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-Q;;f_:anaiytlcal Spectroscopy are basedxpn qggon; althouéﬁ soﬁe

systemg employing gas comblnatlons have been uSed..Sdch“f? ‘

iicomolnatlons 1nclude Ar-Nz, Ar-He, Ar-OZ‘and Ar-alr where ;,vi
’";fupwards of 95% of heaargon 1s replaced by the alteﬂnate édf“l

’”fgas. A detalled ev‘luatlon and chamacterizatlon of such y&gr

$ .,. ' ‘.»-,,
I mlxed gas ICPs has been carrled out. It has been found that .
. ~ ‘.v
B thershape of the pl sma and the relat1Ve and absolute R _{@
s . B : s : A

‘1ntensit1es of analyte em1331on lines are strongly dependent &
F _— % '
B on the concentratlon of the forelgn (non-argon) gas._Iﬁ o

. . . _.-'

general, as forelgn gas 1s added to replace argoh the

)

pldsma decreases 1n s12e and analyte 1on 1ine emlsslon 1s

5
av

"!

enhanced relatlve to neutral atom en&ssion._Ove%all the

7 analytlcal studles haye shown that under optlmal operatlng
‘r' "“ﬁ s '1

: - condltlons,»mlxed gas ICPs are éomparable or superlor to the

P A

S conventlonal argon dlscharge 1n terms of Stablllty, ."Fﬂ
senslt;Vlty,¢tolerance of organic solvents,_freedom from g

'\} ) ', .
lnterference effects and operatlohal cost. E . oQ-vﬁ 2
o v . o
One of the key p&asma parameters“that is llke&y to
h be altered by thexaddltlon of a foreign gas 1s electron r

den51ty. A detalled study of the spatlal dlstrlbutlon of
. N
electron denszty o;e;\a\fange of opefatlng parameters such"

) ¥ . v
as plasma power, aerqsol flow rate, angd- plasma gas

< ‘,.‘f - o s ._‘9’%[ .



comp081tlon has been carrled out. Electron densxty was

- 'measﬁied u51ng the Stark broadeneauW1dth of the HB llne._Ik

‘ was foun& that reglons of hlgh electron %en31ty 1n the‘fe'
o J
'.aerosol chahnel correlate well wlth m&&;mum analytg

R

em1551on. In additlon, the analyte em18810n and the el ctrbn

den31ty showed 51m11ar gpatial characterlstldie;n,mlxedfgas‘J
ICPs.‘f' ‘:-'ﬁv7f; g R .;@ Tf‘f”'*“ . ‘ ' .
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CHAPTER I
~' . INTRODUCTION = < a
A, . Introduction

One of the major goals of an analytlcal chemlst ls
'the~developmeht of analytlcal technlques for the solutlon of
speCLflc_analytrcal,problems of current ;nterest.eVery
frég‘ently,'an already'established'technqu; suitahle for -
'the'soldtiondof\a partioularjtask cannot he.found; In that
'instance, one iswCOnfrontedlwith the need ofhestablishing;
'modifying, choosing_and/or'developing‘a‘new technique to
. solve the partlcular problem.‘In today s modern analytlcal

"chemistry, the de51gn of a system sultable for a partlcular

. chemlcal measurement requlres a famlllarlty w1th both a

'jf;aspects~of the system

"the advantages of hrgh‘precxslon and“accuracy, howEVer thesé"

.....

fcapabllltles of” the technlque belng developed Therefore, in
"order to ensure ‘the ultlmate success of a partlcular

technlque, one has to 1nvestigate 1n parallel both the e

~-

4 constructlon of new 1nstrumentatlon and the fundamental fff:*:

.. . : . » R
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Cla581cal methods Tor elemental analy815 ‘often have _
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o advantages are Just as often offset by the dlsadvantages of ;?
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,-..,...»-,_ . L I VUL N R ‘.'.\‘ "-"f :‘. A -
.
-



ertenSive sample pretreatment"and the need to separate
' 1nterfer1ng substances i. e.,,lack of spe01flclty. Therefore,
'1nstrumental methods of analy51s such as. atomlc ém1531on
spectrometry seem” to be more approprlate for elemental
'analySLS, they prov1de ease and speed of’ operatlon, and
usually require relatlvely 51mple Oor no sample pretreatment
=Atom1c em1581on spectroscopy lS w1dely used for both
'qualltatlve and quantistative ana1y51s. The hlgh sen31t1v1ty
and the po551b111ty of 51multaneous exc1tatlon of many
elements make emlss10n spectroscopy espec1ally sultable for
rapid elemental analy51s.

Among sé eral eXC1tatlon sources. avallable for
em1531on spectroscopy, ‘the 1nduct1vely coupled plasma (ICP)
_1s perhaps the most promlslng em1531on source. ‘This source.

-

is a relatlvely recent development, the flrst c0mmerc1al Ice

system became avallable in 1974 but research on. this -source . -

has been gOLng on 51nce the early 1960's (1-4) The ICP
vsource enable attalnlng high sen51t1v1ty, low detectlon

'llmlts, w1de dynamlc range and relatlve freedom from
]
chemlcal 1nterferences )These advantages, coupled w1th the'

"hlgh temperature and 1nert atmosphere of the dlscharge, make
the ICP anoalmost 1deal source for emlss1on spectrochemlcal

“"analySls,jl';u
o R

L Most of the xnductlvely coupled plasmas currently

‘}'utlllzed for analytlcal spectroscopy are based on pure



argon. One of the major dlsadvantages in both the . commerc1a1
and’ research AI-ICP systems is the® large consumptlon of
expenslﬁe argon gas.,Whlle much 1nterest has been focused on
modlflcatlons in the Ar-ICP lnstrumentatlon in order to cut
down on the operatlng cost, comparatlvely little research
has been carried out on replac1ng the exPen51ve argon gas
with cheaper gases such as nltrogen, oxygen or air: The:
purpose of thlS work is to study and evaluate the analytical
“capabllltles oflthe mlxed gas ICPs. In addltlon, the '
performance-to-cost ratio of the-conventlonal argon and the4
mi xed gas ICPs under simiiar_operating conditions will be
evaluated. | | |

The second part of this.work'isﬁa.study,of the
spatial distribution7of"ahaiyte species and erectron density.
in mixed gas IGPs~ The results of the 1nvest1gatlons are |
used to speculate on the nature of the exc1tatlon and
1onlzatlon processes in the plasma dlscharge. In addition,
they are used tO ratlonallze andrciarlfy some of the :
‘physlcal and spectral observatlons ‘of the mixed égs pla:mas.-
However, before proceeding into the dlscuSSLOn of the mlxed

gas plasmas, a brlef introduction to the 1nduct1vely coupled

plasma is warranted.



B. PlaSLa"i B o B
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‘1. The Fourth State of Matter

Matter can exlst Ln a varlety of stable forms whlch

.are governed by thelr phy51cal envlronments. The most common -

cla551f1catlon of stablejptates 1s that of sOlld llquid or-”"‘”

”gas ﬁowever for a number of years, the . plasma state has

been consxdered to be a fourth state of matter. What 1s the f'

~unique property that‘separates.a plasma_from solld, llquld_
oragaseous.states?ﬁg blasma looks lihela‘gas‘and in‘many
ways behaves like*a gas.'But there is a major distinctlon,'
i, e.,'a plasma is a gas that conducts electrxclty, that 1s,
an lonlzed gas. ’ - |
)
an 1ncrease ln kinetic energy resulting in-an lncrease in
colllslon frequency. Upon collldlng with other gases, they
release thelr electrons and become 1ons. The gas is- sald to
‘be 1onlzed wh%ch means that some of the gas molecules have
been d1v1ded 1nto p051t1vely charged 1ons and negatlvely
charged electrons. Thls state of ionized. gases was;
classxfled as the fourth state of matter by Sir Wllllam

B .
Crookes (5) whlle performlng experlments demonstratlng the

passage of electr1c1ty through gases. In 1929 Langmulr (64
.'began u51ng the term plasma“ to descrlbe the state of

(

FENEN . -

At sufflclently hlgh temperatures, gases experlence'

,'ﬁ_"ﬂ



“:frgenéral, a plasma as a. whole s mn a quasr-neutral state

A plasma can be completely or partlally 1on1zed In‘; ' ‘li

jmost cases, a hlgh temperature plasma con51sts of a mlxture -
‘of neutral atoms, molecules,‘electrons and lons. Perhaps the
‘\most 51gn1f1cant and fundamental aspect of a plasma is 1ts

'tendency to remain electrlcally neutral.,mherefore, lh:‘

-i7where there 1s no surplus of opp051te charge 1n a grven

J »volume (7), ,“.7;1i5“'%;~1yf~_1 ‘l“"r'-f7;493;3f3 _23 %l}'f7”;7'

»

- o s ‘ b
_,'_,»._4-»_.&-«;—»... - e ax - 'Nn, et-oo T e a&,-‘

LI I I

The most notable feature of a. plasma 13 that some of

. .

the partrcles are charged and therefore ;nteractlons w1th

each other are-governed by coulomblc forces..The cqulOmblc .

force, whlch is 1nversely proportlonol t0<the square of the

13

” dlstance between partlcles, falls off wath dlstance. Hence,

every ‘charged. partlcle in.a plasma 1nteracts ﬁlth Its

nelghbors glVlng the plasma a cohesrveness whlch is often

compared to that of a mold or jelly. Slnce charged partlcles

~

have tenden01es to rearrange themselves in order to

effectlvely shleld any. electrostatlc effects due “to a charge

.

;'w1th1n the plasma, thls shleldlng effect whlch cancels out

any electrostatlc flelds has. to occur w1tH1n a sphere. The

T e n:»a.a r’!\ RO ‘--»vs;; T | ’,'_-v',:‘

i
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neLghborlng p051t1ve 1on 1s expressed as Debye length, DL . ..

(8) For a plasma consistlng of SLngly charged .ions and

) W JL \ L 6
' ,.electrons, the Debye length 1s glven by, 7,»" ! S
& o - I .
. , W > ' oy
v .l:”-DL_jfl ( kT 'l/%{/= 6 90 '?,")1/2 (1)
e . 4“’“e eQ Sy Ng A : )
N o ' % o A
™, o el .
C L S . .
! e

= temperature,.k. _(' . D

T
T S Né5=-electron number den31ty, partlcles/cm o

i
. - " Lot
. . L L ) . L
N R v . ) R . N

*

Unllke the solld metal conductor, ‘where current is

- ‘,'.“ 8

”g‘latt1Ce, both electrons and ions 1n the plasma are free to
,fmove. quever the den51ty ‘of electrons 1n a: plasma 1s 86"
‘ flarge that ‘even. a small dlsplacement of the-electron w1th
| respect to the‘lon vlll glve rige: to a very 1ntense electrlcv.
field. Therefore, for the plasma to remain ‘in the N
;\; ' quasx-neutral state, the large electrostatlc force due to
-dcharge separatlon w111 have to bulld up suffiently to
prevent charge separatlon. In thlS case, the 1ons and
electrons in the plasma are constralned to move more or less

together.

Since one of the major characterlstlcs of the plasma

‘1s the malntalnance of charge neutrallty, the number of’

-

)

*.“”carrled by eIectrOns whlle‘the 1ons are flxed ln the“i5i%ffj”f’“'7f



electrons 1n31de the Debye sphere w1th radlus DL must be

greater or equal to unlty. Beyond the Debye sphere, there is

a charge unbalance._Conversely, thermal and electrlcal B

~r

forces are in balance w1th1n the Debye sphere.c.;:;

-\_ Martln Ao Umari (9) deflned plasma as ”a 0011ectlon . ;

- of moblle p031t1vely and negatlvely charged partlcles forll'

whlch the Debye length is much less than the physxcal 512e __“ .

' of the plasma - If we con51der a cube w1th 31des of length
“x, where X 1s much smaller than Debye length then 1n31de

thls cube the number of 1oﬁs may An- fact be. very dlfferent 'Q

from the number of electrons. Th1§ cube cannot be claSslfled~*b

. . -., _;'.
S ~---—'-’ .

as a plasma even though it contalns some 1onlzed partlcles.

o ;j;y It 18 worth notlng that the concept of Debye length

-‘,‘a - - e

was flrst 1ntroduced 1n connecthn w1th the propertles ‘
exhlblted by a strong electrolyte. A stronq electrolyte is
Ha'ln actual fact ‘a llquid plasma (9 10) - -
ru J‘ ) The sun and all the stars are nothlng more than
'~ glgantlc globes of ultra hlgh temperature plasmas. Although

plasma is commonly found 1n the unlverse, fols rarely ‘found.

on earth. Wl h the necenk 1nterest and demand in ultra—hlgh

Je ‘a '..<_ e -',‘—-‘,

. PhYSlclsts, qumists and englneers 1n.many fleids havef;{jglfﬂEﬂfﬂﬂv

become more involved. in economlcally generatlng plasma and
developlng practlcal appllcatlons. A

Laboratory.or manfmade plasmas canfbe created by

3

temperature t chnology and plasma energy sources, o {Li;{}{{;Ht‘f;ui
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“:, several methods. combustion flames and exp1031on produced by

R chemxcal reactlons of . hlgh spec1f1c energy (10),'controlled

S

~

Lo -

: vnuclear reactlons (ll 12), electrlcally heated furnaces

- 110), shock waves (lG) and electrlcal dlscharges (13) The

.type of plasmamreported 1n thlS work was~generated by an f,:l

em1351on spectroseopy-can -be produced by a Varlety of

e~

- methods, namely, d. c. current (14 19), mlcrowave 1nductlon,

'fC,_ Inductively;Coupled Plasma o

(20 24), and radlo frequency inductive coupllng (25-30)

| Each of theSe dlscharges ex01tes a sample in a dlfferent way

and‘by a- sllghtly d1fferent»mechanlsm thus the

'_.,wv

.....
-~ -

zlnstrumentatlon also. dlffers conSLderably. The type of

~

.;:°n1Y lasted for a few seconds (13 31)

plasma dlscharge under study in»thls work 1s the hlgh

O . = ",

frequency 1nduct1vely coupled plasma

E

1.. Historyj
rifu In 194r G. I Babat succeeded 1n obta;nlng an L e

_pressure though Lt

He designed and used

“x

1nductor He was not

N

'for the flrst trne the multl-turn c01l

only the flrst to obtaln d- dlscharge at atmospherlc
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contlnuous gas flow thrOugh the d,],scharge,_7~ whlch 1s the

‘basic operatlng prlnclple of today 'S hlgh frequency plasma

torch. Unfortunately hls 1mportant work‘was hlﬁdered by Ehe

»

\._*outbréak of the Second World War After the war, research

and Interest 1n thls form of discharge drsappearedvfof a :ltji*‘ﬂu

}%’ .-,-.-v< e o* - »
¥ -

long time untll “in 1961,,Reed proposed a convenlent de51gn

w

.;'of a plasma torch‘which was . capable of sustaln;ng a stable‘

dlscharge at atmospherlc pressure (32 33) :In his desigan
heat Shleldlng of “the walls waslaccompllshed by rntrodhc1ng ‘
' a gas ]et"between the wall and the plasma. Vortex gas~-'

\ .

stablllzatlon has been used qurte frequently for the plasma
dlscharge. It is dlfflcult tossay who proposed this ldea f”:
flrst in connection with the ICP Tangentlal gas feeds are -
o found in sezeral references-(32 34 35). Thus, the‘ |

development ot rellable methods for heat shieldlng and

N~

e

pressure ‘makes it- p0331b1e to sustaln and control a- plasma

~ - -

over a w1de range of powers and frequen01es. It was qulckly )

T

recognlzed bY'tWO groups of workers that. Reed s tYpe of f7f7~*”

plasmafcould‘be a useful source for analytlcal spectroscopy.-

" These groups led by Greenfleld (l) and by Fassel (2), took

,f“ separate rOutbs at an early stage - the~former used a hlgh ‘;T

power‘nltrogen cooled argon ICP and the latter employed a’

- one hundred percent argon ICP. ‘ ' fﬂ," E v

5 DN
el

: VQrtex stablllzatzon of electrlcal dlscharges -at, atmospherlc A

[
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Early 1nvest1gators encountered some. d1ff1tult1es in

o %

V 1ntroducrng aerosols or powdered samples into the plasma “
3
(36.37) because, w1th thelr de51gns, the aerosols Qr.

powdered samples 31mply reflected&from or passed Along the

PR

outer surface of the . plasma Taklng advantage of the skln

depth effect of" lnductlon heatlng, chklnson and Fassel (37)

.-

des1gned and developed a plasma torch which-consiSted of two

N

concentrlc tubes and a central aerosol channel resultlng in

e v

a doughnut (toroldar) llke dlscharge. The plasma was . "’

u .

operated at 30 MHz ‘and an- argon flow of 1.7 L/mln paSSed

&

through the central aerosol 1n3ectlon orifice. They also
employed tangentlal coolant’gas 1nlets to achleVe vortex
stablllzatlon of the plasma At that tlme, their reported

detectlon llmlts for many metals were two to four orders of

1

magnltude superlor to the best detectlon values reported by

-
‘

users of flame atomlc absorptlon or othen_em1531ug P

e w oo T
H

. = .,.,.«\... R REPRE F

technlques. Slnce then, ICP technology has been . rapldly

developed and is w1dely regarded by analytlcal | _ ~

-spectroscoplsts as the most lmportant-and prom151ng emlsSLOn

et e e

o De b

,r,spectroscoplc source . today.hh;d'@-”r‘w.m S

+

>

Applicatlons of ICP—Atomlc Em1551on Spectroscopy

(ICPsAES) - come fromvmany d13c1plines which 1nc1ude the\

-

analy31s ‘of trace metals 1n blologlcal materlals (29 38- 41),

the determlnatlon of 1mpur1t1es in alloy steel (42-43), and
e » .
tox1colog}cal ihvestigations. ICP—AES can also be_applied to



BT i R . p‘ - 11
‘the aW?iYSLS of metals in organlc medla l;ke lubrlcatlng
0115, fuel, edlble olls, .coal llquiflcatlon products and tar

 sand. (44, 45) .

plasmas as spectrochemlcal sources, the reader is referred

‘to Greenfield (25-27), Barnes (28) and Boumans_(3p). 7

-

2. Generating and Sustaining the Plasma.

A schematlc draw1ng oﬁ-an assembly of three

]

concentrlc quartz tubes used for generatlng an ICP is e
showned in Figure l This ' assembly of concentrlc dubes is

called the "plasma torch" whlch is surrounded by a three

Ce

turned water cooled 1nduct10n c011 connected to a‘hlgh radio
frequency (rf) current generator. Thg.plasma torch 1tself 15

-descrlbed 1n Chapter II.-Gases are made tq flow tangentlallyr

I Rt

'h through ‘these tubes. To. inltlate the plasma, argon gas 1s

..made eleotrically conductlve and partlally 1onlzed by Tesla s

sparks. ThlS can be represented as,

— ) . . _' . ‘s -

"AY¥ =#> Ar

ﬂThe resultlng charged partlcles (1ons and electrons) are
© induced to flow in a c1rcular motion due to their

.1nteract10n with the applled magnetlc fleld produced as a

- &

‘ result of rf power applled to the 1nduct10n 0011 The

N

- . ’
- (; .
» : - .
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Vto 1onlze neutral argon atoms, creatlagfan avalanche of

o S

" electrons. The process is represented as,

- S e
- A

CAr .+ e =—s Art + 220 43

B
-z v .

:However, the accelefated charged partlcles can also ‘meet the ™

“1re51stance of the- coolant gas flow produclng an ohm&c
‘heatlng effect, whlch 1n turn leads to addltlonal '
’flonlzatlon, as represented 1n Equatlon(Z) Slnce power is

‘7cont1nuously fed. 1nto the 1ndugtlon c01l from a hagh rf

\\\\current generator at 1. 0 to" 2 5 Kw, the plasma generated is

then malntalned by the contlnuous appllcatlon of that rf
o power. The cooler doughnut-hole entry provxded by the
Qtor01dal shape plasma presents less reslstance to the

1nject10n of aerosol partlcles 1nto the’ 1nner reglons of the

LY »

o L

= plasma (37).* e |

| | Samples may be 1ntroduced 1nto the plasma in the |
ﬁform of llqulds, gases, powders or sollds. Spec1al o

technlques are requlred to lntroduce gaseous, powdered or

' solld samples 1nto the ICP Hydrlde generatlon tecﬁhlques

E

"can be commonly used to convert some metals, such a§ Se, As,

iy

_ Sn, Pb ~and Ge (46 48) 1nto thelr metal hydrldes by reactlon-

w1th SOdlum borohydrlde. The hydrlde gases are then

g,
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B transported into the plasma w;th_the aerosol carrler qas.,@

- el I - Y )

Sollds are 1ntr9duced 1nto the plasma as powders, vapors or’ .

" - . '.(-
4<t ,-d-, *.-“_,-" - Y

metal aerosols. Generatlon of powders or metal aerosols can"

»-oe . Y - » [ e .

“be achleved by dlrect laser vaporizatlon (49) or

-

'"lectrothermal vaporlzatlon'of the solld samples-(50¥53)

Salln and Horllck de51gned a novel dev1ce whlch is capable
~of 1ntroduc1ng the solld sample in _the form of powders

o dlrectly into the plasma Thls technlque.ls known as . the

q-«n“ vy W Rk L ».--;nﬁ‘ oy e . -gb. . R T I

“Dlrect Sample Insertlon" techn;que (54) . However, the

“h ® analysls of samples in solutlon form is. by far the most

e
A}

hcommon approach because At reduces problems associated with
ﬁhe 1nhomogene1ty of samples. Liquid sample {solution) 15'
.;ntroduced into the plasma in the form of -a nebullzed ;
aerosol. The generatlon of thlS aerosol gas -is descrlbed ln"
.Chapter IT. The aerosol ls'carrled.by an.argon carrler gas
to the base of the plasma This aerosoi/gas.combinatfon*mfll
_then "punch a hole through the base of the plasma formlng
lan analyte channel The temperature 1n thls analyte channel
,1s hlghvgpough for the samples to becOme volatlled
desolvated, atomlzed, 1onlzed, exc1ted and subsequently to

»

emlt radlatlon. .
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very hlgh flow rates. Recently, Barnes and Meyer (61)

3. Mixed Gas ICPs ;,. . AU

.

