‘circuit diagram_for-the measurement of space
| ‘potential'and ionizatioh-denSity in*the'fiaﬁe.
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%

a known shutter speed. The shutter speed is measured

» : using a light gource, photodiode and oscilloscope.

" A mean value ©f the distances travelled during the
shutter-opehing is measured and the veélocity Vf is
’caleulated from the known shutter speed. This velgcity

is found to be equal to 185 cm/Sec.~v“3

S
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. o CHAPTER IV S
: DIscussiou | '
e ('i
%'" ©  The measurements were carried out in a plasma to°
R a
vef?fy that w1th the approprlate variation of ——
oYX

the current did lndeed change from ‘the sheath/convectlon
current to the field.limited-current. +Measurements
were also'carried outvin a thick planer sheath. The
latter measurements had two purposes, the first to .
check the feasibility of convection measurements in
‘the sheath, the second to utillze a useful property
of the sheath - the ablllty to produce a large change
in ion velocity (i.e. in gy E ) whlle at the same tlme
| keeplng the product (ion density x ion veloc1ty) constant.'
- mhe sheath convectlon current I = F(n es v, ) under these
tcondltions would remaln constant whlle the fleld 11m1ted

c%rreﬁhswould %giy

*
W1tﬁ¥§§e ion den31ty.
e

W

gﬁlf?ézgnt ortions of the flame

a&
2 i

v

where A=

O

" .ev fA
= the total satur-

..to sanple a répge of 1onlzation density of from =

2Ax 10 /m (at NIU‘Cm from the top of the burner} to
~ 2 xﬂiou/m &

3

ek -
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of the glass chimney) LN

’ Current—voltage characterlstics shown in fig.
(12 a,b) were. measured at lower derfsities with the probe{
situated above a glass 'cﬂgmney"Whlch confined the hot
gases. The characteristics were calculated from equation
(24) by puttlng the value of the plasma density 'no' cale
‘ culated from the saturatlo§%grld current when the
density lS 2 x 10 /m and from the ion probe current
using eqhatlon (S) when the densxty is 2. x 10 /m ..

The theoretrcal and experlmental currént showed falrly
- 3

good agreement at the two denSLtles 2 x 10 /m and'
2 x aO}z/m3 whereas t thlck sheath theory of Clements
and Smy(21) and the own’ statlc contlnuum theory

(5)

'of Su and Lam “'very large errors. & :

°
]

In the case of probe potentlals ranging from 1 to
n
10V the exper1menta1 poxnts dld not follow the theoretlcal

-

curve because in this low probe pote ial region the

value of log (r /r ) remalned less th “l.‘
. _l

To verlfy the theory of probe measurement lﬂ a
thlck sheath condition, planar sheath of about 2 cm
was generatedobelow the grld at a density of 2 x 10 /m .
By considering the flux of’ 1ons up the flame to be
.constant ne(piE+ Vf) = f, 1tgls 90551b1e to calculate

+ the electron density n at any pélnt in the sheath from A

the measured E-field at-that-poxnt.j The E—fleld was

»
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FIGURE (12 a) The current voltage characterlstlcs of a cy-
/ e
> 11ndr1ca1 probe. ; The SOlld llne shows the theor-» g
. , |
.vetlcal probe curreyccordlng to equatlon (24) :
‘ : .,a.nd the c:chles ar experlmental probe current
ﬁ?‘;’ < - / ;-i‘.t _deps;,tya,_nb = 1 7 x 10 /m .
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FIGURE (l2—b)

: den51ty n, 1?1 7 x 10 /m .;

10 o000 1009
PROSE POTcNTIAL (vo!:s) —

S
The current voltage characterlstlcs of a cylln-‘

drlcal probe.' The SOlld llne shows the theoret1— 

cal probe current accordlng to equatlon (24) and ’

".:

the cxrcles are the experlmental probe current at

E }
i}
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T calculated by determlnlng the space potentlal of the

B “ i
plasma, at every p01nt inside and outsxde the sheath. T

The spac1al determlnatron of the space potentlal at the

‘sheath edge was very dlfflcult because the sheath

:edge.v1brated slowly. Consequently,lat e ry 1nstant

the'potentialfchanged.A ﬁgain,'the.determ d~space

.potentlal was not very accurate because the 'tESn.A,s'

~

scale was used for the null cuwéent technlque. It

- was found that the E fleld follows the well known space\
‘”oharge equatlon ‘which decreases away from the grld

) From flgs. (lo)and(13 )the measured ion current inside

. ps
the sheath was observed to be . 1nversely proportlonal

to. the electrlc fleld The 1on current also lncreases

‘g i

at a constant rate through the sheath but saturates

: close to the grld and sheath edge.' The reasons for

thlS saturatlon fs not clearly understood

The measurements of flg. (14) show some of the_
(21)

-

earller measurements of Clements and Smy

‘.wlth some of those of flg. (12 a,b) ; All currents are

o )

normallzed w'th respect to the calculated sheath/

';convectlon c’rrent. These normallzed currents .are - shown

5=as a funct1 n of the parameterv —ﬂ— S ; The theoret—

. e % : : ,
1cally calc lated sheath/convectlon currents are shown o

‘as a horlzo'tal line and the fleld 11m1ted current by

»

.and together .
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FIGURE (14) ’I‘he transn.tlon from sheath/convectlon to fJ.eld llmlted

:current of a cyllndrlcal probe shown w1th the var:LatJ.on of &—9
e T -‘. Clements ‘and Smy - from" ref-2l Crt E R
' ... s, .. W In plasma at the top of - the ch:.mney
T Ins:.de the sheath _ e
'l‘he hor:.zontal SOlld 1J.ne is calculated from the sheath/convect:l.on

theory and the sol:Ld sloplng 11ne is from fleld 1imited current
Or . : S o et N . . ) . ; :
the y 9_ S
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‘given by BradleYVandebharim