Modlflcatlons 1n ICP 1nstrumentatlon are regularly S

'reported ln the»llterature (55- 60). These modlflcatlons glve
rlse to many dlfferences 1n operatlng condltlons among the
various ICPs currently used However, there is onLy one
really essentlal dlStlnCthn whlch cla531f1es ICPs 1nto
three maln catagorles. |
! ’

| 1. Argon ICPs.
2. Mixed Gas ICPs

,3 100% non-Argon ICPsk

[

The argon ICPs for analytlcal spectroscopy developed

h:flrst by Fassel et al. (2 4).were produced w1th torches of
‘hls mm i. d., ln the outer tube. The. argon plasmas are usually

"operated w1th only .argon in the coolant, the aux111ary and

5

. the aerosol carrier gas flows. They are normally operated at

a frequency of 27 or 40 MHz" wlth the'lnput power between O 5.

to 1. 5 Kw. Greenfleld and his’ co-workers A1) were the,flrst .o

to 1ntroduce a mlxture of argon and non-argon gases (N 02,

R Alr or He). 1nto the ouger coolant or the 1nner aerosol gas

flows. The mixed gas plasmas were usually operated at a

lower frequency, 7 MHz, extremely hlgh power, 1a Kw, and

hd .
=



'A“reported that they can sustaln a 100% nltrogen ICP w1th

: operatlng condltlons similar to those descrlbed above for

_recent years, several proposals and modlflcatlons in the

andide Galan (58) re

._,the conyentlonal argon plasma However, they dld not prov1de

e e e w

- - R

any 1nformatlon on the performance of thlS“dlscharge except

that the nltrogen plasma was used to verify the validity of

..calculated predictions in an earlier paper (62).

)

Argon has been commonly employed as the operatlng

-gas for analytlcal plasma;spectrometry,Hhowever the manI°

P,jl '.-obm_ oy oyt

e e Aty L w [N P

dlsadvantage of both the commerc1a1 and the research Ar-ICP

units is the large consumptlon of expen31ve argon gas.'In

~

'plasma torch have been made to decrease the consumptlon of

argon gas{ Most notably,.Savage and Hleftje (56) utilized a
mini-torch Wlth an outer coolant tube of 13 mm i.d. to
decrease the amount of argon gas consumptlon to less “than 8
L/min. Another approach was taken by Kornblum et al (57)
They de51gned\a water cooled Jacketed plasma torch whlch

reduced the argon consumption to 2 L/mlnf However,,the

‘tenfold reduction in argon consumption required an equal

reduction of the sample c. ier' gas flow ‘to about”o.l L/min-

(58). Currently~available pneuymatic nebulizeri_described in-
e . . S :
Chapter II do not operate at_guch a low flow rates. Ripson

described a new sample

‘introduction system.for an ICP operating on an argon carrier

gas. flow of 0.1 L/min. However, it is unfortunate that such

-

-
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a nebulization system incorporated’with'the water cooled ICP

torch does not show anv net galn 1n detectlon powers. In

. :‘

;;f:ﬁact,_the’detectlon llm;ts for Ca. Ba and Mg reported An,,

) thelr paper are two to three orders of magnltude smaller as :
compared to the detectlon limits obtalned w1th the
conventlonal Ar—ICB torch.v~;3

_ A more practlcal solutlon to thls problem lS to: ,

. Laa«lrepgac,z’ expenggVé afgbn gps by qheaﬁﬁr,ga?eg BlcH as Nz.‘,ﬂ,
O2 or alr. In the past, Greenfleld and co—workers have
1ntroduced various dlatomlc gases (NZ' 2) into the coolant

,or nebullzer flow of . the ICP torch But the mlxed gas ICPs»

ER

with whlch they operated requlred a very hlgh power to

' sustaln the plasma and also requlred aﬁlarge volume of -

L

'dlatomlc gas to prevent melt down of the plasma torch ]

”'(1,25 -27,64~ 71). .The. conflguratlons operated by Greenfzeld

w.and hlS co-workers did not demonstrate any net reductlon 1n
operatlng cost of the ICPs, and thelr reported  detection '
limits, dynamlc range and compllcated molecular background
spectra for the mixeéd gas plasmas d1d not show any |
advantages over the argon plasmas. Therefore, the mlxed gas
plasmaS‘obtalned only limited recognition among both
commercial andfacademic iCP*users.‘ |

L= Unfortunately, it also became a general belief that

mlxed gas plasmas could only—be operated at hlgher power

than conventlonal argon plaSmas. Thls excess energy was



B .,,.§

belleved to be requlred to break?the bonds of dlat@NlCm;-

molecules. However 1n the past?few years,,experrmentalmand
theoretrcal 1nvest1gatlons have been descrlbed for a Varlety

i‘h.lof torches, generators, and mlxed gas plasmas (57—59 72)-

" Most research on mlxed ‘gas plasmas focused only on the Nz-Ar .
. mlxed gas ICPs (59 73 78 82) Only llmited research has been.
carrled out on the evaluatlon and characterlzatlon of 0°aAr,

. A;r-Ar ‘and He—Af’mixed gas ICPSn R T
g LR :"ﬂc -h,‘“ ‘.@

A brlef summary of the varlous ICP operatlng X e
parameters used foxr analytital studies of the Nz-Ar'mlxed

Cogas ICP ‘is presented ln Table I 1 Many of the operatlng

s

condltlons for the NZ-Ar~mLxed gas ICPs reported prlor to

1970 used extremely hlgh coolant and aux111ary flow rates.

(<:“'° In addltlon, the mlxed gas plasmas requlred very. hlgh power. e

- r oo u
S e 2

Although argon 1s w1dely preferred as an operatlng gas- for ;-;

ICP-AES because of its inert’ atmosphere, Greenfleld et al.-

(1 64-67) have argued for . argon dlscharges cooled w1th )

nitrogen because of the easerr operatlon and relatlvely 1ow

operatlng cost. | ‘ o
The flrst studles of the mlxed gas ICPs (Oz-Ar,

’ AlrnAr and He—Ar) for spectrochemlcal analy31s were also
reported by Greenfield et al (64-71) They reported’that %‘
20% 02-80% Ar mlxed gas ICP ylelded better sensmt1v1ty than
a 100 % argon dlscharge. Boumans and de Boer (79) later

'compared»the 51gna1—to-background ratiosuofgsomelion.lines

%
4.’ .
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;Rf;};‘ijéusenv;é in thelr Ar-ICP under comErom;se condatlons for A
- i simultaneous‘multleiement analysrs tI‘l KWT»thh values fﬁ"
. ;nf: ;eported by Greenfleld for a 6 Kw leEd gas ICP..Thelr A
,:: report noted drfferences of One to tho orders of magnltude“
-_ln favor of the argon dlscharge._It 1s dlfflcult to draw ,}'E
generallzed conclu51ons on thls comparatlve analytlcal
_performance of the argon and mlxed gas ICPs because tha
1nvestagat10n was. conducted under 81gn1f1cantly dlfferent
'”,operatlng condltlons for each plasma._;' | '
In contrast to. the systembutlllzed by Greenfleld and *
.lff.“‘ his go-workers (1,64 62),ﬂand Truitt and Roblnson (80,81) in
..».the late 1960's, the‘mlxed gas plasmas lnvestlgated ‘recently *
by Zalewskl (Nz—Ar) (75), by Mbntaser and Mortazavi (N. -Ar)
)'(74), and by Choot and Horllck (N2-Ar, Oz—Ar, Alr-Ar and -
He—Ar) (82 83) have been demonstrated to be operable at |
51mllar plasma power and flow rate levels as those used in;
most Ar—iCP systems -today. rr‘pr.cal condltlons for the mlxedxA
'fgas plasmas operated 1n thls laboratory are a coolant flow
rate of 15 L/mln, auxlllary (Ar) flow rate of 1.0 L/mln,
nebullzlng flow rate (Ar) of l 0 L/min, and rf power of 1.5
to 2.0 Kw.“ —
Investlgatlons on tHe effect of nltrogen in the
f_outer flow on the net analyte em1831on 1ntenslt1es were

reportedlby Montaser‘and Mortazavi (74), and Montaser'et'al.

(76) who concluded that the,analytical performance of the 5



2

\'to lal% nltrogen cooled plasma was superlor to that of the

N N - .
PRETN | e L LW A e TSt

. 3 e

conventronal argon dlscharge.-HGWever, when the outer flow e

;;was converted to’ 100 % nltrogen, the detection llmlts 5'

'rndeterlorated sharply. These comparlsons were conducted at

1.0, 1.2 and 1.4 Kw plasma power, at the optlmal”

'observatlon helght of 10 mm for the Nz—Ar mixed gas plasmasl

‘and at 10 and 15 mm for the conventlonal argon dlscharge.

Appllcatlons of the low’ powered mlxed gas plasmas

have been carried out in thls laboratory. In Lau's

-

,dlssertatlon (84), he reported the observatlon of very -

et

intense cyanogen mo!ecular emlsSlon spectra when‘prganlc‘ ;

,samples were: asplratedhlnto the yz—Ar mlxed gaSrplasma. Hls’

reported results did not 1nd1cate any advantage in.using a N2

-Ar plasma to 1mprove elemental determlnatlons An organlc

. "
» o

matrlces over the conventlonal Ar-ICP. However, when O2 was
introduced into the plasma, the detection limits for varlousv
elements and the analytlcal capabilities-of the O0,-Ar mixed

T

gas plasma w1th the organlcvenvironments_appeared to be an

”Qrder of magnitude superior comparedbto‘the conventional e

Ar-ICPs. Work by Ng and Horllck (85) - u51ng mlxed gas ICPs

-

w1th a’ Fourler Transform spectrometer 1n the near 1nfrared

and v131ble reglons has demonstrated a tremendous !

WR

advantageous decrease ln background intensities. In " St

addition, . the Ny—-Ar mlxed gas ICP was reported to be more

]

stable than the conventlonal Ar-ICP The use of a mixed gas
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~plasma to 1mprove the analytlcal performance of the

-:ICP-Fourler Transform spectrometer system is. descrlbed 1n

"Ng s dlssertatlon“(ss) R

';CP source. The air cooled plasma was operated at 27. 12 MHz

;'»f= Recently, Ohls and Sommer (77 78) studled the

~ . N ;o

analytlcal appllcatlon of an alr-argon and nltrogen—argon

~_and 3.0° Kw plasma power. Although hlgher ‘¢coalant - and

auxrllaryqflows were used (28-L/m1n alr‘and 15 L7min Ar

respectively), their results for determlnatlons in aqueous

media indicated that an air cooled plasma performed sllghtly .

better than either a nltrogen or argon cooled ICP.

« i i
oy

ManY'studies on mlxed gas plasmas have been carrled

-out on'the characterlstlcs of the ICPs. While much 1nterest

has . been centered on appllcatlons and detectlon limit )

studles of mixed gas plasmas,'comparatlvely llttle work has

been carrled out on evaluatlng the effect of. gaS' : ' .

.

R comp051tlon, plasma power, and aerosol flow rate on the

7

#

analytlcal capablllty of the mlxed gas ICPs. ’ addltlon,

-llttle fundamental research has been carried out on spatlal

em15510n structures and excitation mechanlsms in the mlxed

e

gas plasmas. s - ' bv” .

-4 o . o -

The purpose of thlS study is to prov1de a

comprehensive: lnvestlgatlon of the effect of plasma

Y

'operatlng parameters on the spectral em1551on background and

analyte em1351oh srgnals. It is also the 1ntent of thlS work

-

~
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[

>
-

to compare the analytlcal capabllltles of the plasma

o '

dlscharge operated in argon and mlxed gas atmospheres. O

-k [ PR w
! . .

D. - Measurements of Temperature and Electron S

}

Den51ty in Mlxed Gas ICPs

-

[

The  second part of thls work 1ncludes a’ study of the
exc1tat10n and 1onlzatlon processes in mlxed gas plasmas.
| The goal of this study is to optlmlze the plasma discharge
for spectrochemical'ahalysis fromﬁa;fundamental‘poiht of
'Viewf Such a study is capable of'rationaliiing the

experimental data avallabae about analytlcal plasmas.

Electron den51ty and plasma- temperature-are two. of

" ¥ the major physical parameters that govern the excltatlon and

J

donization’ processes in the ICP (86,87, 88) The values of
plasma temperature avallable ln the literature vary as much

as 2500 K (122) dependlng on the plasma ¢ operatlng parameters

used.
1. Temperatures : ‘ 3 ‘ y

For a source which is ln local thermal equilibrium
(LTE), all temperatures measured have equal values. Studies
of the Ar-ICP source 1nd1cate that complete thermal

equlllbrlum, where every temperature is the same, dves Wot

°
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prevail in the:ICP UAs a eonseQuence‘of the non-local
.thermal equlllbrlum (non-LTE). state -of- the plasma, no 51ngle“
temperature may be deflned for the plasma dlscharge. The .
tnon—LTE state'of theoplasma dlscq,rge leads to the‘
-p0551b111ty of several dlfferent kinds of temperatures,
namely - |
Q‘ ~
(1) excitation temperature (Texc)' which is a measuré 0f7
‘the energy dlstrlbutlon among the various- partlcles
of a dlscharge and of energy dlstrlbutlon w1th1n
the various energy levels of_lnd1v1dual particles. ﬁ
This temperature is defined b& the Boltzmann |
distribution (91). - S

'(2) ionization temperature (T

ion) the;distribution\of

atomstand 1onlzatlon p;oducts iu‘the discharge
described by‘the Saha-Eggert~relation which is a
function of ionization temperature'(éé),

(3) radiation temperature (Trad)r the radiative field
that provides a'radiation'density which deéends ouly
upon the temperature'defined‘by Plank'functien. .

(4) rotational-vibrational temperature‘(Trot), whici is a
measure df energy distribution among the populations |
of excited rotational or vibrational states'of
molecules. This temperature is similarly defined

as the excitation temperature. Due to the weak energy



.needed to obtaln these spectra, the rotational
temperature 1s con31dered to be close to the gas
kinetic temperature (87), 1 e., the macroscoplc
’temperature of - the plasma.

(5) electron témperature (T ), which is the, temperature«

of the free electronS'andﬁwhlch is governed by

Maxwell equatlon.4 - i ) e

'For a source which is in LTE, all temperatures

measured have equal values, i.e.,

‘,Texc.% Tion ® Trag = Trot~=_Te K (4) :
o N \

>HoweVer,’%%e ICP used for: analytlcal spectroscopy is

Vel

generally conSLdered not to be in LTE (7&,88 93- -97). The

A} results of Kornblum and de Galan (88) obtalned for an’ Ar-ICP )

operatlng at 50 MHz indicated’ that. . sl

.,Trot < Texc(X) < Texc(x ) < Tion N - (3)

v . -
Y A

Most workers in the fleld of plasma spectroscopy recognlze

the use of spatial dlstrrbutlon of temperature and electron

.den91ty to study the excitation and 1on1zat10n mechanisms in

the plasma dlscharge. In this laboratory, spatially resolved

excitation temperature mbasurements have been utlllzed to

; v

e

FZ

.y
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explaln the characterlstlc em1s31on patterns of some neutral

& ,.\
-

atom and ion' lines (93 120) The plasma ”temperatures
& : R
reported 1m the 1iterature show a w1de range of values

S

because of non—LTE“condltlon. However,-the major crlterion
for all temperature measurements in‘ the plasma source is
. N “L . *, ’

that the plasma mustdhe "assumed” to be in LTE. In addition,

the transition=probabiljties availabie‘in the literature for.
the "temperature" measurements - show a range of values.

b

Depending on the set and operatinq conditions-used

: caLéulated “temperature“ can vary, as much as’ 2500 K (122)

WhlIe much 1nterest has been focused .on source

temperature" comparathely llttle fundamental work has

K}

.. been carried out on the dlstrlbutlon of electron den51ty in

the plasma dlscharge. For these reasons, no attempt has been i

made ‘to measure the- plasma temperatures 1n this work

" Instead, this work w111 focus prlmarlly on the dlstrlbutlon
of electron density ln the mlxed gas ICPs in order to unvell
the excitation and_lonlzatlon mechanlsms in the_mlxedAgaS'

L . . - +
)

plasmas.. T

-

h
2.. Electron Density - . . y
- vfﬁik The second 1mportant phy51cal parameter that governs
. v 2N ‘

f i, the exc1tat10n and ionization processes lh‘the ICP is

"%5 electron den31ty. At a spec1f1c reglon in the dlscharge
, N

hS

i
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'YSaha-Eggert equatlon..b}.3:wff-,53_[f»ff;" G

"

ST e R S _ .
.there are several dlfferent types of temperatures because of
non-hTE:condltlons, but there is only one electron den31ty.
Unfortunatefy, there 1s no s1mp1e way to calculate electron
- denS1ty 1n the plasma dlscharge but 1t can be measured 1n'ﬂw
several ways.,The electron den51 Y. may be derlved from the

Aabsolute contlnuum 1nten31ty (98):'”E#' . s
- S
.. Where: | o SR
¥ le = the absolute contlnnum 1nten31ty
t :'u (erg s -1 >'3 st l l ), -
VNeJT the electron den51ty 1n cm 3;.and
Te = the electron temperature in K. | :

’
v

LI .*'~

Usipg the contlnuum method, Kornblum et al. (98) reported
tvalues ‘of - electron den51ty for an atmospherld pressure_

Ar-ICP between 5 X 1014 and 2 X 1015 -3; 'The bas1c

assumptlon of. th1s contlnuum method ls that the plasma be in

an LTE state where Tg = Tlon' the value of Ty ﬁ was;derlved“;

Y es

from Saha-Eggert equatlon descrlbed below.,
The most convenlent method for ‘the determlnatlon of
eleotron denslty 1s to measure the 1on-to—atom emlsslon

1nten31ty ratlo fqr some probe analyte spec1es us;ng the

4 o

17
o0
e i
R A‘_L .

| -
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= 4.83 kﬁlo;s,_Iif(gA)i v

- When the Saha—Eggert equatlon is used to calculate N b

1s assumed to be T

i. [4

(g2) 5

a

Jelectron'density{in om’;

28

d

. ‘}.l “'v. 3/2 ’ - ) . ' v 0 - ."
L2 - medhas)

. ,‘ ‘ . i . < . ‘. , 7.“"1"'.
Ta (R vy R

-3

1nten31ty of ion and atom em1551on,

’ (gA) product of degeneracy and transltlon

probablllty for upper states of 1on
: and atom, ._" ‘ Z:X- g;
_frequency of spectral 11ne emltted -\{ .

“by ion and atom,

energy of upper state of 1on1c and

,lneutral atom tran51tlons,

.lonlzatlon energy of the neutral

uffatom,~'

plasmaiionizationhcorrection, and
ionization~temperature,.Kq
“ion

c' while T ' ls derlved from argon

llnes. Results obtalned by Mermet (93), Boumans et al. (99),

and Kalnlcky et al

L34) uslng Saha—Eggert equation ‘were 2 X -

1013 2 X 014 and 1015 ,3 respectlvely . The values of N
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- A .

obtalned\by thls method show a range of values due to the
dlfferences 1n the " assumed" Tlon as well as the uncertalnty |
in the ratlo of atom-lon 11ne 1nten31t1es. Although thlSl.f‘
“method flts the majorlty of analytlcal ;pectrochemlcal

v'_scondltlons vepy Well 1t has the serlous drawback of belng
.1nd1rect, lt requlres not only the known 1naccurate
'tran51tlon probabllltles but also the computatlon of
electron denSthpfrom the Saha-Eggert equatlon..81nce LTE
“does not prevall in the plasma source, the major drawback ofb
Athls line ratlo method is the requirement that the plasma be -
in LTE , - _"" .Q.

A ‘more accurate method of electron den51ty -
imeasurement 1s that of measurlng the ‘Stark broadenlng of
_ spectral 1ines emltted by argon or hydrogen. ThlS technlque

-

”l.lS largely 1ndependent of the temperature and any .lu*r;*‘_;b
'assumptlons about the ex1stence of LTE condltlons 31nce.the
llnes are broadened eIectrostatlcally. Theory and pract;cal4
"aspects of. thls technlque will be dlscussed 1n Chapter VII

' U51ng thls technlque for the argon lanes, Mermet (93) found'

that axial values of electron density decreased‘from 1.

’ . -

;1016 to 3 x 1015 cm™ 3" with lncreaélng observatlon helght (lO
to 20 mm) Other values derived. from the HB llne vary from 3

X 1015 to 2.7 X 1016 cm'3 (13 100). . “ :{i P



'ﬁs')ﬁxéltatioéiand~Ioniéatiohiﬁéchanlsns‘
| ‘infﬁixed,éasvlcpst .
Several mechanlsms have been proposed by dlfferent
authbrs to explaln the observed emlsSLOn 1nten91t1es in the
':'ICP source.vBoumans and de Boer (79) publlshed an Ln-depth
;T_study 1nto the p0331b1e nonthermal mechanlsm -in the plasma &;I

dlscharge 1nvolv1ng argon metastable interactlons. Their

'work 1s Based .on the Pennlng 1onizatlon mechanlsm proposed

by Mermet (101) 'Al,ﬂ»' -7w» "ty"

Arf4 X~ ar+xtT e eT 0 T T (g
.ThlS reactlon is pOSSlble when the comblned energles of
exc1tat10n and 1onrzat10n of the analyte, X, is less than
the exc1tatlon energy of the argon metastable. Metastable

QStates -are, exc1ted states whlch are quantum mechanlcally

,iforbrdden from radlatlve decay. In thelr hypothesis, the

*ﬁwlth an lonlzatlon potentlal of only 4 21 eV Slnce

metastable levels were con51dered to be ea81ly 1onlzable S
. tran31tlons between the exc1ted metastable states and Ghe
“ground state are forbldden, the argon metastables have |
consrderably 1onger llfetlmes than the radlatlve decay.»
Because of thls long lifetlme, these metastable states wouldf

Loy

act as a very effectlve energy buffer for the analyte
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spec1es and thus 1nfluence the exc1tatlon characterlstlcs of
the ICP. In addltlon,ythe metastable states are about ‘11.5
’eV‘above the ground state, therefore they are capable of
1on121ng and excltlng a large fractlon of. analyte introduced
into the ‘plasma.

Although the 11ﬁ671mes of argon metastables in.
1vacuum (low pressure) afe greater than 1.3 s (102) thelr
llfetime in the atmospherlc plasma is con51derably smaller I
_due to hlgh electron den51ty and the frequency of colllslons
in the source . Therefore,_a hlgh electron den51ty will
con51derably reduce the 1mportance of . analyte 1onlzation via
.a Pennlng process as the domlnant 1onlzat10n process (103)
Most recently, Alder et al. have proposed that analyte
"exc1tatlon and 1onlzatlon 1n the ICP are prlmarlly domlnated
3;by electron 1mpact (96) In fact, many reactlons may occur

by electron colllslons i.e.
(1) excitatlon from“the ground state ’
. ]

- : o Lk '
e+ X/ X" = x"/ x4+ e (9

* e S :
where X and»x+ -are the excited states of

atom and ion species,

(2) excitation from another excited'state_



*1

el '+ x* --> e + X b - . (10)
(3) by superelastic collisions, an&.ionizatlon

to x* ana x2t .

It is unllkely that any of these proposed- mechanlsms

domlnates the exc}tatlon and 10nizatlon mechanlsms 1n the n

_—-“ T

ICP. Among them, the energy ‘transfer from exc1ted electrons

°

to the analyte seems 62 provide a reasonable predlctlon of :
 the excrtatlon and 1on12at10n mechanlsms ln the plasma\
source, but the role of exc1ted argon metastables or other
exc1ted spec1es cannot be neglected In addltlon,.several 6f
‘the mechanlsms may be actlng 51multaneously to produce the -
eXcited or 1onlzed states. s ' ’Fv

‘A study of spatlally resolved analyte em1331on and
electron den31ty w1ll certalnly prov1de an lmportant set of
data to dlstlngulsh which of these mechanlsms can be
con31dered ‘the most probable exc1tatlon and 1onlzatlon
mechanlsms in analytlcal ICP spectroscopy. The correlatlon ..
,study will then be used. to prov1de a ratlonal explanatlon on
the nature of ion lrne advantages 1n the mlxed gas® ICPs. ln
xaddltlon, certaln qualltatlve observatlons w111 also be - 3A

employed to assess the role of electrons in the; 1onlza€}on
: AN

and exc1tat10n mechanlsms in the mlxed gas plasmas.
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Although ‘the photomultlpller ‘tube (PMT) 1s the -most

w1dely used. detector for spectrochemlcal measurements in the

uv-v151ble spectral reglons, the 1024 element photodlode

‘array detectlon_system is used throughout_thls study because

it is capable of simultaneously measuring over 50 nm of .
'continuous'spectral information anywhere from 200 to 1000

'nm. The tedious process of measuring the hydrogen. line

profile ‘and accurately‘extracting‘line intehsity by a
conventlonal PMT based system lsa51gn1f1cantly fac111tated N
u51ng the 1024 element photodlqde array system (104) .

The acqulsltlon of detabﬁed spatlal proflles w1th a-

photodlode array system has been successfully accompllshed o

in several studles 1nvolv1ng measurement of emi331on,

“intensity: 1nformatlon from the Ar-ICP (105 106 -108) .. This
approach has been used to acqulre all the horlzontal spatlal
‘data presented in thls work The measurement systems will be .
descrlbed in the follow1ng chapter3$' ‘ . .
Thls thesis is divided 1nto two parts. the flrst

C'

deals with the 1nvestlgatlon and evaluatlon of the spectral

characterlstlcs and analytlcal performance of the mlxed gas.
ICPs, the second part deals w1th th:yplectr/n/den51ty |
measurements 1n the/mlxed gas KCPs Oy means of hydrogen llne:

broadenlng. Included in the second part is the correlatlon

- of the analyte em1551on 1nten81ty w1th the electron den81ty

S in mlxed gas plasma dlscharges and a. summary of’the
x4 , .



experlmental evxdence for the exc1tat10n and 1onlzatlon S

processes of analytes w1th energetlc electrons.

.

)
The results of such a study are 1mportant from thew

analytlcal p01nt of v1ew~not only from the dlSCUSSlOnS

'presented above but also because of several potential .

) advantages offered by theﬂmlxed gas plasmas, namely,$whfi

| » (a) lower operatlng cost, j“ S
L.

(b) lmprovement 1n 51gna1 to-n01se ratlos,' 1,lth

(c).lmprovement 1n s1gnal to-background ratlos,.,.*

\

(a) achlevement of dlfferent analytlcal

capabllltles,

b

and (e) actlon as a possible probe to study the

exc1tatlon and 1onlzatlon processes .in the
) EO KX

fplasma dlscharge.

34;
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CHAPTER II

' EXPERIMENTAL

=" A. ICP Instrumentation

< LN

.«.-.ICP Source

thegplasma dlscharge was awmodel

w
generatdr (Piasma Therﬁ’Inc. Kre§ '

- included a model ADCS-3 automatlc p0wer control and a model .

AR

.PT -2500E automatlc matchlng network The spec1f1cat10ns ‘for B
| =4 . .

'thls‘system are llsted in Table II. l ‘ >
o . The rf generator is of a crystal controlled type

operatlng at a frequency of 27. 12 MHz. Thls rf generator

e -

‘allows power output be varied from 0 to 2.75 Kw. Power from

~

the rf generator rs coupled via an automatlc matchlng and

3

tuning network to the Icp source., The tunlng network allows
. eff1c1ent power transfer to the plasma by adjustlng the

matchlng network to a proper 1mpedance 1n Order to establlsh, -

a stable plasma dlscharge. The three turn 1oad c01l thf
1"[‘
(1nduct10n coil) surrounds the top of the plasma torch and

serves to coupleg rf power to the plasma source (Flgure 2) .
'The - load coil is’ constructed from.a'8.5 mm copper tubing
with lrmm‘spacing.between'turns.,Water“iskcontinuqusly_fedft” .

S - .

l.é;' R 3 A



x TABLE II.1 *

~ ,ICP SYSTEM SPECIFICATIONS

Component = . ' o ' Specificgtion

r.f. generator frequency - 27.12 MHz
: o - ' (crystdl control)
Bated butput power o 2,75 Kw
Envelope ripple T ' less than 5 % °
' Generator o .. s0'Q n
(output impedance)
Matching network - ' 50 ¢
(input impedance)
. Matching network . . wide range
(output Impedance) ‘ S : T
Load coil : e . 3 turn 
S S S S U LY T

, .36
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<~ Plasma Gas

B | ) | (coolant gas)

T AUXIllOl’y Plasma Gas
) (plosma gas)

w . L%

f . | SRRy

Aerosol Carrier Gas

-

Figuzje 2,

- ICP torch (ﬁoménclature) .
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a

..throughﬁthe copper tubing in order to keep it cool during

® - Y > 7

the' experiment. L e

S .- N . P : t

B -
&,

2. Plasma Torch.

The basic'design of the. torch was similar to that

suggested by Fassel and Knlseley (2) The plasma torch was

constructed from three concentrlc quartz tubes. A dlagram of

the torch conflguratlon and its dimensions is glven 1n
Flgure 3. The outer tube, 18 mm i. d., 1s the coolant Qr
plasma tube whlch ‘serves to 1ntroduce'the COolant or the
plasma supporting gas into the plasma discharge region.
Ordinarily,pargOn gas is. 1ntroduced tangentlally 1nto the
base of the outer coolant  tube. However, in this study

mixtures of argon and non-argon gases (Ar-Nz, Areoz, Ar—Alr

or Ar-He) were lnjected into the base of thls tube, The

~acoolant gas also prevents the meltlng of the plasma torch.

The mlddle quartz tube is tulip shaped and is known as the
auxiliary gas tube. It has a dimen51on of 12 mm 1 d., and is
used to direct a low flow of argon gas at the base of the
plasma dlscharge once it is establlshed mhe aux111ary gas,

introduced tangentially 1nto the base of the middle tube,L

serves to. llft the plasma dlscharge sllghtly and prevent the

,1nner tube from meltlng. The 1nner or aerosol tube is 3 mm -

-

i.d., and lts_ex;t 1s constricted to .1.5 mm i.d. .This tube

S : S - - 4
k . \

/



Fig.

3.

N

ICP torch (dimensions in mm).
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. | ‘ .
1s hsed to feed the analyte aerosol lnto thg eenter of the
plasma dlScharge. It is JOlned to a 5/12 ballr301nt at the .
"torch base. This ball 301nt, coupled w1th the aerosol soray
'chamber, is shown in Flgure\4 The torch 1s posltloned such

that the t1p of the. innef tube. is ™2 “mm below the bottom of

ot o~ - .
the lnductlon coil. .Iu v R,

-

[ . X o . . .
P BN Y . B
- g . . . -
- £ v : N B
¢ . . |
¥

3. Nebulizing SyStem

1 Y, ~

‘The nebu1121ng system con31sts of two ma]or parts,

the spray chamber and nebullzer. The nebuilzer converts the -
> M_J :
sample solutlon into & fine mlst or aerosol It ls lnserted

o

'1nto a Teflon carrylng block whlch is attached to a spray -
.chamber as shown in Flgure 4 Thé’nebullzer used in thlS
study was of theépneumaUrc type. It was*a modelmTR—BO-Al
Supplied by J.E; Meinhard Associates, Santa Ana:s&alifornla.l
The nebulizer has an uptake rate of 0.8 ml/min.- s

‘ 312The spray chamber used 1n this study was of the
Scott design (109) and 1s lyiustrated in Flgure 4. THe main -
function ofﬂthls spray chamber is to, allow only the smaller.
droplets to reach the plasma. Less than 3-5 % of the
nebullzed sample solution actually reaches the plasma.~The

majorlty»Settles out ln the spray chamber and goes down the

drain; o R g-- ] S
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';PQ,iThetdbticabféyStem?ﬁi»

A block dlagram of the optlcal system is prOV1ded 1n7
d‘Flgure 5 The plasma source, lmaglng opt1ca1 lens and
"‘monochromator Were mounted on an optlcal rall system 51mrlar"

’]"to the system des;gned b’ Walter (110 111) The use af thls

Joptlcal rall system provxded prec1se,:stable and accurate o

we XL

T ‘ o ",f"\i' -
-

. allgnment of the plasma source.‘The ra;l system also t?_.o;
l»:lprovided flex1b111ty for the experlmental conflguratlons.ft"
The 2 L. reduced 1mage Qf the plasma was formed on.

'_the entrance Sllt of the monochromator hy a 10 cm focal

' ”flength spher1ca1 quartz lens. The measurement system

: employed 1n thls study was a Heath (GCA/MacPherson EU-700)

o 0 35m monochromator The speclflcatlons of thls

e

monochromator are llsted.l‘»Table II 2. The detectors used

;n thls experlment were 256ﬂand 1024 elqpent self-scannxng

A -Qﬁf

‘

'-;Ff Allgnment of the entlre system was achleVed by means

phOtOdede ar:”r

B e

of a helrumrneon laser mounted on the optlcal ra11 bed
Slnce the spherlcal lens was mounted on the body of the
monochromator,‘dlfferent horlzontal sllces of the plasma ﬁf;'

o could be measured by ralslng and lowerlng the monochromator.,7

The p081t10n above the load c01l could be measured .
accurately using a pre01810n dlal gauge attached to the

monochromator (Mltutoyo Vo. 3052, Japan)
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PR TABLE IT. 2
: ,MEASUREMENT SYSTEM T

V‘Mbneehpeméter ;:Scannlng Heath monochromator '
Z(GSA/McPherson EU-700 serles) w1th" lil
431ngle;paSS'Czerny-Turner mounﬁ;ng o

- .
[

-Focal length =.0.35 meter

o '*Gratlng 1%@0 llnes/mm




C.« ‘Gas Mixing . _ - L

a K}

) Two Rotameters'(Matheson, East Rutherforda N J )
”'were used to le argon wlth other gases (Nzr 02, Alr or He)
prlor to’ 1ntroduc1ng the coolant or nebu1121ng gases lnto

the plasma dlscharge. Matheson Model 605, flowtubes were used

} . ~

‘to mlx the plasma gases for the coolant stream.,Matheson

‘Model 603 flowtubes were used for the aerosol flow. The

- .

m;xed gas plasmas were flrst initiated u51ng pure argon,’

K then crossed over to the approprlate mlxed gas condltlons.

‘Il!'

_Further dlscu551on of the experlmental observatlons an '
'vrunnlng condltlons of the mlxed gas plasmas w111 appe r in

the following chapter.’

_{D;'"The_Detection,Systems o ngm*

o
o

at all studles were carrled out u51ng electronlc lmage
sensors (photodiode arraysf! The self—scannlng llnear.

13111convphotodlode arrays employed 1n,thls work were

urcha_e from Retlcon Corporatlon, 910 BenLCLa AVe.,

yva “.;CA'94086 WO types of arrays ‘were used for’ the
ievalua lon of the mﬁxed gas plasmas.‘The 1024. element
photodlode array system was used for spectral

character:.zatlon an. evaluatn.on of the analytlcal L

v o



‘element helght of 0. 432 fm or 0. 017"'““?”

performance of the mlxed gas ICPs. The 256 element
photodlode array system was used for spatlal proflle s
ﬁeasurements. L | |
A _ b _
l;»DeteCtion System for Spectral
Characterlzation and Evaluation"n;, ' S g
‘di'Mlxed'Gas'ICPs; |

The concept of spectrochemlcal measurements u51ng a

' photodlode array has been descrlbed and lmplemented by
"Horll and hlS co—workers (104 112- 117). The Czerny-Turner

' type monochromator coupled to a photodlode array system 1s

111ustrated in Flgure 6. Total length of thlS 1024 element

photodlode array 1s 26 Ol mm or 1. 024" w1th a'detector

The q}35m Heath' monochromator has dlsperslon of

ufabout 20 A/mm An array denSLty of‘39 4 dlode/mm results 1n"

an angstrom/dlode unlt ratlo of 0- 5. ThusL\the 1024 element

I‘photodlode array covers about 50 nm or 500:A of contlnuous

] "‘--spectral 1nformat10n when coupled to thls monochromator.

 This photodlode array spectrometer 1s capable of measurlng :

hspectral 1nformat10n anywhere from 200 to 1000 nm reglons. .

R TR
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2. bétection:Systemlfor_Spatial.Profile.4
-Measurements | | -v
4. S
g Tk S
The concept of measurlng spatlal proflles of analyte
em1531on u31ng a self—scannlng llnear 5111con photodlode |
‘ array has been demonstrated and lmplemented by Franklln et
(105), and Edmonds and Horllck (106). In th1s study, a
:spatlal proflllng array measurement system was set up
similar to that reported by the latter. '
A llnear 256 element photodlode array (Retlcon N
RL—256/128) is fourited’ vertlcally 1n the exlt focal plane of
' a Czerny-Turner type monochromator as- shown in Flgure 7. .The
plasma 1s 1maged onto the entrancedsllt whlch passes a sllce.
- of the plasma 1mage 1nto the monochromator. Thus, the -

vvertlcal array, when read out, prov1des‘g measure of

em1551on 1ntens1ty as a funotlon of helght in’ the plasma at

v
" one part1Cular wavelength The total helght of the plasma

. AT a——

1mage measured by the photodlode array can be’ altered by
adjustlng the.dlstance between ‘the source, lens and entrance
'f;sllt of ghe monochromator, accordlng to the magnlflcatlon

; of,bl-cqnvex lenses. B

__The phy51cal d1mensxons for each array are 25«4
rmlcron by 25 4, mlcron.'Thus, the 256 element photodiode

garray behaves like .an exlt sl;t of 25 4 mlcron width and 6 5

mn (0, 256") hlgh In thls study, the plasma was 1maged onto‘f‘“

A ;o i"'>, . \gfl.y’;kffb
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s
-y .

the entrance sllt of the monochromator uslng a‘spherlcal
quartz lens. Slnce the plasma was lmaged down in. 81ze by aiv
factor of 3 the total plasma 1mage observed by thls array
was about 20 mm. The geometry of our- system was carefully
allgned u31ng a He—Ne laser so that the vertical slice was
Alocated exactly in the center of the plasma aerosol channel,
and the spatlal window v1ewed by the photodlode array was.'
”centered at about 10 mm above  the load coil. Therefore, the

total spatial w1ndow observed extended from about 0 to 20 mm

above the load c011. S S ////
s ‘C . BN ) .

E.. Control and Data_Acguisition System

' ’ )

-

The'photodiode'arrayfis“mounted"onAa'
drlver/ampllfler prlnted c1rcu1t board (Retlcon RC-408)

which in turn is mounted in, the exlt focal plane of the

.

' monochromator. -The circuit package also contalns the
. - ¢

necessary scannlng circuit for readout of the array., The

-

photodlode arrays are operated in the charge storage mode

" and -hence are 1nherently 1ntegrat1ng type detectors. Flrst

of all the photodlode is charged up to 1ts full reversed
‘ v
' _blas potentral of 5 volts. This reVerse blas charge stored

don each dloﬁe is- then dlscharged between scans by
photon-generated charge carrlers {light fall;ng on the

\

".fdlode), as well as by thermally generated charge carrier B



(dark current);ﬁThus,'the signal level necessary on thev
subsequent scanlto reeestahlish reyerse‘bias on thel
photodiode”isfaumeasure of the total-sumvof light intensity'
and dark current 1ntegrated over a time perlod The |
1ntegratlon tlme is controlled by the tlme between start
pulses and ranges from 20 ms to about 20 s.
A block dlagram of the computer-coupled ohotodlode

array‘measurement system is 1llustrat!a in Figure 8. The
:start pulse 51gnals the computer that he array has
completed ltS 1ntegrat10n. The clock _ trols the rate at
.whlch data is: read from the array as well as dlgltlzatlon

- ‘and storage of the array: output 51gna1 The clock rate used
in this study was 50 KHz. The array is cooled by a Peltler
cooler (approx1mately -15 to -20 C) in grder £6 - mlnlmlze the
dark current. Nltrogen gas 1s used to purge the array to

" prevent frostlng over the array.
r The measurement system con51stsgof a series of
operatlonal ampllflers«whlch serve to ampllfy, fllter and
prov1de a voltage offset for the array 51gnal A schematlc
ldlagram of this c1rcu1t is shown in Flgure 9
The analog signal from the array is converted into a-

digitized signal us;ng a hlgh speed 12 blt analog—to-dlgltal
converter (Model 600~ SE, ADAC Corporation, . Woburn, Mass) |
J.nterfa,ced to a PDP-—S/e m:.nlcomputer and operated under .

b?;software control The system used to acquire data was a -

7
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’ dlssertatlong. The acqulred data could be stored on

.t

Dlgltal Equlpment Corporatlon PDP- 8/e mlnlcomputer w1th 16K

of core memory,.and with an 0S/8 operatlng system, - The data ,‘

q

f'acqulsltlon sand manlpulatlon programs ran. under comblned R

FORTRAN and machlne language c0ntrdl Llstlngs of these

- programs\are provrded in Blades"(118) and Carr's (ll9h

- '1'

DECdtape, dlsplayed on the osc;lloscopé, plotted on an X-¥

recorder (Hewlett-Packard godel 7045&9 ‘or output to a

N

DEerlter.‘
o

Abel 1nver31on and manlpulatlon of the acqutred data
for electroﬁ denszty measurements were performed u31ng an
‘Apple ///. (Apple Corporatlon, CA) w1th¢128K RAM and 4K ROM

memorles. The’ operatlng systems for- thlS computer are the

.'.Sophlstlcated Operatlng System (SOS) and UCSD-Pascal system.'

a

&

40

‘The Pascal language program used for half-w1dth measurementsQ

is llsted in Appendlx A. The data may be stored on floppy

dlsks, dlsplayed on a, -monitor (NEC Corp ), output to" a dot

. matrlx prlnter GEpson Mx-82) ortletter quallty prlnter (IBM

Selectrlc II w1th Es¢on convertor), r plotted on-a-dlgltal

plotter (Hewlett Packard 7470A) e

~.
3 L - "
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MOSt ICPS currently 3t11;zed as exc1tatlon sources -f”"

'~1n analytlcal atomlc spectroscopy are based on argon, : .
,although some systems employlng comblnatlons of nltrogen (as
'*coolant) and argon (as auxrllary gas and aerosol transport

?;gas) have been used Although mlxed gas ICPs are desirable

“‘;Jfrom an operatlng cost p01nt of v1ew, tbere have not been

fﬁg;imany 1nvestlgatlons devoted to the evaluatlon of the mixed

'




coolant gas flow was then decreased relatxvely to the added
- \ _.n‘-
S nltrogen 1n order to ensure a constant coolant gas flowf A

| Matheson rotameter—mlxer descrlbed 1n Chapter 2 was used 1n l;;;
S _ _ | e o
Plasma fl' tuatlon was observed R

: /4‘-','4'.

the cross-over operatlons.:

durlng 1n1t1a1 lntroductlon of nltrogee_lnto the Ar-ICP. -
Thls fluctuatlon 1s probably dye to the change ln 1mpedince,"ﬁ
Of the plasma. Slnce an automatlc servo-drlven matchlng ;‘_.3
network was attached to the Ioad c011;,the change 1n rf

power coupled from the load COll was corrected

‘

| _automatlcally. Once a stable plasma wa' obtalned, varlous”




}W'hfﬁTABLﬁfiii;lf;:ff" ;ffﬁi- >‘

"”{‘Componentf} ﬁf;fﬂJf7;, - Operating Condition ' .~ i

‘ .-c—-P--- -

T R --
R Generator}(;f};fﬂfj;ff"f‘Qj f*ff~*f”#¥ﬂ”ﬁa:ff“ﬂf\[ﬂ;75”'b”””