. of the partlcle trace length on the photographlc pjate,}

‘current w1th probe blas to determine the 1on densxty
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’the‘sloping line. At hlgher densxtles, 4 x 10 /m 'to’

- il

.2'x 10187m3, Clements and Smy observed that the probe t

follows the sheath/coQ’ebgion current theory ahd §§g§r.

i

‘experlmental pornts are sh0wn by 01rcles in f!g. (lQ),

> : R a. .
_ whlch shows good agreemént* 1n ‘thg range of f- <1,
: R a - ' : x0T
" When £ . exceeds 1 the probe currentudoes not
/x ) : : S '
Efllow the sheath/convectlon theory. At low ionization,
R _a . . . : - -
£ ; becomes much greater than unity and the
r———x . %\ . v . . . . w .

ions éntering into the sheath do‘not»reach the probe
because of the weak E field present ln the sheath

'The field llmlted theory shows good agreement w1th the

experlments, those performed at low den51t1es are

indicated by the squares, and those measured 1nsxde the

‘sheath are ‘indicated by the triangles." L D."h

“,Thevion mobility used in these calculations is

taken from the most recent value for chemi-ionization

(30) of 8 % lO 4;m2/V—Sec

‘at atmospherlc pressure and - 2000° K. The moblllty

is scaled w1th temperature from the measurements per-.

formed at low temperature.» The averagg flow velocxty

':4_,

- of the plasma is calculated from the statlstlcal mean .

R
eg.ﬁged at a known shutter speed *;

The technlque of measurlng the variatlon of Lpn

& ~ R

4 “

L @ e T ;
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would seem tovbe a useful one.
AFrom the point of view‘of ionization'meaéurements
the experlmentallst has enough varlables at hand to
av01d'the reglon log (r /r ) < 1/ (namely blas voltage,?
probe radlus, probe/plasma ve1001ty) for all’ but hlgh

'1on densmtles or large dlameter water cooled electrodes.

o



. a comprehen51ve test of the field llmlted current
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CHAPTER V

Conclusions

From the'resﬁits'shown in figs. (14) it is clear
" that for Eﬁﬁ > 1 , the sheath/convection forhula
is erroneous whereas.the field llqlted current agrees
reasonably well w1th the experlment The sheath ‘measure-
1ments not only show agreement w1th theory but alSO‘
provide” conv1nc1ng proof that the space charge limited
'_current model I l(novf) is not appllcable for 5;%
.since the slope of the’ pths_would be,zero in this case.
‘Toéether with the eariier results of Clements and’
Smy(zl) the measurements_shOW'that it is alQays the
lesser of the Sheath/éonvection and fieid limited -
eurrents-Whichtis1appropriate. | '

xThese'measurements, of course, do not constitute
model -In partlcular, no measurements have been carrled
out w1th 1arge‘probe or sPherlcal probe geometrles.
However, the experlmental results glven here do provxde

strong ev1dence for‘the ba51o prlnclples ofxthe theory.

. It is 1nterest1ng to conSLder some . 1mpllcat10nsof
these theoretlcal -and experlmental results. Flrst,

it ls~ev1dent'that.at lowiplasma velocities,'the sheath
convectlon model 1s adequate down to den51t1es of
‘”1013/m . Slnce there exlsts substantlal theoretlcal

‘and experlmental ev1dence to show thatﬁghe model can

\



work at densities as high as m;1022/m3>(Clqpents, Kerr,

)(3&)

Offenberger and Smy we see that ®ge sheath/don-

vectlon model in itself is 1n fact of broad appllcatlon.

At -higher veloc1t1es, the el 1 11m1tat10n i

X .
~becomes more domlnant. For lnstance, in shock 5pbe

or plasma jet studles near atmospherlc p;essure, veloc1t1es
"m lo3m/sec or more are common.v Wlth flame ve1001t1es

N 1 m/sec we see that the increase in R - will be a ‘

factor of mlO3 nece581tat1ng an increase 1n n ( a 'l d )

6 ’ rya
of 107 (i.e. to 10 /m ) . Thus it can be expeCted

that_the'field limiteqd current model\be of‘censiderabie
fapplicatioqtat’high véiOCities}/ It *s iﬁpoftant to
note here tbat the éarameter R a ls not affected by
'the probe dlmenS1ons and thus we cannot move into a

preferred regime of operatlon by merely changlng the

probe -dimensions.

© The equations for-éylindrical‘aﬂd'spherical
probes in a. mov1ng plasma for the sxtuatlon ‘where the

probe cq%pent is field llmlted,-are deduced No comp-

A} @ A

rehen51ve experlmental check ‘of these equations has
- been made. However, it has been establlshed that with
increasing ~ Re8 , the transition to field limited -

ey x o o . :
@?3 current does occur at the right point and the current

R ) . ) ] .
'é%%‘is of the expected magnitude.
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SUGGESTTIONS FOR FUTURE WORK

The recombination co—efficient of the plasma
seeded with any other alkali materlal can be calculated
using these probe theorles to measure the electron or -
ion densities with reSpect to time after collap51ng a
planar sheath produced in the described way.‘ Again‘
the tran51tlon from the sheath to the plasma can be ‘
calculated‘uSLng the same probe theory at least in- the
casepof.weakly 1onized plasma. The transit time of
ions can be determined by vibrating® this type of
planar sheath, superimpoeing.an ac - voltage on a -dc

voltage .
\
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