W

Power (1ncldent) Mf?ﬁf?o 5. to 2.50 Kw

e 250, K (optlmum)
Power (reflected) ﬁ;*“,}“less ‘than 50 W

;"*7j;27 12 Mz

Freguency

ﬁ ;Gas flow rate

Coolant L;Lffﬂf _F;ijﬁls tofo'L/min (ar,




y | '55'-: ;
present 1n the coolant gas flow of the argon dlscharge. It
1s clearly 1llustrated 1n Figure 10 that the~higher the |
amount 3f n trogen present in the dlscharae, the smaller 1s
the plasma volume. These observatlons have heen reported |
elsewhere 1n the 11terature (68 74 76 80—84) Tbe reasons
for thls volume reductlon have been descrlbéd 1n terms of fﬁ o
the thermal plnch effect (62 68 70 126) Slnce argon and ”

most gases have dlfferent thermal conduct1v1t1es 1n'the
\ -

'ﬂf plasma, 1ntroduc1ng nltrogen or any forelgn gas Lnto the )

Ar-ICPs w1ll drastlcally alter the thermal characterlstlcs ;ﬁ\
of the plasma.:In the envrronment of 7000 K, nltrogen 1s 32

: tlmes more conductrve than argon (68570) Nltrogen and’;jfte:Q;Q

~foxygen are dlatomlc gases, therefore when they are _
1ntroduced 1nto the coolant flow of the Ar-ICP they ab'orb
more energy for dlssoc1atlon 1nto thelr constltuent "*fﬁf}f
elements. The purpose of the coollng gas lS to prevent the;ﬁﬁffh
melt down of the external quartz tube, therefore ;ntroducxng’ K
;* nltrogen 1nto the coollng stream prov1des an addltlonai N

coollng effect. Subsequently ?theLOuter surfagg of the mlxedf

gas Plasma becomes cooler;'nd henceﬁless conductlve. The

o

mlxed gas plasma sfthen constrlctedvto a’ smaller volume

than that of the Ar—ICP as a consequenceuof the‘thermal

Plnch effect. A reductlon'olﬂthe,centra%aeﬁpsol channel as “
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; inten51ty increased W1th 1ncrea51ng power. An invert

o may 1ncrease sample-pl ‘ma 1nteraction and serve to reduce

\. .
solute Vaporization interference effects. These predictions

WIll’be confirmed in the following chapters.rlia;iiff”:

In contrast to the observations described above,

lntroduction of nitrogen into the aerosol flow of the ‘T

:7. conventional hr-ICP increased the 31ze~of the central

channel andvdecreased the plasma inten51ty. This observation o

futher confirmed the validity of tBb assuming pinch effect.«;.\

The present study confirms prev1ously reported

observations that the diameter and length of a 100% nitrogen ,_]

cooled ICPs increased with 1ncreas1ng power

(68 74 76 80—84) It was. ‘also noted that the plasm'- 3

l,'

'cone’ shaped plasma similar to the one described by

Montaser et al. (76) occurred when the coolant flow rate of

the 100% nitrogen cooled ABHICP increased to 25 L/min.
However, when the coolant flow rate was reduced to 5 L/min,;.

an elongated shaped plasma developed

The plasma volume was also decreased when foreign

gases such as air, oxygen or helium were 1ntroduced into the o

coolant stream of the Ar-ICP The amount of volume reduction

depended upon the type_and the percentage of foreign gas

present in the system, Under Similar'ope'ating conditions,.

the volume and the length of the oxygun And”air cjpled~

S

plasmas Were observed to be smaller than thGSe ofi;he argon
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,dlscharge, but larger than those of the 100% nltrogen cooled‘
valasma. In the caserf the hellum cooled dlscharge, the fd
‘sffrelatlve 31ze appeared to be just a b1t smaller than the
:]argon dlscharge but the relatlve piasma inten31ty decreased .;
.ls1gn1f1cantly. The maxlmum amount of helium that could be .
"lntroduced 1nto the system w1thout extlngq{shlng the plasma
'edlscharéz was determlned to be about 70% T

+ D. Conclusions

Several conc1u81ons can be drawn from these 1n1t1al

fobservatlons. ObV1ously, there 1s no~doubt that a low po

- plasma can be supported by gases sucH as nltrogen, oxygen,.

’,”foalr or hellum, and in fact the mlxed gas plasmas may be ‘more -

"stable than 100% Ar-ICP However, these observatlons do. not/i
3_'1mp1y that mixed gas plasmas exhlblt better or: dlfferent
'janalytical performances than the Ar-IdPs.f? | |

The remalnlng obJective of this work 1s to aﬂﬁ”"ﬂv
_rcharacterlze and evaluate the mixed gas phasmas Ln terms off
. s

analytlcal preci51on, accu;acy, sen51tiv1ty, stabillty,

i freedom from 1nterference effects, and performance-to~cost

mide
ratlo. Such characterlzatlons and evaluatlons have been )

."

-d carrled out and W1ll be dlscussed 1n the followrng chapters{qp_':
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CHAPTER IV -
VERTICAL SPATIAL PROFILES OF ANALYTE EMISSION FROM o

. TEN
2 . . . e d

A NZ-AR MIXED GAS PLASMA St "'~”ﬁ¢f*"

A;_ﬂlntrOdﬁction,r

' Most researghers in fhiﬁ fléld agree that a major DU

key to a more complete understandlng of the ICP 1s a L
ffdetalled knowledge of the emlsSLOn characterlstlcs of an
,analyte in the plasma as a functlon of spat;al posltlon

'(28 30,83, 106-108, 118, 120-123). Detailed spatn,al profiles of -

analyte em1531on 1n an Ar-ICP source have been reported 1n

'varlous studles TlOG 118 120-123) :;fw,i'&f_‘";-fyfdilzi;iﬁi*i?{

Although 1nterest is grow1ng rapldly 1n the area of v‘

'.‘;mlxed gas plasmas, no one has yet publlshed detalled spatlal}f _A;

."-256 element photodlode array measurement system prevlou‘ly[f'jf

s.developed in our laboratory has,fh. oapablllty of measurlngfff
' analyte 1nten51t1es as ‘a - functlon of height 1n the plasma
r(82 84, 106 120-122) Thls is accompllshed by mounting the,w

"gphotodlodgzarray vertlcally in the ex1t focal plane of the :af

’ characteristids of analyte em1531on 1dfm1xed gas ICPs._The ot

*Wtfmoflchromator (Flgure 7)._Thri system has proven to.be veryff':'ﬂl




‘T_5pattern background Array 1ntegration times for each scan'5

64

>spat1a1 proflles of the neutral atom and 1on llnes of a'

B number of elements (Table IV l) ‘were evaluated as a functlon ;IH
Cof several plasma parameters such as power, aerosol flow

rate and percentage of nltrogen present ln the coolant

.»(

".'i?'

'stream af Ehe Ar-ICP..

e

In addltion to these spatlal proflle measurements,;:

7}an experlment was’ carrled out in whrch varrous percentages '
of nltrogen were 1ntroduced into the: aerosol flow of the

S

'-argon or 100% nltrogen cooled plasma, and the spatlal
o
. profrles»oi calclum.lon»llne were_measured.

LA

B.. :'Exlserime_ntal T SUEL Sy L

The Plasma-Therm ICP HFP 2500D 2 5 Kw rf generator,.
. 256 element proflllng photodlode array measurement system
;.vand electr1cal measurement system were ldentlcal to those
"descrlbed prevrously 1n Chapter II The s1gnal from tye
photodlode array was ampllfled and acqulred by a PDP-8/e.
-:mlnlcomputer.vThe array was cooled and the 51gnals were
‘_;slgnal averaged over 10 scans. All proflles reported 1n thls\
'g,chapter were background subtracted 1n order to ellminate

iplasma spectral background, dark current and array flxed ?Q@q

‘f?yarled from 0 5 to 10 secondsT:epending on- the intensity‘pf_
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'*}spatial‘profileSJfor a given set:of operatingvconditions
were measured us1ng slmllar 1ntegratlon tlmes.

For all proflle measurements, the plasma was 1maged ;
onto the entrance sllt of the monochromator u51ng a Lo
spherlcal quartz lens (focal length 10 cm, d1ameter =2
in). A 3: 1 reduced and 1nverted lmage of the plasma was
: focused onto the. entrance sllt of 100 mlcron w1dth The
ientrance Sllt passed a éhln sllce of the plasma lmage 1nto
. the monochromator and since the monochromator was stlgmatlc;'
the vertlcally mounted array 1n the ex1t focal plane -
‘-p;otlded a measurementtbf emISSLOn 1nten81ty as a functlon
‘of height in the plasma..The measuremeﬁt system was
fcarefully allgned u31ng He-Ne laser so that the vertlcal

_ sllce was exactly chosen from the middle of the plasma

. aerosol channel

Slnce each diode has a w1dth of 25 4~m1crons, the
overall length of the 256" element photodiode array 1s 6. 50
”'mm. The total spatlal v1ewing reglon in the plasma observed_
by the vertlcal array w1th the 3 1 1mag1ng 1s 20 mm. Slnceﬂ
the array was centered at lO mm above the 1nduction c01l
' thls measurement systen prOV1ded spatlal }nformatlon of the

emlttlng specles from 0 to 20 mm above the'load c011.,ﬂ:



. obV1ous from ‘the observatlons reported 1n Chapter III that N

C. Effect of'nitrogen_ongthevvertical profiles

Most studxes reported 1n the llterature ;:ve R
‘ 1nd1cated that a 100% nltrogen cooled plasma‘ls lnfer;or_tor_
the conventlonal Ar-ICP rn_terms of analytlcal capabllltleS'
when v1ewed at lO to 18 mm above the 1nductlon eoil (74,76).
‘_Thls conclu81on was probably reached by comparlng analytlcal
performances of varlous mlxed gas plasmas w1th the.plasma

. observed at the best v1ew1ng zone for the pﬁre argon

-

dlscharge, i.e. at 10-18 mm above the load c011 It is

2
-Ar mlxed gas plasmas have smaller plasma volumes than those -

~of the conventlonal Ar—ICP In the case of the,mlxed gas : ;,;.f
.:plasmas, one would expect that the p031t10n'of‘the'max1mum
analyte em1331on would ocgur lower’ln the plasma dlscharge.

But no. one has yet repor'::ed the spatJ.al -!hlft of the maxmum }%
Agm1531on pos1tion due to the presence of nltrogen in the

coolant stﬂeam The main problem, from the author 8 polnt of
,'Vkﬁw' has been assoc1ated w1th the' lack of complete |

. understandlng and apprec1atlon for the powerrof the '

d spatlally resolved data.

°

. On the basis of the above dlscu98165,'rt can be ﬁ.d,] ;H?f
‘predlcted that the analyte lntensity max1mum w;ll show a: |

' spatlal variatlon w1th various percentages of nltrogen : . ‘
'jpresent in the coolant streah The valldity of this .f‘fllv?;;\,,

Ll .
ey




:correspond to. (a) 0%, (b) lO%,lec) 20% (d) SO%,,and (e)

ot
A .

predlctlon 1s conflrmed by the spatlal proflles provzded 1n

Flgures 11-15 R I

.‘,- ) . R Y . ! f

;

' The effect of varlous percentages of nltrogén in the

_coolant flow on the. emlssion proflles of seVeral elements

- ./

are shown 1n Flgures.ll-15 These proflles were taken for 0,

\, 10, 20r 50 and 100% nltrogen cooled plasmas..All of the data

' were collected at a constant aerosol flow (l 0 L/mln Ar),

constant rf power (2 o Kw)and a: constant total volume of the

coolant flowa(ls L/miﬁ) The letters on eac\\flgure

100% nltrogen cooled ICPs. The elements studled are llsted

“Table IV. l The 1onlzatlon potentlals and the exc1tatlon

u;potentlals llsted ‘in Table IV. 1 were taken from Refs.-124

»felements regardless of whether the lxne belng obsf"‘

and 125. For the sake of. comparlson the spat1a1 proflles

'vw1th varlous percentages of n1trogen 1n the cbolant flow s

A S
jhave been. lncluded for both the neutral atom and ion 11nes.rl;

It can be seen Sgom these figures that spat1a1
proflles of ‘the studled elements shift toVards the lnductaon

c01l as- the- percentage of nltrogen Lntroduced to the coolant

N

: ;ncreases from 0 to 100% When cbmpared to the conventlonal

argon plasma whlch has an 1ntensxty maxlmum at 18 mm é

._the load c011, the positlon of the proflle maxlmum for 100%

"'.

| »load c01l Thls ohservatlon is qulte cons;stent for all

ynltrogen cooled blasma 1s found to ‘be ‘at 2 to 4 mm above the ‘;"
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v Element (WaVelength)

TABLE IV 1

o Ba;.
'tha‘II

I

Ccdrr

- Co

e

?QV‘}.crfri

=
‘-Q 5’:__
H

" 3%h9:iI

" ‘rj’ CS
SV .

Sr IT

Cmn i

gzn':;s

- Ag.

,,4_¢é3ll‘
o iCaIl

Cd L en 1ot
T cu'II

'  4nnfji:
Mn I

(553, 56)[? ;4
-(455.40)

“22:67)
(393.37)

,,(228 80):’
(226.50)

(345, 35)f r;
-(228.62) -

(425.43) -
(267. 72);"

(324 7)
(224 7)

(285 21)

(279, ssfv;p,u7‘

(403. osyff:f,
(257.61).

4,(4eq.73mf”
~(407.77)

| (213.85) -
. (202.55).

(415 aafﬁ
(328 07)?7'“'4

_4..-
.

1: EP (eV)

I?xen
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) nltrogen was lntroduced 1nto the Ar—ICP

iw1th dlfferent‘lonizatlon or e2c1tatlon potentlals.'j?i'

‘31gn1ficant lncrease 1n the analyte emlssl.n 1nte::1ty when

RS
~T, Lt

T
v'j.ﬂé;a- "’,'-:_' .

Car et

N o
L e ! - . . ' .. TR R "’/“‘
RECCON ) : I

:-‘,.-..‘

A_»l‘r

o N
- Prev;ous studles have\ﬁhown that thege was a
R ¢

b ' T ”"-1

“‘w

(64 67 80 81 74 75 82 83). The nature of thls phenomenom ‘

g

?Wlll be dlscussed and conflrmed in. terms of the spatlally

~ - a‘

L resolved pgoflles of varlous elements.

*

The most strlklng feature 1s the large 1nc¥ease 1n

- em1351on 1nten51ty for both neutral atom and ;on llnes*

PRI
Gey

b -

i”_Flgures 11 to 15 In all cases, the 1nten81t1es peaked when

;10 to 20% nltrdgen was present 1n the coolant flow, but the

%Txnten51t1es dropped drastlcally 1f the amouqt of the o

11nterest1ng to note from Flgures ll torl4 that the presence

of- nltrogen gas affects ion llnes of all~elements;under

- :r;.,
v

l,nltrogenwin tﬁe system was more than 20% It 1s perhaps most

. .
».\.,‘

study more than thelr correspondlng neutral atom llnes.\For S

example, " when lO to 20% nltrogen was lntroduced 1nto thel
/"%—

AAr-ICP, spatlal 1ntenslt1es of BaII CaII CdII CoII CrIf/

' CuIl, MgII, MnII, SrII .and znII (lonlc) lJ.nes :.ncreaseq two"-

to three tlmes more than that obtalned w1th the pure argon

\

be,{neutral atom orfybn llne. A 51mr£ar brend hold for elements‘

v
': b

efcaused by the addltlon of 5 to 20% nltrogen 1nto the ;;'_ f%,‘

:sconventlonal Ar-ICP Thls effect is. clearly 1llustrated in d';

A NN

[ "

¥

‘dlscharge, the Lnten51ty of thelr correspond;ng neutral atomzﬁa

llnes showed a relatlvely small enhancement For some

_\

¥
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5”1nten51ty of ArI rea hes ‘a’ max1mum{£ar a lO% nltrOgen cooled
;fplasma._The ArI lnten31gg for SJand 10% nltrogen c001ed

d“;plasmas was hlgher than that obtalned with’ the pure argon o

e . N
.sdlscharge. As‘dlscussed bbfore,:51m11ar trends were: observed .

J,n':for all elements under lnvestlgatlon.-These observatlons
e
"\lndlcate that the emlss1on characterlstlcs of the argon?

R

plasma were altered by the presence of nltrogen. These Qf:*";'

-fﬁ K phenomena w1ll be,dlscussed 1n more detall ln Chapters VIII

. 1 ) TN S ‘._ TN

and IX.

. . '.;t' . -t N s : H . S H o . . L . - A

“p, Effects Qf 'Aerosol - Flow Rate and Power

on. the Vertlcal Proflles B ' ',@f,' T
. “-r . Co . . ‘ e N
- > ‘ .( i . "\ ~ . . el - ilik', . vt - Al
PR 2 o W v M
_,;ﬁy S Apart from the rnfluence of nitrogén on ‘the spatlal
7prof11es of analyte em1531on,.there are three major .
N _
operatlng parameters whsch affec
'jlndhctlvely coupled plasma S
AT , : o CE o

-
#



.?ii;'.: : o o _ | . . ':. . ,'753'

-7‘.,~ : i .

rThese parameters 1nclude ;

~

(1) rf power coupled to the plasma,‘
(2) aerosol flow rate, and _7%%_M

‘ (3) observatlon helght above the load corl ) H,"
These parameters also affect the background contlnuum and

v analytlcal performance of,an ICP These effects w1ll be“

covered ;n the followrng chapters :wa

.. './ .

N

Proflles for both neutfal atom and 1on llnes of

1

several elements as a- functlon of plasna power, central
aerosol flow rate and coolant flow ratecwere examlned in 7
great detalr by Edmonds and Horllck (166). In thelr paper,

Coy

they showed that spat1a1 proflles of the emlttlng specres»iﬁ
were hlghly dependent upOn the plasma operatlng para;eters.'-
| Although the effects of operatlng parameters on Lk
spatlal profhles of'varlous el;ments of an Ar—ICP were |
studmed by Edmonds and Horllck (106), more recently by v
Kawaguchl et al (108) and by Blades and Horllck (118 120),

. 31m11ar experlments were repeated to check thellnstrumental
‘condltlons. However, the 1ntent of thls study 1§ to

'1nvestigate the. effects of varlous operatlng parameters on.

the analyte emlssion proflles of N2~Ar mlxed gas ICPs, andf

- A

o the colleqted emlss1on prof;lea jfom the N2-Ar m1Xed
vICPs are compared to those of the conventlonal argon based llf

s



L e gy

;”7vA spatlal oroflle study of Sr em1531on LFlgure 16) ‘
<j:.Wlll be dlscussed in some detall 31nce most of the spatlal 'ffz
"j;data measured 1n thls study are presented 1n an analogous o
*{{format Thlrty proflles are presented 1n Flgure 16 each
:curve representlng the Sr emlSSIOn 1nten31ty as a functlon.
’of helght above the load coil Flgure 16 con51sts of two
: dlfferent sets of" spat1a1 proflles. Flgure 16a 1s for ion -
1em15510n and Flgure 16b is for neutral atom em1551on. The

three dlfférent frames (I to III) w1th1n each flgure (16a

::and 16b) correspond to an aerosol flow rate of 0 8 L/mln

e -

‘(Fname 1y, 1. 0 L/mln Cframe II) and 1 2 L/mln (Erame III)
The f1ve dlfferent proflles w1th1n each f;am rrespond to
dlfferent plasma power 1evels. curve l corresponds to power
’levelrof 2. 25 Kw,lcurve 2 to 2 00 Kw, curVe 3 ‘to l 75 Kw,r
curve -4 to 1.50 Kw and curve 5 to 1.25 Kw.- These L
conflguratlons hold for Flgures 16 to 27 .
In the case of the argon dlscharge,,the effects of
Jrf powers .on the SrI and SrII.emlssion proflles were 51m11ar

‘to those descrlbed by Edmonds and Horllck (106) These L

fv‘effects are xllustrated 1n Figure 16 Fpr the neutral atom'

"em1531on (SrI 460.7 nm), as the- power 1s 1ncreased, the

profile maxlmum shlfts towards the load c01l In the case of

N

ion emlsSLOn (SrII 407 B nm), the posltlon of the profile

max1mum is relatlvely 1ndependent of power varlations.‘
. : S
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'frig; 9. ;Vertlcal spatial proflles for CrII 267.7 nm . an@
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e ;' * The strong dependence of SrI 460 7 nm em1831on on .

Ef

power could lead: to somewhat confu31ng observations with

,conventional photomultiplier tube (PMT) based measurement

LY

systems, particularly ones. w1th narrow observation w1ndows.

For example (sge Figure 16b(II)))1f one had an observation

st

Window about 2 mm centered at 18 mm abova the Induction_
QOll the optimum power would be l 25 Kw (curve 5) ai:}‘"

-increaSLng plasma power above this value would result in a

e
s

' At a constant power level (for example curve 2 1n T

‘Figure l6a), an 1ncrease in aerosol flow rate shiftsnthe'

eak maximum to a higher pOSLtlon above the load c011 and
51multaneously decreases the'net emisSion intenSity -of the .
peak Similar observatiOns also apply to neutral atom
§m18310n (see Figure 16b) It can be Seen from this figure g
that the effect of aerosol flow on the ‘ion linevemi§Sion
profiles lS con51derably different from that of’ the neutral

atom line. In particular, the net profile 1ntens1ty of the -

ion line 1s much more affected and dependent%upon the power

. and aerosol flow than 1ts neutral atom{line.

It is important to study the effects of aerosol flow

\‘and power 6n other analyte’species 1n order to see whether

%hese spatial patterns and trends have some generality. The

analogous -apatial profiles of em;ssion for ths magor neutral

atom lines of Cr, Mn and Mg are shown 1n Figures l9b 22b

Al



,vand 25b ang for thelr lon.llnes 1n Flgures 19a, 22a and

N

.
' 89

a

A

-25a. From these flgures, 1t 1s clear that<the spatlal

.

:patterns for the Cr and Mn neutral atom and 1on llnes are

Joa

81m11ar to’ those reported for Srl and SrII 11nes_ However

v»the spatlal pattern of the Mg neutral atom llne (MgI 285 2

nm, E}gure 25b) behaves llke 1ts ‘ion llne, i. e. peak max1ma'

are 1ndependent of the power varlatlons. Another lnterestlng

e p01nt to note in these flgures Ls that under 51m11ar

operatlng condltlons all the max1mum lnten51t1es of the 1on

-~

llnes occurred 1n the same p081t10n above the load c011

-

whereas, w;th 81m11ar power and aerosol flow the em1331on

proflles of the neutral atom llnes peak at dlfferent helghts

\

‘above the load c011 For the neutral atom 11nes, the spatlal

patterns behave s1m11arly to the trends reported by Edmonds
and Horllck, 1 e. w1th simllar operatlng condltlons the

spatlal patterns peak succe531vely hlgher in the argon‘:

,plasma 1n the order of Sr, cr, Mn and Mg. Thls sequence

'llnes (Table IV 2). "-z;v N ‘_

'-correlates roughly w1th the exc;tatlon potentlal of these

As mentloned earller 1n thlS chapter, the emlsslon

¢

. characteristlcs of the argon plasma are altered by the

npresence of nltrogen. In the case of the 10% nltrogen cooled

1 -

plasma, the effects of rf power and aerosol flow on . the ‘

analyte lon em1551on (for example SrII 407.8 nm in Flgure'

"17a) are 31m11ar to those described for the argon plasma ;

TN



Element (Wavelength) J;: Potentxal (eV)
{"fsr?i;
CCrI (425.43) . . 2091

MnT o (403.08) . 3l08
Mg I (285.21) - £.3a.

* ,‘mmféﬁbvefphe‘logd.coilf o

ey

EXCITATION POTENTIALS AND PEAK POSITIOVS
: ”‘“FOR SOME ANALYTE LINES’_V‘,5..

Sy !

'E&éltation‘

-~ -p-.-s-

,1460;73) SN 2;65.

S

TABLE Iv 2 R hh-’?ﬁf':'

‘Peak 7
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-(FigureAl%a). However)*in the;case-ofithe nqur mixed‘casV‘
pplasma, the effects of power and aerosol flow on the neural
'"atom emlssaon (Flgures 17b, 20b, 23b ‘or 26b) are l:z . |
consxderably dlfferent from the analyte spat1a1 patterns of
the argon plasma (Flgures 16b lQb 22b or 25b) . It can be
~ seen from these flgures that the presence oﬁ nltrogen pushes
.the peak 1ntens1ty towards thé load c011 For example, 1n
‘f,the case, of Sr neutral atom lxne (see Flgure l7b frame I,
ﬁas the power is 1ncreased from 1.25 to 2. 25 Kw the profile.
max1mum appears to “be. shlftlng 1n31de the load COll If'the
v1ew1ng w1ndow is held for 0 to 20 mm above the load c01l as
”1n the present case, one observes a decrease Ln em1531on
1nten51ty w1th 1ncreasing power (Flgures l7b 20b, 23b andlvv
‘“-'26b). ‘ AR . |

. i - . DR - 7
Unllke th0se observatlons reported for the argon
. plasma where neutral atom em18810n 1ntens1ty is. not strongly
.affected‘hy aerosol flow variatlons when compared to the 1on“.
llne,rln the presence of nltrogen the aerosol flow has a i |
' SLgnlflcant efﬁect on both the net. lnten31t1es of neutral
7atom and- 1on llnes. In contrast to the observatlons K .
pYeviously mentlohed for the argon plasma, Wlth low aerosol
flow rate the peak maxima of the neutral atom llnes in a lO%p

nltrogen cooled pIasma appears to be lndependent of power

[

ﬂ;varlatlons. It can be seen from Figure. Zab that at a

o

constant aerosol "flow (Frame I) the: 1ntenslty maxima of the _

Y e



‘CrI 425, 4 nm line peaks at 2 to 4- mm'above the load c01l

-

: regardless of plasma power levelsr Similar patterns were,

also observed fbr the neutral atom lines of Sr and Mn

4

(Figures 17b and 23b)._Because the magnesium neutral atom '
line behaves spatially like its ion line, the spatialr.
patterns of . the MgI 285.2 nm of-the 10% nitrogen codled

nhplasma (Figure 26) are Similar to those described for the

kY KLY
]

;Ar~ICP (Figure 25b). e ’ <3

épatially,,the 100% nitrogenjcooled pIasma behaves

\ like the 10% NZ-Ar mixed gas ICP (Figures 18 21, 24 and

27)5 In the case of 100% nitrgen cooled plasma and at: -a }
rather low aerosol flow level (Frame 1), it is. interesting
to note that both the neutral atom and ‘ion lines peak at 2

to 4 mm above the load c011 Under these operating

,conditions, the spatial patterns appear,to be indenendént of

the exc1tation and ionization potentials of the lines bEing

-
-

;observed and the emiSSion intensities drop sharply w1th

observation height Finally, in comparing the 100% nitrogen,-
R

cooled plasma and argon plasma pefhaps the most interesting
‘point ‘to note is that the eMission prof11es~of the ion lines
f“in 100§ nitrogen cooled ICP are- much narrower than those'of

-

.the Ar-ICP The above. observations correlate very closely‘to

the plasmas' shapes mentioned and illustrated in Chapter .

he N

III: It can be seen‘from Figures.la to 27 that the spatial
_behaviour of the analyte 1on4emission as aifunction of

le‘ mo-

e
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h:'central aerosol flow rate 1s.considerably dlfferent from

B that of the neutral atom llne. In partlcular, the 1ntenslt§

of the neutral atom llne is 31gn1f1cantly lncreased at .‘,

hlgher aerosol flow rate. Whereas, 1ntens;t1es of 1on L
.

emlssron proflles-optrmize at lower aerosol flow rate. "‘. ©
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" “E. Effect of Nltrogen in the Aerosol Flow - oL

v . -

on the Vertlcal Proflles
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For the data presented 80 far in thls chapter, 1nvf
. \all cases nltrogen was intrpduced only tq the coolant stream .

of an Ar—ICP The effect of 1ntroduc1ng varlous percentages

)

, of nltrogen 1nto the aerosol flow (1nner~channel) on the

spatial proflles of calc1um 1on em1881on (CaII 393 3 nm) 1n
.an Ar-ICP is shown in Flgure 28a, 1n a. 100% n1trogen cooled
Icp 1n Fxgure 28b. " The numbers on each flgure correspond to,"

.; (l) #0%, (2} 20% and (3) 50% nltrogen in the aerosol
'Z%Ehannel The eXperlmental operatlng condltlons chosen for'

1'

the study were 2. 0 Kw. plasma power, 15 L/mln coolant flow f;f:

'“Zand l 0 L/mln aerosol flow. In all cases, the amount of Ar-Nzy

mleure 1n the aerosoI flow ‘was adjusted to ensure a

[

.constant 1. O L/mln. The visual observatlons of the effect of

-
..

natrogen~in the aerosol flow on an Ar-ICP were dlscussed 1n

3

Ghapter III

Y
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. o by e e
Note that 1n the case of the Ar-ICP (Flgure 28a), as.

TR

f'the amount of nltrogen 1n the aerosol 1s 1ncreased from 0%
- (curve 1) to 50% (curve 3) the spatlal emission max;mum ':.';_;

shlfts towards the load c01l However, thlS flgure (28a)

ws v,

;4does not 1nd1cate a s1gn1f1cant reductlon 1n the em1551on
'1nten51ty of CaII 393 3 nm llne._The plasma,w1th a trace’ of

nltrogen gas ln the aerosol channel also appeared to be less.uwf

stable than conVentlonal Ar-ICP

{',:
'l

' In.rhe case of a 100% nltrogen.cooled plasma, the {-
2add1t10n of nltrogen into, the aerosol flow is 51m11ar to-~
convertlng the plasma 1nto a. totally 100% NZ-ICP with, all

5dflows belng nltrogen. Several attempts were made to convert
an Ar—ICP lnto a NZ-ICP' but the max1mum amount of nltrogen;”:
1ntroduced to the aerosol flow of .a 100% nltrogen cooled
plasma w1thout extlngulshlng the plasma ‘was. llmltEd to 50%.uff
The plasma w1th 50% nitrogen_ln the aerosol flow fluctuated
and appeared to be unstable. The plasma 1nstab111ty was fﬂ

ffprobably eaused by exceedlng the 11m1t of the tunlng f’v

,capa01ty attached to the 1nduction c011 b _

lt can be seen from Flgure 28b that nltrogen ‘in the hi
laerosol flow of a . 100% nltrogen cooled plasma does not shlét/

?ithe peak maxlmum. However, as the.amount of nltrogen 1n the;

“aerosol floW‘is°4ﬁbreaSBd fromNO% #curve 1):£6, 508 (curVe Q@ﬂ%}L;

s = e - vs—v“*'ﬂ *

ra""<"- "5;4"'

”:3), the em1351on 1nten51ty of calcrum 1on llne decreases~f~-ﬁ—j~1

“’_"'-—-vr-w.-. ;;’..A..._,.,,,w T -':_ ,_._‘k.;->

draétlcally. Introducihg‘nitrdgen into the aerosoI flow’ pvTons

- Ve m el e e ‘,v e

- e a e e EEpa. - P
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."\
.

1ncreased the 31ze of the central channel because of the

.~

w plnch effect" descrlbed ln Chapter III The reductlon Ln
Vzem1551on 1ntens1ty 1s attrlbuted to poor sample-plasma
-‘lnteractlon. Clearly, the trend 1ndlcates that totally 100%
‘QNZ ICP may not prov1de any galn 1n analyte emxss;on‘
silnten51tx over: the conveﬂtlonal Ar-ICP ‘or 100% nltrogen

'cooled plasma

L F.. ConcluSiOns N
. Several lmportant conclu51ons can be drawn from the
;_observatlons and examples dlscussed above., It is. clear that -

”proflklng the em1581bn from an 'ICP source w1th a photodlode

*array provxdes a unlque and detalled plcture of analyte

Lo~

_emrssxon characteristlcs Wlth.thls proflllng technlque, the_

:;present 1nVestlgatlon has unamblguously demonstrated an:

1

‘overall spatlal dependence of analyte em1531on on the amount

 of nltrogen present 1n the coolant or aerosol flows of an -

-

hAr-ICP When compared to the conVentional Ar—ICP whlch has a*”'

-

prolee maglmum for most eIements Ilon llnea) of éﬁBﬁE 18hmm

N -'

above the 1nducﬁion c01l, tHe p&sition of the analyte ” -

. . . -
w-aao_u‘.-'Qp <.v=..‘-<>u_*--r,u; LA

proflle maxrmnm in- "a- 100% nftrogen cooled“plaéma 1s found to

be at 2 to 4 mm above the load c011 The data also 1nd1cate

uf‘tﬂat the analyte em1381on intensities measured from a 10%
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Tnltrogen cooled plasma source were hlgher than those:f
pmeasured from an argon ICP sourCe. In addltlon, the 10%
nltrogen cooled plasma also appears to ‘affect the em1551on “
ulntensity of ion llnes‘more than that of the neutral atom
'.llnes. Also, the data clearly 1ndrcate that analyte emission
11nten81t1es of mlxed gas plasmas tend to be optlmal at.
visllghtly hlgher aerosol flow rates and powers than the
conventlonal argon dlscharge. These observatlons have been
‘ve;y con51stent for all elements studled

On the basxs of the observatlons and dlscu551ons

presented in Chapters III ‘and 1v, ‘we can predlct that Oz-Ar,

.

Alr-Ar ‘and He-Ar mlxeisgas ICPs w1ll show 51m11ar spatlal

,characterlstlcs as the Nz-Ar mlxed gas plasmas. The valldlty

. of‘such a predlctlon w1ll be dlscussed in the follow1ng

.chaptersa . g; ; :” ':.:5;‘? } 1~,77 "A,“’ _;i.hﬁ =
‘ " ThlS study also 1nd1cates that 100 % NZ—ICP may not ’¥i7
' pIOVlde better analytlcal performances thanrconventional
'Ar~ICP or N2-Ar mxxed gas-ICPsf~Hence, all subsequent

, experlments are- related only to the evaluatlons and

i

‘”7characterlzatidhs of "the mlxed ‘gas’ plasmas.

2 . A W

Lt
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ANALYTICAL\AND SPECTRAL CHARACTERISTICS‘OF | T
NZ—AR, 02 AR, AIR-AR and HE~AR "MIXED GAS PLASMAS

-

L

A.' Introduction R

i ~

‘ The ultimate object of the analytical.atomic.
v " Y
spectroscoplst in studylng the plasma is the ‘

.characterlzatlon, evaluatlon and 1nterpretatlon of all

4

‘spectroscoplc observatlons in terms of ‘their spatlal and

-

‘spectral characterlstlcs, analyt1cal capabllitles, detectlon

llmlts and 1nterference effects.g, R -

Although the profallng array descrlbed 1n the

1

‘prev1ous chapter has proven to be very. effectlve for
measur;ng,spatlal profiles of the(emlttrng'species,hu o

information about the background'intensitY,”Speétralﬁ oy

interfereﬁces,'relative intensities'of‘all'emitting-species h

.and most 1mportantly the analytical capabllltles of varlogs

dlfferent types of plasmas are:not prov1ded ‘This proflllng\-;/:
n

~

;array system 1s also llmlted to the measuremeqt of only o

~

spectral resolutlon element-at a tlme. , e
- - ! Y

In order to - 1nvest1gate the effects of varlous': ;o ln

¥

' percentages of. forelgn gases (Nz, 02, A1r and He) preSentwln

L

- - { s : STl s R s .
. . + .

8
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the coolant fLow of an Ar-ICP on the em1551on 1nten51t1es of

the spectral 1lnes of 1nterest,-one has to employ a_‘. R
. L4 - EEES :

~jmeasurement system Wthh 15‘capable of prOVldlng

’ f

91multaneous spectral-lnformatlon OVer a range of

'-wavelengths. The" development and 1mp1ementat10n of such ‘a f
:slmultaneous multlchannel analysxs system for v ‘y
kspectrochemical measurements has been descrlbed 1n deta11 by
Horllck (104 112-115) The 1024 element photodlode array }

system prev1ously developed in our laboratory has a. .

__,‘(_ B

dcapablllty of sxmultaneously measurlng over 50. nm (500 A) of
continuous spectral 1nformatlon anywhere from 200 to lOOO
nm. Thls is accompllshed by mountlng the photOdlode array
.horlzontally 1n the ex1t focal plane -of the monochromator
(Flgure 6) Although the array 1s not as sen51t1ve a sensor

as the photomultlpller tube (PMT), the 51multaneous.

W

multlwavelength capablllty of such a system has proven to be

an effectlve means of studylng .and characterlzlng varlous

, . \,

Jdlfferent kinds of plasmas (82-85) .

‘The effectg of varlous percentages of‘forelgn gases
present in the coolant stream of a: conventlonal Ar—ICP on
the em1531on spectra contalnlng several em1tt1ng species
w1ll be dlscussed Two'd;fferent spectral reglons w1ll be y
covered: one 1nc1udes CaII 11nes, the other CdI and CdII

Al

collected at 2, .5, 10, 15 and.20 mm above' the 1oad c011.

-

lines, The background and background subtracted spectra were
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In many ICP studles; srgnal to-baokground ratlo 1sx
..used as ' a ﬁlgure of merltr Sailn and Horllck (122) have*fd

”shown that thls ratlo lS only SLgnlflcant when the llmltlng
‘¥n015e present 1n‘the system is related to the plasma

Fﬁspectral background In their paper (127), they have alsoff”"
EN Y) 3 ‘
;tsh0wn that varlatlon 1n the rf powen.level of the ICP could

_.;brlng about a: 81gn1f1cant change (a factor of 3 to 41 in- thel;._

> )

'ﬂ81gnal to~backgr0und ratlos of the CaII and SrII emlsSLOn_

only decreased ‘to’ the extent of about 10 to 20%. They have S
) -'.~" e I an  wd o T o« T g '«, R I R e R XY

;;:also 901nted out that at concentrat&on largely in excess-of **f‘

.".'

e ;’:‘f—f_ e T ‘\

ufllcker. In thls‘case, the prec151on of the measurement
(51gnal—to-nolse ratlo) is perhap5~more lmportant and
| meanlngful than the sxgnal-to—background ratio ln the
lnterpretatlon of the performance oflthe.ICP source. The ..
concentratlon levels used in- thlS work were- well above the
;ldétectlon L:Lnu.tJ Therefore, evalnatlons and comparisons of
‘the - performances for various mlxed gas plasmas w1ll be
“lnterpreted 1n terms of sxgnal to-nOISe ratros rather than

thelr 81gnal-to—background ratlos.

The prec181ons of _ the Ice. 81gnals were evaluated at :

4

dlfferent helghts ‘and also for var10us mlxed gas
combinatlons usrng the CaII _CGdr and CdII emiSSIO' sxgnals._ L;;t

In addltlon,,comparlsons of prec1slon and background K
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'\subtracted spectra contalnlng CdI and cdIrr specres 1n

varlous mlxed gas plasmas w1ll also be presented

. B.  Experimental -

The plasma system was ldentlcal to the one descrlbed
in Chapter II The operatlng condltlons are listed in Table j'
III 13 Eorelgn gases such as Nz, 02, Alr or He. were el

7.1ntroduced only to the coolant flow of an’ argon plasma.

-
Al

ff‘;@g_" The-1024 element photodmode array measurement {istemi;ﬂ
_ and external measurement electronlcs were 1dent1cal to those
descrlbed ln Chapter II (104 112 115) and the 519nals from

KR

the photodlode array were ampllfled and acqulred by a PDP-8p o

mlnlcomputer.,";' ;_ -):\'
| }or all spectral measurements, the olasma was
focused onto the entrance slit of the monochromator u51ng a
spherlcal quartz lens (focal Length 10 cm, dlameter .2 -
in); A 2:1 reduced 1nverted 1mage of the plasma was focused
onto the entrance Sllt set’ at 100 mlcrons. The measurement »
system was carefully allgned using He~Ne Iaser 80 that the
plasma emlSSLOn 1nten81ty from the mlddle of the aerosol EE
channel ‘was measured A He-Ne laser was also used as a

reference source fdr plasma helght adjustment Slnce the

spherlcal lens was’ mounted on the body of the monochromatqr,.
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| dlfferent horlzontal sllces of the plasma could be measured

s

:by ralslng and lowerlng the monochromator. The p031t10n ;; A_Q_
above the load coil c0uld be measured accurately usxng a’ '} .
prec151on~d1al gauge attached to the monochromator (Mltutoyo

3052 Japan). A ‘ﬂ '_“. 37 ﬁ: ""’ g .t'}f:,_gp_“

_ The background 31gnal assoc1ated w1th the array 15_\

due to dark current and flxed pattern background :'*:"*7~
’(104 112-115) The major source of fixed’ pattern background
:A‘ls fed through from the Clkalng s;gnaLsr‘?he magnltude f 141,,

“thlS electronlc background s1gnal can be mlnlmlzed w1th the'”

‘“5f11ter descrlbed ln Chapter II Slnce the electronlc

"""

3 P R

e e

'hackground is exactly repeatable from_scan to scan, 1t 1s

. removed by subtractlon ultlllzing the'computer data

“’slgnlflcantly reduced by coollng the array. All spectra

reported Ln thlS work were electronlc background subtracted

~

in order to remOVe the flxed pattern zaackground and res:.dual _
N 4 . S

. . . BN . « -
ey, - - . . . R . P 2 .

} dark current St

| Two types of spectra are réported in’this work :-

(1) plasmaispectral background containing:
analyte species of 1nterest |

(2) background subtracted spectra w1th only the
line emission spectra of analyte species
- o 1 .

\\
\
“

’:..“/”‘ ‘n:\\
. . i\
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In the sec0nd case, the baekground sxgnals were;ohtained'by

aéplratlng’dlstliled“waten.w-l_f 1..>4r. ';j;;;fs¢f¥7i°33‘?,5 "
N ,K, ’ "-:.”.A g ; .‘.'\ R A ot N - vﬁ?‘.‘“‘."‘ -"~ - V _.;,{,. n_ - IR A - -
- C. Characterlzatlon of Emlssion N01se w1th
‘. a Photodlode Array Spectrometer' .
PRI NbiSe is unwanted fluctuatlon and varratlon 1nmthe~'f'“ék'"

measured 1nten51ty of a SLgnal The magnltude of the h

| fluctuatlon is usually expressed ln ﬁerm of r. m S. n01se
current or voitage. However, 1t’1s often deflned as the )
standard dev1at10n of a number of repeated measurements of‘
the signal If the’ number of. repeated measurements are large -
then the standard dev1atlon approx1mates the r.m. s. n01se -'”
(128).

-In atomic spectroscopy, the 31gna1 to-n01se rat10~1s C

deflned as the ratlo of slgnal inten81ty (S) to. the standardl~

-~ »

;devxatlon (0) of'the repeated measured lntensrty. g" fﬁf'"““i
S / N =.‘L.'.S /U . .1 ~- - - .“.... ' . "-’”‘?;\('» . . (ll)

ThlS quantlty is useful in expressrng the prec151on that can’

be obtalned from a glven lnstrument and qperatrng

condltlons. The reader may refer to R M. Belchamber sv
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dlssertatlon for a detalled dlscu351on of the noise ry'tizaﬁ‘“

L
-

characterlzatlon of an ICP for atomlc em1§sxon spectrosc0py

a,y o

-

; . . t | R
W LR .

All standard devlatlons and s;gnal-to~n01se ratlos
N - ? PN o
reported in thls work were based on, s1gnal lntegratlon N

Fo

LR

per;ods of 105 and 32 repeated measurements. All 31gnals

K

were-background subtracted The background 31gna13‘were

_qobtalned by asplratlng dlstllled.water anﬂ the mean of 32 }f';

S s e e b
P ~ -

repeated measurements were taken. The 51gnal-to-n01se ratlos

were then calculated by d1v1d1ng the mean of 32 background

»

subtracted 51gnal measurements by thelr standard deviatlon.
Us;ng the exper1menta1 set-up dlscussed ln Chapter
I1, the array 1ntegratlon time can be varled from 40ms to

over 205._Slnce the sen31t1v1ty of the array is- 11nearly A

-

related .to. 1ntegration tlme, two apparently equivalent ways':yigng

‘of achlev1ng ‘a- des;red measurement*tlme are p0381b1e 1f one

5 thlnks only in terms of the total sxgnal One is to use’ an'f¥r.~7h

e e

array 1ntegrat10n tlme equal to the deszred measurement tlme

S ‘&

(103) but inc most cases array saturatlons are observed w;th

~ such long lntegratlon tlmes. A second method 1s to use a AT

oel . ~~4,'/.

short lnteg%atlon tlme and a 31gnal average of suffrc1ent

repetltlve scans ‘to achleve the total des1red measurement

r . . LB
time. .

-~

Prev1ous work by Salln and. Horllck (127) has

1llustrated that the‘standard devlatlon of the array

C -~
S e “
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background s;gnal (llmgted by electronlg readout norse) is

.’1ndependent of 1ntegratlon tlme. Therefore, the contrlbutlon

of array background no;se to’ any partlcular measurement

~'hwould be 81m11ar to u51ng the flrst approach They,have also .

’

"Hlndlcated that the array background nOLse became the

A}

R N . & - P N

‘a large number of repeated scans .were used However, when

“»long 1ntegratlon tlmes w1th a small number of repeated scans

longest p0831b1e 1ntegratlon time w1thout saturatlng-the

. array. "' S ,.-‘1 B

-f2 0. Kw plasma power, 15: L/mln;coolant flow and 1 0 L/mln

'em1351on 11ne (CaIlzx 393 4 nm) were calqulated for five

were used the. electronlc readout.nolse ceased to be the

fllmltlng factor and the noise was then assoc1ated only wlth

. the ICP analyte 51gnal Therefore, all> spectra for

\

,81gna1 to-n01se ratlo studles were measured u51ng the

P W
Ny = EETVR -4 U R B e
- & B . . s T B
q'.. SN ey ._~4.-~--

\, : _‘_wlz‘ < e
.

A brlef study was carrled out in order to determlne

the precmslon of the sxgnal to—n01se ratlos determlned by

-A'w"‘Y

uthe lQZ4 element photodlode array measurement system: "The"

- o

: experlmental operatlng condltlons chosen for the study were

;aerosol flew.,The srgnal—to~n01se ratros of the calcium 1on

S

-

~100%. N5, 100% 02, 100% Alr and 70% He cooled plasmas, the

R J

observatlon helght was set to observe the calcium emission

[y

'at 2 mm aboVe the 1oad c011 In the case of the'conventlonal

/ .
[

“ . .' —_ . (- v 5 s . lqs

_llm;tlng noxse 1n the system lf short 1ntegratlon tlmes,wlth~'7

5

lldentlcal experiments under dlfferent mlxed gas plasmas. For

-



‘argon plasmgﬂ 1t was set at 15 mm above the load c01l.

K3 - .

A set of 31gnal-to-n01se ratlos for varlous types of

mlxed gas plasmas is given 1n Table V. l In addltlon, for .
| each mlxed gas piasma, the determlnatlon of SLgnaL-to-nOLse
ratlos for the calc1um emlss;on were repeated five times
u91ng 51m11ar operatlng condltlons: The. mean value and-.

> A . s

relative standard deVlation of slgnal-to—noise ratios

-

'determlned for each plasma are also tabulated 1n Table V. 1.

-3

- Overall, the relatlve standard dev1at10n varies from 4. 8% to

v

7.9%. BRI o

~ - -

- . This set of‘data 1nd1cates that durlng the coﬂrse of

>

the slgnal to-n01se ratlo experaments, the plasma\Fnd

it v

photodaode array measurement system remalned very stable.

‘The" stablllty cf thls system~alldws a meanlngful comparlson
and 1nterpretation of the performances of varlous types of

2

mlxed gas plasmas.- ,' -

the.signalsto-noise

It [.s seen ‘from Table V l th“”"

A ratlos obtalned for Ar, 100% Nz, lOD_, 2'or 1ob% Alr cooled

plasmas are comparable to one another. chever, the

slgnal-tefn01se ratlo lncreases by«a factor of 2 for 70% He

>

cooled plasma Since these data were measured for Ar, 100% N2

°, 100% 02, 100% Air and 70% He cooled plasmas only at one

4

p051tlon, these -data cannot be taken ag a measure of

analytlcal performances of mlxed gas plasmas. Studies of the

[

,4s1gna1 to-n01se rat1Q§ for varlous gas comblnatlons observed

. . °
- ] ' °
PR
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Each frame represents the:

e R o T . .. , 2 - PR
: N B ety WM - : . Lo
. . '_\‘ oy 4 . ’9 ! r.;.. » - “ : :: .m'w_ ® 3 :?9‘_ o :' : i “
B T 'fﬁ_ PP
at dlfferent p031t10ns are requared before any def&natlveﬁt it
«:«J,"‘”."zz onys . s
conclu51ons can be drawn on the analytlcal capablllties and
,;zr " " ~ -
performances—of varlous types of mlxed gas plasmas. - -
‘ J o L .
‘?;ﬁr Spectral Charactermstlcs and Evaluatlon . . ';»‘a{jlfsf
of Mlxed Gas Plasmas N PO
: oL e . x
S A ; o
(spectral reglonzcenteredVat?323_nm)‘ , LR a
:ﬁldf Elght spectra are.presented in Flgures 29 to 32.

‘em1551on spectrum of the mlxed gasp~‘

r L
plasma w1th a l 0 ppm solutlon of ca101um nebullzlng. The 50
qm spectral w;ndow of the photodlode array spectrometer was

centered at about 373"nm; The exper;mental operatlng

' condltlons were 1dent1ca1 to those dlscussed in the prevxous

sectlon.

\

Slnce most of the spectra measured in thls study are
presented in an anologous format, the effect of nltroéEn on

the background emlssion 1nten81ty containlng calclum

e

emlsslon llnes w111 be dlscussed 1n some detall In F;gure

'29 each column con51sts of four spectra measured at the.-'

"same observatlon helght 1 e. elther at 2 mm or at 10 mm

v
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”'dlllustrates the effect of nitrogen present 1n the coolant

; reglon. In the case of ‘the argon plasma, argon em15810n

ica1c1um if thecalc1um ion llne at 396 8 nm 1s chosen as the

_determlnatlon of other emlttlng spec1es 1n thls spectral

above the load c01l Each spectrum in th1s column

e e Pe—

flow of a conventlonal Ar—ICP on the background 1ntens;ty

contalnlng ca1c1um em1331on llnes. The row in each column

i

represents the amount of nltrogen 1ntroduced 1nto the

'_coolant stream : the’ top row corresponds to a O% nltrogen

”_cooled plasma or a conventlonal argon plasma, the second row

LA
. P @ s

lb ,,the thlrd row 20% and the bottom row 100% nltrogen B .

4

cooled plasma. A
The spectra presented rn Flgure 29 1llustrate | '

several characterlstlcs of the plasma and analyte emLSSLQn.'

-,Several argon em1351on llnes were observed in thls spectral

llnes were more, 1ntense a% 2 mm than at 10 mm above the load

'fhcoll -Note that ‘the 397 7O nm hydrogen line represents a

potentlal spectral lnterference 1n the determ&natiou of ¢

’ -

analysis llne. When the coolant stream. of an argon plasma

“was converted 1nto 100s% nltrogen, the plasma background was

‘somewhat more compllcated as . two molecular spec1es (CN and Nz

l
. have relatlvely strong band em1381on spectra 1n this

) . ' b

spectral reglon. In other words, these band spectra would

glve rlse to severe spectral 1nterferences in the

'f:reglon. the that.ln the case of the lOO% nltrogen cooled

o
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. . i ¢ . . B /
plasma the calc1um 393 3 nm line is -nm from the nearest N2

& " .'.»- v .

band spectra, therefore the determlnatlon of ca1c1um uslng

'thls analyt1cal line will not be affected

_Another 1nterest1ng spectral characterlstlc of the

}

argon and nltrogen cooled plasmas 1s the broadenlng of the .

' ,hydrogen 397 ‘0 nm and 388. 9" nm llnes as ‘a conseguence of the

. ‘Stark effect These hydrogen llnES apgear tpube brpader than « -

-

thelr nelghborlng argon or calc1um emission llnes. The Stark
,effect will be dlscussed in Chapters VII to IX. It is also
rnteresting to note. that the exc1tatlon potentlals of tHese’
hydrogen lines are over 13.ev whlch gives a strong

1nd1catlon that the ICP dlscharge has the capabrllty of

‘

3 excitlng energetlc spe01es. : .

\ Continuum em1s51on from the ICP is produced as a
consequence of a- radlatlve recomblnatlon process (130 l3l)
The non-zero basel\ne of the spectra shown in Flgure 29 is a’

,result of the continuum em1531on. The contlnuum em1551on”

) Lnten51ty from an argon or a mlxed gas plasma 1s generally
‘more intense w1th1n the load coil and drops rapldly with

_ lncreaSLng dlstance away from the load c01l At 2 itk Y
observatloh'helght the contlnuum 1nten31ty 1ncreased when
the argon plasma was converted 1nto a 10s%. nltrogen cooled
plasmar However, further increase in the percentage‘of

nltrogen in an argon ICP decreased the continuum 1nten51ty.

From these observatlons, it can be generallzed that a 10%



nokL L

‘ﬂ*than the argon or 20" ¢0 100% nltrogen cooled plasmas.;‘

N
Emlsslon from calc1um 1ons was not observed for the

- ~

,argon plasma at 2 mm above the load c01l In the case’ of an
g -
.. argon and 10% nltrogen cooled plasma, the best observatlon

-

'helght for the calc1um 1on em1581qn was about 10 mm.above,

LRI .
A w06 og.a"sl’.“ e @ -."’"’ “E ol

EEASE the load c011 However, the best v1ew1ng zone for the CaII

- o .a-aﬂ-qo . “‘"-"P RN W !““_._"~l‘“~"«"‘."-"'

t
~

llnes was 2 mm above the load coxl for 20% to 100% nltrogen
cooled plasmas. Slnce the contlnuum 1nten51ty for the 100%
nltrogen cooled plasma at’z mm was farrly small, a- hlgh o
. -analyte rntenSLty observed at this height 1nd1cated a,
- superlor 51gnal to—background ratio. It can be observed from._
i; Figure 29 that the 31gnal to—background ratlo obtalned for a

b

100% nltrogen cooled plasma at 2 mm above the Ioad c01l iS'

nltrogen cooled plasma 1s a more-energetlc em1581on SOurce N

LI 2
.
« %

"comparable to that obtalned for an argon plasma at 10 mm e ~"71

1
"The 10%- nltrogen cooled plasma appeared to . glve a. hlgher

signal- to-baekground ratlo and thus potentlally hlgher
detection power than an argon plasma at 10 mm observatlon
helght | |

The 51gnal to-n01se ratlos for various percentages
of nltrogen cooled plasmas measured at dlfferent observatlon
helghts forwthe CaII line (393. 3 nm, 1. O‘ppm)'are shown 1n
Tdble V 2 At lower observatlon helghts (about 2 mmj, |

. 1mprovement in 51gnal to-n01se ratio was reallzed by

lncrea31ng nltrogen concentratlon in‘ the coolant flow from 0

oy . - . B L d



Com ’ SR S
L V / ;'

. TABLE y.z,-.w‘,._ﬁ'

| SIGNAL~TO-NOISE RATIOS FOR N,~AR MIXED GAS PLASMAS -

-

PO
LI B )

e e e e

" CA(ITF 39F v mm e s

. .- ' Height above ; 4
' load coil, — ~===- *

(mm) = .

_..’.".'_.;.n.._-.,..."_‘...._'."._-,.
¥ o~ K

o >._. e T L



o

\\_,,However the 51gnal to—n01se ratios measured for the 50 and

t° 100% Thls ClearlY’lndlcates that the 51gnal to-n01se°f§f;1”

ratios for 20 to 100% nitrogen cooled plasmas measured 1n o

the region of the load coil” were higher than that of thev
RS
argOn plasma measured at the same. height At -2 m above the _

load COll. the best 81gnal to-n01se ratio was obtained from

o a 50% nitrogen cooled plasma As the observation helght was

a4

RTINS

N

-

1ncreased ‘to 5 mm above the load 0011 the 20% nltrogen _.“‘
teoiedsplasma provmded the besr s;gnal to—nolse ratio in R
that partlcular v1ew1ng zone._The 10% nitrogen cooled plasma ‘

prov1ded the bes signal-to-n01se ratio at 10 and 15 mm-

o height was 1ncreased to 20 mm above ‘the load c011 the

- obtained from the optinized argon discharge (Table V 2)

51gnal to-n01se ratios decreased with 1ncreas1ng nitrogen ‘in -
the coolant flow.,‘ | ‘ ’ | |

' The overall signal-to-noisewratios were highly
dependent on both the concentration of nitrogen 1n the

coolant flow and- the observatlon helght The slgnal~to-n01se Lo

ratios obtalned from the 10 and 20% nitrogen cooled plasmas

were. approx1mately two to three times greater than those ’

K

R

v

100% nitrogen cooled plasmas at® 2 mm above the load c01l

were comparable to . thOSe measured for- the argon discharge

.above 10 mm . observation height Note that the

-

31gnal to-n01se ratios for the 100% nitrogen cooled,plasmasv
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‘.'“f:r dropped drastloally w1th lncreaslqg distance~awayifrom4thé'f,ff;:

',1nductlon coml 'j-l7i";7'é"'".‘.ll;.'}_ PO
. S - L o

These results are consistent Wlth the v;sual

.observatlons of the mlxed gas. plasmasxdlscussed and

i

1llustrated ln Chanters III and IV As the concentratlon of
‘nltrogen is 1ncreased the~plasma shrlnks Ln 51ze and
}gvolume, thus peak maxlmum and thﬁ best signal- o-n01$e

4’,ratlos for the 100% nltrogen ‘o led plasma will occur

>

'somewhere dlosér ‘to: the lnauctlon coal All these
_ observatlons lmplled that the v1ewing zone for the 100%

nltrogen cooled plasma has to be set at 2 to 4 mm above the

L, o I 1

load 0011 in order to fully utlllze 1ts analytical

POtentlals."' . ff; ‘
d2;10xygen-Argon,Mixed Gas Plasmas

“ e, . + L S

Some of the . spectral.characterlstlcs of the '

vokygen—argOn mlxed gas plasmas are illustrated in Flgure 30_p
'lThe experlmental operatlng conditlons chosen for.thls study

@f“were 1dentical to those descrlbed earller for the ‘pitrogen -
: cooled plasmas. The background spectra obtalned from the |

- oxygen cooled plasmas were somewhat dlfferent from those

observed ‘in the nltrogen cooled or argon based dlscharges.

) In the case.of the oxygen c001ed plasmas, the argon emiSSLOH
G _
llnes were reduced conslderably. Slnce the generatxon of
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" .. TABLE V.3 °
SIGNAL-TO-NOISE RATIOS FOR 0;-AR MIXED GAS PLASMAS
Ca(I1) 393.4 nm .
' Height above | % 02‘( Coolant) K :
. load coil, e -
(mm) L L0% - = 10% . . 20% ., 50% - -100%.
. S G o o e e e e e e i e e e e e e e s e s e e e e
T2 ., 204 | 144 105 77 .4
15 200 220 159 127 31
: 10 189 384 221 204 50
5 100 275 350 270 204"
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nltrogen based molecular specres (CN or Nz).depends . i” ;.,3
Fprlmarlly ‘on the presence of nltrogen in. the plasma, the'
em1881on 1ntensity of these spec1es should be, reﬁuced when-
oxygen is 1ntroduced in place of argon. It is clearly

1llustrated in Figure 340 that the spectral background of a.
'100% OXygen cobled plasma observed at 2 mm above the load
coil is completely -free from the potentlal spectral
énterferences caused.by the preSence of the compllcated CN

and NG 'pand em1551on spectra. 6

. As 10% oﬁygen was 1ntroduced into the- coolant flow

"'“of an argon ICP, the background contlnuum was con51derably;

- It

hlgher than that of the argon .or the nltrogen-argon mlxed

gas plasmas This. observatlon lndlcates that a 10% oxygen

“ -

cooled plasma mlght be a more energetlc source than an argon

._of a nltrogen cooled dlscharge. In the case of a 100% oxygen

“

cooled plasma, calc1um ion emission 11nes were not observed‘ '

-‘at 10 mm above the- load coil. It can be seen from Flgure 30 L

that the best SLgnal to-background ratlo for the’ 100% oxygenju

' cooled ICP occurs at .2 mm above the 1nduct10n c01l Thls~-

ilgure also shows that the 31gnal to—background ratlos for 0
to 100% oxygenﬂcooled plasmas are comparable to one another.

The 51gnal to-noxse ratlos for varlous 02-Ar mlxed/i

gas ICPs measured at dlfferent observatlon helghts for the ;o

" CalIl” 393 4 nm line are presented in Table V.3, These data

clearly indicate that the prec131on obtalned from a 100%



Y

x -

oxvgen cooled plasma is comparable to that of the argon
dlscharge. The greatest enhancement of" the 31gnal~to-n01se
ratlo was obtalned for 10 and 20% oxygen cooled plasmas |
observed at 5 to lO mm above the load coil. Overall, the
:’51gnal to—n01se ratlos measured for the 10% and 20% oxygen;;
cooled ICPs observed at 5 to 10 mm above the load COll were

A)

superlor to those observed in the- optlmlzed conventlonal

. o
argon plasma. In the case of the 50 and 100% oxygen cooled

plasmas, the 51gnal to-n01se ratios measured at 2 mm above

_the load coil were comparable to the best result achleved

e

for the argon ICP.
3.  Air-Argon ‘Mixed Gas_Plasmas

. A serles of emission spectra for varlqus percentages

of air present in the conventlonal argon plasma are shown in
. Figure 31. These em15510n ‘Spectra were also measured at 2

N

.and 10 mm above the load 0011 The exper1mental operatlng

4'¢0nd1t10ns were 1dent1cal to those dlscussed earller. .
Several generalized observatlons can be ant1c1pated'
twlth respect to the spectra of the airrargon mlxed gas
'plasma..Flrst, if the nitrogen and oxygen cooled plasmas
(Figures 29 and 30) are used as' a basis for cbmparlson, the

1nten51ty of the background contlnuum obtalned from the air

cooled plasmas should be somewhat in between the above



Emission Intensity

-

"
- -
~
’ . ';‘,
iy ’
[
-
~
- AN
I
-
-~
I
R
- v
Cr
B
S
o
—— ] v v -y —
as7 389 387 389

Fig;

31,

Wavelength 'Qim)

-

Background emission. spectra .for Air-Ar mixed gas

ICPs at.2 mm and 10

mm- above the load- coil.

3 .
- ~-

120



SIGNAL-TO-NOISE BATIOS FOR. A

10
L . 5
! 2

TABLE V.4 - - .. g .

¢

- .
L ue
S . ‘
4 . o 7 . -
-
' ¥ -~
t - L4
& - s
¢ >
-
» S -
. A
.
. . -
- I
A -
&,
- .
L
. :
. -

Pe -

195" 68 " 22-

285 220 132

IR-AR° MIXED' GAS PLASMAS )’

116 s - g
360 .0 110 56

Cr1s0- 0 142 cisy

Ca(II) 393.4 nm ” o

| e emea————— e e e e e — el e S e e m e ———
‘Height .above % Air ( Coolant ) - IR
1oad COil R —— - — _;‘-.'.———---—---.»-‘A."-k_-:-——'--‘f--—

" (1) .08 10% 208 . - 50%  100%



[ . N . . i
: . B w oA 1.0 Lol e ) : I . . R
L AT s et S o A v
. ] . . AR f Br 2 . . . o . ) IERTENE . .
. t ¢ . . : Lo . ;! Lo o L Vo . :
N : Lt s ‘..-.’g.. ; . : .. 122
- . o B . . . A =) A’.' . N R . L s ) .
FEATR S ST e o SR ) - o
u A PR A R : ’ ’ g v .
-~ ey “
K : - . . .

: air whlch consrsts bf 78% nltrogen and 21% oxygen. Second

| the 1nten31ty of the complex cyanogen (CN) and nltrogen (sz
band em1351on spectra should be less-mhan that observed in ’

| the nltrbgen cooled plasmas. Thlrd thewnet 1ntensxty of the_ﬁ‘A
calc1um 1on llnes 1ncreased‘hy a ﬁactor of 1 5. when air was N

' 1ntroduced ﬁ:to the coolant flow of the argon plasma.

et -

fIn the case of the lO%’alr cooled plasma observed at
10 mm hbove“the load corl, the net enhancement 1n analyté
1nten81t1es accompanled witn a relatlvely constant ' 14,..

background level 1mp11ed that 10% alr cooled ICP prov;ded a f

superlor 51gna1-t04background ratlo over the argon ICP

._‘.-

(Flgure 31). However, the net analyte emlss1on lntensitles -'[V~“1f
deteraorated 31gn1ficantly at lb mm observatlon helght as |

the percenfage of a1r ln the coolant flow of an argon plasma“"

-9

o . E

‘was’ 1ncreaSed to 100% ‘As. shown 1n Flgure 31, 1f argon :l

plasma observed at 10 mm above the load c01l was used as a R
\ s AU
basls for comparlson, the calc1um emlssron 1ntenslt1es

| obtalned from a’ 100% a1r cooled plasma at 2 mm obserVatlon gf

herght prov1ded a comparable srgnal-to-background ratlo

! . ‘ -

' under sxmilar operatlng condltlons.ﬁ"

2
oo

The s;gnal—to-no;se ratlos _or varlous types of a1r T

..l _—

cooled plasmas measured at different helghts for the~CaII




tQOSe of the nltrogen and oxygen cooled ICPs, 1 e..(a) the O
'51gnal-to-n015e ratlo lmproved by a’ factor of 2 to 3 when
_ the argon plasma was converted 1nto a’ 10% a1r cooled plasma,f;hg“

(b) the 31gnal-to—n01se ratlo value obtalned for a 100% air

cooled plasma at 2 mm above the load.c011 was comparable to-'«~'

!

that for the conventxona} argon ICP (c) in. the case of ‘the

100% alr cooled plasma, ralslng the observatlon helght - ;h:_j?é;”

h caused a’ 31gn1f1cant deterloratlon in the 51gnal- o-n01se P
s ratio, and flnally (d) the optlmlzed 31gnal-to—nolse ratlo'7
| for a 10% alr cooled plasmaowas measured at 10 mm above the :

load 0011, for 20% at 10 mm, for 50% at SQﬁm and for 100%

o a1r cooled ICP at 2 mm above the 1nductlon c01l S _-"‘}ﬁ7f

. o -
A Co
PO -~

4. Helium-Argon Mixed Gas Plasmas =

| It 1s clear from the em1331on spectra presented in
Flgure 32 that the addltlon of hellum lnto the coolant flow

Cof an argon plasma generally reduces the lnten81t1es of the

ce

- bands assoc1ated w1thfthe cyanogen and nltrogen spec1es wereffjv‘
T W * SR
’ ynot observed elther at hlgher or lower observatlon height._-»

o analyte, hydrogen and argon em1331on lznesa All the emlsSLQniu;h

fEmlssion from hellum neutral atom or 1on llnes has not been ;f.w"’

A ”Qjobserved 1n the hellum cooled plasmas, The absence&of“these

-

flines 1nd1cates that the ICP dlscharge does not have the

Pablllty Of;ex01ﬁlng species w1th excitatN\h~potentials ‘7l
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Emission Intensity . -
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Wavelenqth (nm)

Flg. 32. - B&ckground em:.ssiqn spedtra for He—-Ar nu.xed gas_,

EHTTR ICPs at 2 mm and

»mm above the' load coil
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greater than 25evV. It is also 1nteresting to note that the
}contlnuum emlssion lnten31ty decreases wlth the presence of

hellum in an argon ICP. The enhancement of calc1um em1551on

.

11nes was not observed for the 10% hellum cooled plasma 1n

.contrast to most mlxed gas plasmas. The net. ca1c1um em1551on

4 b

1ntens1t1es observed at 10 m above the load COll remalned

frelatlvely constant for 0 to 20% hellum cooled plasmas. The

:Lnten51ty of the ' calc1um lines decreased by a factor of 2

-

when a comblnatlon of 70% hellum - 30% argon was used as the
coolant gas. Several argon em1531on lines ‘were also present

even 1n a 70% hellum cooled ICP the most promlnent one

_being the 394 8 nm line:.

| The above trends were generally reflected in the~
51gnal to-n01se studles of the hellum argon mlxed gas :
pPlasmas" (Table V. 5) The best slgnal-to-nolse ratlos
measured for Various types of- hellum plasmas were elther

“n

vcomparable or lnferlor to those measured for the argon

g.dlscharge. Under the experlmental condltlons employed in

thls study, the results d&scussed s0 far do- not 1ndicate any
51gn1flcant advantages of uslng a hellum cooled\plasma.
Futhermore,.lt should also be noted that the helaum codled
.“plasma is more costly to operate than the conventlonal argon

dlscharge.

Al

126

L
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5. Flnal Comparlsons of the Mlxed Gas Plaﬁmas'

(spectral reglon centered at 373 nm)

A comparlson of 81gnal to—n01se ratlos for the CaII
393 4 nm line measured at the best observatlon helght for -
varlous types of mlxed gag plasmas is presented 1n Table
V 6 Thls slgnal to-noise table 1nd1cates three distinct
patterns as. the conventlonal a§gon plasma was converted lnto_
a mlxed ghs ICP First, most of the mlxed gas. plasmas showed
| superior 81gna1 to-noise. ratlos when a comblnatlon of 10%
'forelgn gas ~.90%. argon was used as the coolant gas. Second
the best slgnal to-n01se ratlos were measured ‘at a lower
observatlon helght than the c0nvent10nal argon plasma.
| Third, most of the mixed gas plasmas except hellum cooled

O

. plasma- 1mprOVed the srgnal to-n01se ratlos of the CaII 11ne
by a factor of two to three. o ”‘4 ,
o | Clearly,,the mixed gas plasma has the potentlal of -
81gn1f1cant1y expandlng the overall analyt1ca1 capabillty of
the ICP. Analysis of the 51gnal to-n015e ratlos suggeéa;
that at lower observatlon helghts, about 2 to 5 mm above the .

load c011 the signal- to-n01se ratlos obtalned for the 100 % -

g Nz, 02 or Air cooled plasma are equlvalent to. that of the
» conventronal argon dlscharge measured at 15~mm above the
Alnduction coil..In addrtion, 1t should be noted that the
‘ slgnal to-n01se ratios for the 100 % mixed gas plasmas

. (J' - S o PR
, . PR . .
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'the loadiboil;nTherefore}toﬁdraw'a-generalize‘ conclu51on'

-

for both plasmas.

E. Spectral Characteristiqs and Evaluation

-\\u

' "of Mixed Gas Plasmasli; oL
(speotral region centered;at 228 nm)-

e ‘ Some.of the spectral characteristics of the mixed‘ -
éas é;a

smas at different observation heights aré further

illustrated -in. Figures 33 42 The 50 nm spectfal window of

iThe experimental operating conditions chosen for this’ study
are identical to those described earlier. ‘This speetral
preglon lS perhaps more 1mportayt than the 373 nm’ range
.because most. of the senSLtive analytical lines fall in the
'h180 to. 280 nm region. Cadmium,solution was aspirated into

the various types of mixed gas plasmas. It.is advantageous

Oy

to evaluate the performances of the mixed gas plasmas using:‘

4 [

a cadmium solution because CdI 228 8. nm, CdII 226, 5 nm and

CdII 214 4 ‘nm lines have about equa11§5neitiv1ty in the

e . X N '~

i

er is now centered ax 228 nm..ri“'
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argon plasma source, . o -,

gas plasma

"'-:r.a

x%%%rihﬁgﬁpullzlng are shown 1n Flgpre 33 Thls flgure lS |

~ : L

o to 32). The argon&eh1551on l!nes; CN and‘ ,‘band em18510n

i :
spectra were not observed rn thlS spectral reglon. However,

s . .,'_'e

the plasma spectral backg;ound 1s compllcated as. the

B

L :
'"molecular spec1es (NO) have relatlvely strdng band emlssion ‘

“spectra 1n thls spectral reglon. The NO bandheads lle
between the cadmlum emlsslon llnes.,Note that a carbon (CI
247. 9 nm) 11ne is present 1n this region.- Thls is due to the

'carbon 1mpur1ty 1n the water and CO2 ln the\maln gas supply;

The plasma spectral background contalning Cd llnes

»as a functlon of varlous percentages of nltrogen present in

'“the coolant - flow of an argpn.dlscharge is shown 1n Flgure

du -

33, The NO bandheads were. not observed .in the. caée of argon

il

.jplasma. As" nltrogen was lntroduced lnto the coolant flow,

the contlnuum level %Bcreased srgnlficantly as the nltrogen
reduced the plasma ‘volume. However, the - contlnuum level
-,decreased drastlcally when more than\20% nltrogen wés

.*‘

]:'lntroduced to the coolané stream. The NO bandhe7ds -éould be

e
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L

seen for the 20% to 100% nltrogen cooled. plasmas. o -
It ‘was noted earller that ‘the photodlode array
spectrometer_measurement~system'has‘background subtracted‘

.vcapabilitya The cadmihm spectra With the background

subtracted are shown in- Flgure 34 The background subtracted

Lspectra for 0 to 100% nltrogen cooled plaSmas observed at 2

to 20mm above the- 1nductlon coxl 1s also 1llustrated 1n thls

flgure. It can be clearly seen. that- the net analyte em1551ond

1nten81t1es are hlghly dependent on_both the percentage of
| nltrogen present 1n the coolant flow and the observatlon

~helght It is also clear from~thls flgure that a 10%

\nItrogen cooled Plasma observed at.. lD mm above. the load c01l-

. N,
prov1des the hlghest net em1851on 1ntens1t1es of all the

nltrogen cooled plasmas under study However, -the cadmlum
»1nten81t1es for t e. 100% nltrogen cooled ICP at 2 mm

ot LY

observatlon helght was three tlmes smaller than that‘
. Observed for the argon discharge at 15 mm’ ‘above the load
»ac01l |

It should be noted that the Gad ion emlsslon is more affected
by " the presence of nltrdgen in the coolant flow than 1ts

corresponding neutral atom em1531on It is seen that the

.1_1nten31ty of the neutral atom 11ne 1ncreases only about 30%,

‘

'as the "argon plasma is converted 1nto a 10% nltrogen cooled .

plasma, but the 1nten51t;es of the cadmlum lon lines

1ncreased by a .factor of 3. These trends are generally

<
“ .

L.
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_consistent for all the'nitrpgen:cooled°plasmas undér : B

investigation. MoSt detectign_ systems currently used in

analytical or research 1 borat rles‘areNphotomultlpller tube
APMT) based systems, there ore they are llmlted to thé

measurement of one spectral resolutlon element at a tine. If--
only the neutral atom emission 11ne is used to evaluate and -

,compare the sen51t1v1ty of varlous dlfferent types of q;

‘\\\t

nltrogen—argon mixed gas plasmas, the data- collected may be-

| mlsleadlng because this spectral llne shows only Iimlted
"gain in sen31t1v1ty as nltrogen is lntroduced 1nto the
coolant flow. On the other hand 51gnlf1cant galn in
‘sen31t1v1ty is observed when the ion llne°emlssion 1nten51ty '
is measured The photodlode array based measurement system
is perhaps‘more approprlate 1n carrylng out the evaluatlons
of the. mlxed gas plasmas than the PMT based system because
it provxdes a simultaneous multichannel capability.

R x

\”, The'above trends were reflected in the studies of T

;o—n01se ratlos of the nltrogen cooled plasmas (Table f
V. 7) The,31gnal to-n01se ratlos for varlous dlfferent types

: é@;nltrogen cooled plasmas measured at dlfferent observatlon
%ﬂshdﬁghts are also presented in the table. In thls experlment,
sl two cadmium llnes were ‘used to evaff\te the prec13;on of
.pmeasurement (51gnal to-n01se‘rat1os) of the mixed gas
’ plasmas, one be1ng the 1on 11ne (CdII 214 4 nm) and the

other belng the neéutral atom line (CdI 228 .8 nm) In the

o,

Lo
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_SIGNAL-TO-NOISE RATIOS FORj&Q-AR_MIXED GAS PLASMAS

9

'Helght above .
load’ c011, ———
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A“

;at 5 mmiabove th' load coil .$he f“T v

.f¢slgnal to&n01se*ratlos 1ﬁcreased only about 30% as the argon-ff“ R

.»’-vx

;6wever, thts

}fby.advantages of cheaperUOPeratxng,;ost and lower background




e The s ectral characteristlcs of varlou o
F

.I L]

ongen-argon mixed gas plasmas observed at dlfferent helqhts -
i‘Jf{:'are lllustrated 1n F;gure 35 The background 1nteuslty
5ﬂ. 1ncreased c0551derably when the observatlon helght was ll::ji’

}:ﬁhffflowered from lO to 2 mm above the load c01l. The plasma -

The background subtracted spectra contalnlng cadmlum jiﬂ

.v.'

raflon and neutral atom llnes are shown 1n Flgure 36 These

«}spectra were collected at dlfferent observatlon helghts andzy’
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1 "141’ :
in an oxygen cooled plasma were equally senSLtiye towards :"M
'the adﬁition\of oxygen 1nto the coolant flow. It 1s clear
from Figure 36 that the net qntenSLties for both the neutral
.and ion emiss10n lines increased when the conventional argon
'discharge was converted 1nto 10 to 50% oxygen cooled
plasmas. ’ﬁll;/ , _'L” B ' }1._,1 J:', B 'f‘ co 'Zsi'

| The Signal-to-nOise ratios for plasmaS'w1th 0. to
100% oxygen in.the outer flow measured at different
5observation heights are presented 1n Table V. 8 For the CdII
214. 4 nm line (Table V. 8a), the Signal to—noxse ratios found
ﬁin the lQ}to 50% oxygen cooled plasmas were two to three - :f;

‘times higher than those found in the conventional argon.:j'~

yplasma. The best Signal-to—nOise ratio measured for the 100%

+Q”-oxygen cooled plasma was roughly three times lower than that

“measured for the ar#on discharge at 15 mm above the load

'coil This was partly due to the presence*of the molecular
__oxygen species dn this spectral region.rFor the CdI 228 8 nm‘v
fline (Table v. Bb),.the 31gna1-to-n013e ratios obtained from 'qd

“all oxygen cooled plasmas were lower than that from the . oo

argon discharge. It is seen from this table that the cadmium

-jhneutral atom line is preferred for the analy31s of cadmium “

’i_ iUS1ng the argon discharge. In the case of oxygen cooled

h plasmas, the cadmium;ion lines offered better sensit1v1ties
and signal to-nOise ratios than the neutral atcm line,‘Vg “u

»_therefore the determination of cadmium usxng the ion



Tanalysis,line51wouldfbe_strongly preferred;in this case.

B,VAirfArgongﬁiked'Gas Plasmas

The'spectral background observed at dlfferent
hELthS for air’ cooled plasmas are shown 1n Flgure 37. The"
No bandheads are quite apparent for the 20 to 100% alr
‘cooled plasmas. It is also clear from thls flgure that the'
‘presence of the NO bandheads produces serrous potentlal
'spectral 1nterference for analytlcal llnes'that occur 1n “
‘_thls spectral reglon. In the case of the 100% alr cooled

plasma, the three cadm:Lum llnes are submerged 1n the huge NO
‘“emlsSLOn band spectra. The~generatlon of the NO bands lS .
caused prlmarily by the presence of nltrogen and oxygen 1n.f7u'
air. . , _‘ .tk ‘.. . :

sﬁ%rl, The cadmium spectra w1th the plasma background |
subtracted out ‘are shown in- Flgure 38 Note agaln that both

the cadmrum 1on and neutral atom 11nes behave simllarly to

those of the n1trogen~a;i‘n mlxed gas plasmas, ﬂ e. (a) 1on»h’
Jllnes are more sensitlve than the neutral atom line towardéj)
fthe addltlon of air lnto the coolant flow of an argon ICP,

ji(b) the best observatlon helght for a 10% ‘air cooled plasma.

..ﬂwas at 10 mm observation height, for 20% at 5 mm and for 50;5 ’

' 'f'to 100% air cooled plasmas at 2 mm above the load coil, (c),f ad;

4 the net emrssron inten81t1es for both the cadmium 1on and

‘,“

Y
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| TABLE V9 o
SIGNAL-TO-NOISE RATIOS. FOR AIR-AR MIXED GAS . PLASMAS

<
. )
LR

’

(a) Cd(II) 214 4nm

~He1ght above R L Alr ( Coolant ) AU
- load 'coil, . ~eee-- ————— - - - Semm———
~ (mm) 0% ~.. lo% 29%' n}'SG%'-  100%

200 31 16 2.3 709 - 0.2 W

15 330 25 . 3,0 1.4 0.8

(b)Y ca(I) 228. 8nm SR ﬂ\);,‘fggi';_s_' .
Helght above f o % Air (‘Coolant ) ’ '-§.}

iocad coil, = == ——————— m——————— —e—————
(mm) o0 gy - 108 .. 208 - 508 1008 a

e
L -— - -

20 0 T s7 19 L 4.0 4.0

0.3
15 55 TS B -=-‘f§;1’,,-‘3l;5“
. 28 L3800 23 S 2.

r




- e
-‘neutral atom lines increased by a factor of 3 to 4 when theQJ
argon. dlscharge was converted 1nto a 10% air cooled “ICP, (d) .
‘best 31gnals were achleved w1th a 10%'a1r cooled plasma, the -
,second best being the 20% air cooled discharge, (e) the
cadmium inten81ties obtained from a 100% air cooled plasma

“at 2 mm observation height were three times iess 1ntense :
'than those obtained from the argon plasma observed at 15 mm

.

above the 1oad corl.vj

The 31§nal to-noise ratios for all air-argon mixed
plasmas observed at different heights are presented in Table
EV 9 The results follow the general trends shown for the Nz ,
and’ O2 mixed gas Plasmas. For the CdII 214.4 dh 1on line
(Table v. 9a), the 10 to 20% air cooled ICPs provided better
51gnal to-nOise ratios than those optimized for the argon
'dlscharge. As the amount of air 1ntroduced 1nto the coolant
.flow was increased to values over 50%, the/signal—to—n0ise ’
ratio then dete_rlorated rapidly ‘The low'&nal to—n01se .
ratios for. the\SO%-loo% air cooled plasmas were probably \
caused by the 'NO em1351on band spectra. For - the cadmium |
' neutral atom line (Table V 9b), all sxgnal to-n01se ratios
measured for the air cooled~plasmas were’ less than those of
the argon discharge. This experiment does not 1ndicate any
'advantage in‘uSing a 50 or 100% air cooled plasma for the

- S

eléﬁental analysis in this spectral*region.

>

o RS
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4. Helium-Argon Mixed Gas Plasmas

The background spectra for hellum cooled ICPs for: al
lo 0 ppm cadmlum solutlon are shown ln Flgure 39 Thls
:flgure also 1llustrates the effect of varlous percentages of
‘hellum 1n the coolant stream on the em1351on 1nten81t1es of ,
background contlnuum and analyte lines collected at 2 C?d l@
‘°mm observation helghts. In contrast to- most of the mlxed gas
plasmas mentloned so far, the addltlon of helr:m into the |
coolant flow of an argon dlscharge dld not alter the . 43' -
'1spectral characterlstlcs of the background 1n thls reglon.‘
The NO bandheads.and oxygen molecular em1581on ‘were not
observed in the helium cooled plasmas. A decrease 1n" o
background contlnuum was observed when hellum was lntroduced
1nto an argon plasma. It is clear from Flgure 39 that the L
net 1ntensxt1es of the cadmium llnes remalned relatryely
.constant for 0 to 20% hellum cooled ICPs. In the case of the
70% hellum cooled plasma, the analyté em18510n lnten81t1es

~lobserved at 10 mﬁ were three tlmes greater than those

] _obserVed at 2° mm above,the load. c01l. At 10 mm observatlon

helght, the 81gnal- o-background ratlos for the cdﬁmlum _

em1351gn llnes obta:hed from the 70% hellum cooled plasmaA

were comparable to those obtalned from ad/argon dlscharge.i‘;
The background subtracted ~spectra for the hellum

cooled plasmas presented in Figure 40 do not 1nd1cate any

. ,|
e , . ) . . s

~ L
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fof the ion lines measured for the optimized mixed gas

j'-i-'f;.’,"plasmas were three to four times greater than-those measured
: ‘p:from the conventional argon discharge. However, the | :

. "_:signal-to-n0ise ratios of the neutral atom line were not

?dimproved by converting the argon plasma into a mixed'gas {hgf:s

';:,plasma. L

: In this particular spectral region, lt 1s most _
’-”interesting to note that not only the ratio of the ne\tral
'ffjratom (CdI 228 8 nm) to the 1on lines (CdII 226 S nm and

_ 5 : R
ﬁj§14 4 nm) but also the ratio of the two io” lines were L

faffected hgbthe addition of forelgn gases into the coolantt
]*stream of the conventional arébanCP (Fig:re 42L It should

:ffbe noted that the relative intensities of theSe 11nes are

'

Ti;not the same and vary with observation height‘ For example,

;fﬁin the case of a: 10% oxygen cooled plasma observed at 20 ;fliﬂ
~flixabove the load coil, the ratio of CdI 228 8 emissioz to CdII |

fo‘226 S emlssion is 1. 3- at 15 mm the ratio 1s 1. 0 and at 10 }i\‘4

”'7mm the ratio is 0 8, These observations strongly suggest

'f;":that mixed gas plasmas may~prov1de different excitation and S
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The results presented in this chapter clearly “5f

-

_support the utilization of the mixed gas ICP as an alternate

hSOurce”for the argon ICP The spectral data correiates very

'fwwell with the profile data presented in the previous ”

7_chapter. All these results clearly 1ndicate that analyte

' .'emission 1ntensities, signal-to-noise ratios and prec131ons

. obtained from a S to 20 % mixed gas plasma are superior to

. fﬂthat of the conventional argon discharge. Clearly, the mixed

-~

o 'gas plasma (N Ar,<;'-Ar, Air~Ar or He-Ar) has the potential
¥ T ..2

”°of srgnificantly reduc1ng the operating cost, while at the

"ft“same time, expanding the overall analytical capability of

. the ICP- - ,'\ .‘ ﬁ : , .

| It is also apparent that the signal-to—noise ratios

-_;are strongly dependent an both the concentration of the S
"foreign gas in the coolant flow and the observation height
TIn the case of the conventipnal argon plasma, the

observation height which gave the best Signal~to-noise ratio

N occurred at 15 to. 20 mm above the load coil However, the

best VieWing zone for the mixed gas plasmas was somewhat

flower than that for the argon discharge. These observations ifvﬁﬂ'“

-1mply that the viewing zone has to be lowered in order to

hf-ffully realize the analytical capabilities of the.mixed gaa

- :_'Plaamas- R

4



» ‘“‘ i The intensltles of molecular bandhead are strongly
dependent on the type of forelgn gas added to the B ‘l

’ conventlonal argcn plasma discharge. For this reason, care )
should be taken to av01d spectral interferences'from R
nnlecular bands. In general, these spectral interferences

- can be av01ded by switchzng to a difﬁerent.set of mixed gas o
plasma or by us1ng a: hlgh aerosol flow to decrease the _
8pectral background (136) Although 1n certain spectral.f ff-

i‘, reglons, the mixed gas systems suffer severely from the

molecular bandhead 1nterferences, the advantage of hlgh

"lsensltlvity of the analyte emission in the mlxed,gas plasmasﬁ"fﬂ7‘

: warrants further‘research and devalopment. o "}fg“’”f:g-:“



CHAPTER VI

EVALUATIQN OF THE ANALYTICAL DERFORMANCE OF

:_'} AR Sl mwn GAS PI:ASMAS

Sy
)

A, Introduction '

[ .o T

SR
One of the main ohjectives of this study is the
fevaluation of the analytical performance of mixed gas

ifplasmas under various operating conditions. The results

“ifpresented 1n Chapter V have shown that the introduction of '

'”f;?emission characteristics. The data presented in Chapter IV

. zézdependent upon plasma power, aerOs l{flow rate and

‘f7ffobservaticn height. It was felt that a knoWledge of

"i~foreign gases (Nz, 02, Air or Helium) into the coolant flow

°

nof an argon plasma causes considerable changeSin analyte

;{,demonstrate that analyte emission intenSLties are also i

vsignal~to-noise ratios.as a function of these plasma"“'

"”;foperating parameters would allow an effective evaluation and

>

‘_Qcomparison of various mixed gas ICPs. Such knowledge can ;-u~:

P’v:also reveal important characteristics of each plasma source.5"7

'”LrtIn this study the 31gnal-to~n01se ratio of the CaII 393, 4 nm.

L

’{i;line was measured in order to obtain the~comparative data.d

Qfg;,' In addition to’ providing acceptable signal-to-noise




Lo

L,spectrochemlcal analyszs 1s greatly dependent on the
: analytical 31gnal belng free from 1nterferences. These

_Zlnterferences may be Cl&SSlfled lnto two dlstlnct groups-

Sy spectral 1nterferences, and (11) matrix. 1nterferences.‘

-Spectral 1nterferences are usually assoc1ated w1th the
bandw;dth of the spectrometer and the . spectral em18310n

cﬁafacterlstlcs of the analyte and sample matrlx. Thls type ’

»

fof lnterference 18 prlmarlly dependent on the ' _
T Tee '

. characterlstlcs of the spectipmeter and are not lncluded in -
) . A. -

thls study."' R d& _;l;.‘ _J,_,i@

- The second‘group.of 1nterferences, l e. matrix
"lenterferences, can_be d1v1ded into several subgroups. These f't
,jelnclude transport, solute vaporlzatlon,‘vapor phase, '

'chemlcal, and physical 1nterferences (90 137) Matrix
:_1nterference effects 1n ICPs have been found to be’ quite
.;small when compared to the corresponding 1nterferences:found
‘_ln flame em1331on or in atomlc absorptlon spectrometry.l_ -
?fRev1ews of matrix 1nterferences in ICPs can be found in- the
nlterature (103 121 137). One type of interference that is -
zobserved 1n ICP systems is the effect of easily ;onlzable
.elements 1EIEJs) There are three major confusing reports on
fffthe effects of an easily ionizable element (Na, K or Cs) on
‘Jdianalyte emissiol 1ntenslties Some investigators haVe ; -
fobserved emi§sion enhancement": some haVe observed emission‘r;;

@"depression" and some have obserVed no effect” In a -

.,L:- L




“recent paper, Blades and Horlick (121) presented data that
-t -

'clarify some of " these observations.'They demonstrated that

"fthe conflicting statements about the effect of the eaSily -

1onizable elements on the analyte emission 1n€ensit1es could

”'be explained on 'the Easis of changes in- the spatial o

structure of analyte emission. The experimental results -
jreported ‘by Blades and Horlick (121) suggest that - -
: 1nterference studies of an ICP source have to be carried out
at different observation heights in order td account for the’
”shift in- spatial structure of analyte emi5510n signals that

".may be caused by the 1nterferant.' -
‘ In this study the effects of clasSic matrix
in erferences on’ the calcium emission 1ntens1ty have been

Y

mea ured namely, (1) the vaporization 1nterfer€nce of.

?
|

phosphate, and (2) the 1onization interference of potassium.v‘
'}Inﬂparticular the degree of 1nterference 1n the mixed gas f:ij‘
’;plasmas was evaluated and described This study was carried
‘out at three different observation heights above the load
coil At lower obserVation heights, mixed gas plasmas appearv
i«to haVe decreased vaporization and 1onization intg;ferences
when compared to ‘a conventional argon p&asma discharge.;.ﬁsﬁéffva
Higher in the: aerosol channel, the interfering matrrces.doj~l‘

‘not affect the em1331on intensity of calcium in either thef N

,mixed gas ICPs or. the'conventional argon discharge,‘h

FinallY. analytical calibration curves for Var;,us;gh:%:';



ﬁ~;~.types of mlxed gas plasmas measured at thelr optimnm v1ew1ng

o

A
[N

27,
“and N2 cooled plasmas prov1de better sen31t1vit*es than the vf'

LI

;zones w111 be presented It w1ll be seen that 10 to 20% o

jconventlonal argon dlscharge.nfd

B. Experimental -

The Plasma-Therm ICP system dlscussedC1 Chapter II

was used for all measurements. ‘The. operating cbndit&ons are 1f?3

{

He were lntroduced only to the coolant flow of an argon

/}1sted 1n Table III 1 Forelgn gases such as Nz, 02, Air or

discharge. : » ﬁ SRR ‘i\;; S L
O The 1024 element photodiode array measurement systcm
and the external electronics were 1dent1cal to those

'descrlbed in Chapter II. All signals were backgrqghd

'Fsubtracted The baekgrbund signals were obtained by

‘-asplratlng dlstllled water into the aerosol channel.. ;'

Phosphate ini’ the form of 33P04 waS-added to the - “ﬁ‘ﬁ'

”‘;calclum solutlon. In the study of the effect of EIE on Ca

'_was 1 0 ppm._Solutxons containing calcium and the

.......

calclum solutlon In all cases the concentration of calcium

;L"-<

;*interferent in the ratio of O 250, 500, 750 and 1000 wefe

\

- made up uslng dlstllled water. K _p”z?’f~,ff'4.'fv’-"'



-ﬁﬁrate and observation height._The calcium 393 4 nm ion line '
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“c. 'Slgnal-to—Noise Evaluation«of Mixed Gas Plasmas 77”f7?!*fﬂ,f*

—ae—a—Function of Plasma Power, Aerosol Plow Rate

‘7j and Observation Height

.
-

In this experiment, plasma performances~were

1:levaluated by comparing signal-to-hoise ratios. Theyobject of *"‘”

'this Study was to evaluate the analytical precision of a

'dmixed gas ICP as a function of plasma rf power, aerosol flow

‘9
t S

"Ewas used to monitor the precision of the ICP source. These"iul{

%ﬁl’or a giVen set of plasma : onditions, ‘ all operating ' 'f_*f y

_1fwas,varied."'

.jvaried@ After completion of the study involving S/U ratios

. -v"
QFVersus power,/similar experiments were carried out with all

'\

;”nparameters/such as gas combination, Qbservation height, ujl;jifff*

3. \ e : a

- aerosol and coolant flows were held’Eonst&ﬁt whilst‘the f f;f:;fﬁ

"51gnal-to-n01se ratios were measured as the power was m{b_ﬂ}jif.f




The results of\a prec151on study for an argon B
‘;Q;adlscharge conducted by va'yeng the aerosol flow and plasma L

¥

fﬁjpower are summarlzed 1n Tabledvfll The pre0181on data were
o P
Jbased on measurements at 15 mm above the load c011 and all

N . -
A

Cl s
;‘gmeasurements were conducted on the same day;;The

:slgnal-to—n01se ratlos range from 2 to. 204 w1th the hlghest

\

';gvalue occurrlng at l 0 L/mln aerosol flow and l 75 Kw rf B

",?lpower. As mentloned before, the proflle peak maxlmum of the~-ﬁf':"

._-,—“ o

5fcalc1um 1on em1“51on 1s greatly affected by the aerosol flow

‘fjrate. Increasxng the aerosol flow rate-pushes the emlsslon

'fﬂ;power and observatlon helght were Held constant, one would

‘plnltlally expect to observe an 1ncrease in. s1gnal-to—n01sev‘

-i.fpeak maxlmum away from the 1nductlon coml If' he.plasma f

o f
frati““with 1ncrea51ng aerosol flow rate. However, the

‘preczslon of the measurements would decrease after a certaln_

VA

aerosol flow rate was reached (1. 0 to 1 2 L/mln) The
SN preC1s1on data presented 1n Table VI 1 reflect such a ﬁi

ige
e 4

:correlatlon of 51gnal-to—n01se ratlos w1th aerésol flow rate‘ﬂ

-

ﬁf;atgall power levels tested

In the case of a constant low aerosol flow rate (l 0’

"_L/mln)d 1t is lnterestlng to note that the value of the l”jdﬂ v

LN

‘d“Slgnal-to-n01se ratlo peaks at a partlcular rf power. One'

-)-can conclude from the data presented 1n Table VI 1 that the

-.-.,
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TABLE VI.1

o:gCa(II}~3§3;37nm:.'

. SIGNAL-TO-NOISE RATIOS FOR ARGON PLASMAS '

P //»
»

O S

‘"b Observatlon helght 15mm above load c011

; 'ejPower o

(Kw)

Aerosol flow fate ( L/mln )

T

T

2,00
"1.75

1,50

.25
L oof‘}

- 90

”ggjge‘

68
.62 ';
- 58

50

: 123 Cotue T 1es 13 108
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T g g

,TAELEfVi;23 

‘.'ﬂQe(IIf 393;37hm ;

Power -

1 Observatlon helght = lOmm above 1oad c011

- -v--— - -

Aerosol flow .rate ( L/mln )

- o i e . . 3 '-'_ -

0.8 - 1 0.
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2 00
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N g‘ ;.,SIGﬁAL-To-No;SE'RATIOSonR-ARGON*QLASMAS_=.‘[:

' TABLE VI.3  7__  SRS

| .Ca(II) 393.370m  Observation height = Smm above load coil

_Power. = .. . "QAe§05§4'f16§~rate'(

0.6 0.8 - 1.0

S 2.25 - 64 . 90 59 a4
N ' & ) : . R

e 2.00 - s _ 208 Cse s f. |  ”
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‘#argon dlscharge observed at 15 mm above the load t011 shows 3

;1t5 best analytlcal performance under moderate plasma powerr ;'

ﬁ{(l 50 to 1. 75 KW) and‘moderate aerosol flow rate“'f"f v _ﬁhﬁ”'

ﬂ(approxlmately l 0 L/mln).”' e

) : S - s e

Analogous precmslon studles of the conventlonal

f-argon dlscharge at dlfferent observatlon heights are .Q-ﬂ

tabulatéd in Tables VI, 2 to. VI 4 It lS clear that the ba51c‘”'

I

VpreClslon patterns for the argon glasma measured at 10 5,

4

fand 2 mm above the load c011 are sxmllar to those dlscussed

o

‘5abQVe but that at equlvalent power and aerosol flow rate thef

7-Value of 51gnal—to-no;se ratlos are much smaller at lower_
_,1 IR

;;:obserVatlon helghts.«These prec151on data correspond to the-ly‘

1&81on 1ntehsrty of the 1on llne peaks at ‘15 to 20 mm l“

\

,aboVe the load c011 Overall the 81gna1 to-nolse ratlos

Ee .

.meaSured at dlfferent heights reached thelr maxima when low

e

to moderate plasma pOWer and 3§rosol flow rate were used ‘ﬁ;~

i

.

'2._Nitrogen —'Argon“MiXed-GaS'ICPsv

It was po;nted out earller that 1ntroduc1ng forelgn

s

N gases 1nto the coolant flow causes con31derable change ln

: ,,analyte em1531on characterlstics. Slncs-there would be an

‘vappﬁ801able varlatlon of the sxgnal to-nomse ratlo w1th both

A
'vthe coolant gas comblnatlons and observatlon helght, the

) '

v Tv'spatlal lnformatlon presented 1n Chapter IV in whlch the o



"3ijto focds"on the S/N measurements,only at the 9081tlon of

Coa

o

U

'i'were 1 4 L/mln and;

o cooled plasmas measured -at 5 and 2 mm respectlvely are @'

I "fffoptlmum V1ew1ng helght for each ind1v1dua1 m;xed gas 'en<

mlxed gas’ICPs was based on theapOSltlon of max1mum emlsslon'

presented ln Chapter V _ﬂ'*fﬁf ; 5: .

Slgnal-to~n01se ratlos obtalned from a, 10% N2 cooied “

Lo ‘

Plasma Whlls Varying the rf power— and aerosol ﬁlow rate are -

»

presented ln Table Vr

v at an observation helght‘of 10 mm above the 1oad c011

,can be seen fro_ the data presented in Table VI 5 that the

‘optlmum aerosol .1ow rate and rf pGWer for.thls measurement

§<

‘25 Kw. These data 1nd1cate that a 10% N2

“

cooled plasma ylelds 1ts best 51gna1 to-n01se performance‘

»lunder hlgher power (2 0 to 2 25 KW) .and. hlgher aerosol flgw

~

(1.2 to 1 6 L/mln) ‘than the conventlonal argon dlscharge._In

%

i addltlon, under 51m11ar operatlng'condltlons,-the'u_

'51gnal to-n01se‘ratlos obtalned from a 10% NZ cooled plasma

‘were generally hlgher than those obtalned from the

_conventlonal argon d15charge (Tables VI‘i to vVI. 4),.

- The analdgous prec151on studles of the 20 and 100% N2

presented in Tables'VI 6 and VI. 7 These studles lndzcate L

¢ ._‘( ; .x

‘trends whlch are in agreement w1th Greenfleld s early work

o

;ﬂThese measuﬁements were carrled gut1

B
i
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‘(64-71). In general the trends 1nd1¢ate that N -Ar mlxed

\’

. y. .
gas plasmas requlre hlgher aerosol flow rates and rf powers
* than a. conventlonal argon ICP 1n order to achleVe best

51gna1-to-n01se ratlos. Note that under optlﬁ%zed operatlng

condltlons,_51gnal—to-n01se ratlos achleved by a 10 to 20% N,

't cooled ICP are “two to three tlmes better than that- achleved

by the conventlonal a;gon ICP .Also the data presented 1n
Table VI. 7 clearly 1nd1cate that the 31gnal-to-nolse ra;lo-‘” -

dataumeasured for a 100% Nz cooled plasma are reasonably S
,[. s

comparable to those of‘the argon ICB.‘It 1s an advantage to o

use‘the 100% N2 cooled plasma because of the lower operatlng
cost S e a ' R ,'_f
- 3. Oxygen - Argon Mixed Gas ICPs - .. o

The . prec1sxon 1nvest1gatlons of .10, 20 and 100% 02

cooled plasmas operated at d1fferent pOWers and aerosol flow .

_ rates are presented in- Tables VI 8. to VI 10 In many ways,1

oxygen cooled plasmas behaved«llke nltrogen - argon mmxed

‘gas plasmas t (l) the 31gnal to-n01se rétlos found 1n the 10

W

to 20% O2 cooled plasmas -were roughly two tlmes better than RN

R i .
..

those of‘the conventlonal argon dlscharge, (2) L T

signal to-n01se ratlos achleved by a 100% 0, cooled IéP\udél.

‘roughly equ:.valent to those of the Ar—ICP’ and L3) in order

to optlmize the—51gna1 to-norse ratlo, the oxygen cooled

5 -
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n -s,IGNAL;-E.‘éfNQI-SE RATIOS FOR 0)-AR MIXED GAS PLASMAS, =~
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”h.SIGNAL-TO-NOIgE RATIOS FOR OZGAR MIXED GAS PLASMAS

-TABLE VI 10
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ICPs requlred hlgher power*and aerosol flow rate than the

‘T_\ argon ICP. “ﬂ.ﬂj“ f;; | o ,:v' . ‘{;.
. o iv;ﬁpl_ l;ﬁ}lf;' :;_‘- | :'}‘ o
4, Air «/Argon@MlxedﬁGanlé%st
. , n.»* . | . . ,:il. - ‘:‘% »

Chahges ln 81gna1-to-n018e ratlos for the 10 20
'and 100% .air coOled ICPs. as a functlon of rf power and
’ aerosol flow rate are shown in Tables VI 1l to VI.13, The
maxlmum 31gnal-to—n01se ratlos were obtalned'w1th an aerosolvpj

'flow rate of l 2 L/mln and the rf power level of 2.0 to 2 25

P 1
’»Kw; From thlsxset of data, we see that the best preclslon

was achleved by a: 10% air cooled plasma observed at 10 mm

Y -~

'above the load c011 In most respects, the data presented in
'these tables clearly 1nd1cate ‘that a1r cooled plasmas behave

guite 51m11arly to the nltrogen and,oxygen cooled ICPs just
""dlscussed Y O‘ S o

v N

- . g 1

5. Helium - Argon Mixed Gas ICPs =~

: BN }' B ' K :
The precismon measurements for 10, 20 ‘and 70%

t
hellum cooled plasmas as a functlon of aeresol flow rate and

.'prf powereare presented 1n Tables VI 14 to VI. 16 Because\of
hlgh fluctuatlon and'low stablllty, the signal- to-nolse
ratlos for the 70% helxum cooled ICP operated Wlth powers‘

'l,less ‘than 1. 75 Kw were not measured The helium cooled

. ‘ .
4
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: Ca(II) 393 37nm,@’10% Alr cooled plasma at lOmm above load c01l
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'TABLE VI.12 . S T

Ca(II) 393. 37nm, 20% Alr cooled plasma at 5 min above load c011 -

Iy
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'?t(l) argon and’hellum cooled ICPs 1n whlch pec151on data is

rimoderate aerosol flow rate (less than 1.2 L/mln). (2)

TN

”nltrogen, oxygen and a1r cooled ICPs 1n wh1ch-the~maximum

- and that the hellum cooled plasmas behave 11ke argon

N

. dlscharges.,Hence, all subsequent experrments are focused

- : L 44 , S
-D.',lnterference Studies of the Mixed Gas - ICPs

4
B

plasma seems to behave llke a- conventlonal argon dlscharge

. ‘“(

_'where max1mum s;gnal to—nouse ratlos were best achleved w1th

moderate power and aerosol\}low rate.

These observatlons suggest two dlstlnct patterns. _ -

p

-.max1mlzed w1th moderate power (1ess than 2.00 Kw) and

51gnal to-n01se»rat10s were~ach1eved w1thah1gher rf. power .

. o’

-and aerosol flow rate. These studles also 1nd1cate that air-

' cooled pIasmas generallyAbehave llke nltrogen cooIed ICPs,W

W

'zonly on the.. evaluatlon and characterlzatlon of the’ argon,,} o

“nltrogen ahd oxygen cooled ICPs. o '} ' ' lr

[

.,*'

~ ‘ ' . '\'
l Phosphate on Calc1um EmlSSlon,

" Solute Vaporlzatlon Interference 'ﬁer

e of phosphate on calcium was .

evaluated under our current n?;mal experlmental operating

condltlons (2. 0 Kw- and 1.9 L/ in aerosol flow rate) The

a

i

S

-

"12950
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_experrments were repeated for dlfferent mlxed.gas plasmas :

!hmeasured at’ dlfferent cbservatlon helghts. In the case of an-
Ar-ICP source, solute vaporlzatxon 1nterferences, such as
<phosphate on calc1um, haVe~heen extensrvely studled by

;Varlous workers (90 137) In the case of mlxed gas ICPs, a

”study of thls 1nterference effect has not been reported rP

h -

_the llterature.gThe solute vaporlzatlon lnterference has_
been attrlbuted to' the formatlon of a refractory compoﬁnd
'for example Ca2P207 or Ca (PO )2 whose thermal stablllty
leads to a low efficiency for free atom formatlon. Much of
the data on the’ vaporlzatlon 1nterference that has appeared
in’ the llterature nas not been con31stent, w1th some N

-

1nvest1gators reportlng 31gnal enhancement" some Jbserv1ng

~

V

‘"depres51on Ly whlle some reportlng "no effect“' These
chonfllctlng observatlons were later dlscovered .to be caused
by a Shlft 1n spatlal structure of the analyte em1551on._In.
onder to clarlfy some of these observatlons, a spat1a1 study’
of the vaporlzatlon 1nterference effect has been undertaken.
ThHe results obtalned for the 1nterfere2ce of |

,phosphate on ca101um for Nz-Ar m1Xed .gas plasmas are shown

1n Flgure 43. Interference of phosphate on ca1c1um was

’.‘studled up to 1000 fold excess. In addltlon, thlS study was

; ﬁ'conducted at-2, 10, and lB-mm above the load c011 The

letters on the flgure correspond to varlous percentages of

nltrogen 1ntroduced 1nto the codlant flow of an argon

A
B
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o discharge-'(a) 0%, (b) 10%, (c) 20%, iand (d) 100%. Ratlos of _

-

.

‘calclum em1551on with 1nterferant to w1thout 1nterferant for
each 1nd1v1dual operatlng condltlon as a functlon of molar o
1ratlo are plotted in Flgure 43 'v;*ﬁ : o }; ‘
In the.case .0f the Ar-ICP suppresslon of about 10%
in the calc1um em1331on\31gnal at a PO41/ Ca2+ molar ratlo
of 1000 occurred low in the aerosol channel 'Homever, ‘this .
suppre531on" effect was’ not observed hlgher in the aerosol
‘channel It should he noted that the suppre551on effect 1s
~'h1ghly dependent on the v1ew1ng zone, hence the present
,1nvest1gatlon conflrms ‘the . spatlal dependency of the ‘l'i BN
_1nterference effect reported by var;ous workers (137 138)
The lnterestlng point to note from the data
;presented in. Flgure 43 is that the magnltude of the 51gnal¢

k 3 .t

suppressron" depends crltlcally on the amount of nltrogen'
present in the coolant stream. It can be’ seen from the dataL
presented in Flgure 43 that the suppre831on of calc1um. -
emlsslon by phosphate 1nterferant is . conslderably smaller
for the 100% N, cooled Icp than 1t 1s for the conventronal-‘
' reICP At 2 mm above the 1nductlon coil, as one: goes from DR
-Flgure 43a to 43d i. e., 1ncrea51ng the nltrogen
concentration from 0 to 100%, the magnltude of the
;vaporlzatlon 1nterference becomes smaller The same holdslh

true for hlgher observatlon helghts.

The analogous set of: data for O:—Ar mlxed gas ICPs



‘g .

-is shown 1n Flgure 44. It can be seen from the ‘data - N
presented in the flgure that 1ntroducrng oxygen lnto the .
h.coolant stream mlnlmlzes ‘the vaporlzatlon 1ﬂterferences.;:
TFrom the data presented in Flgures 43 and 44 1t appears

that 1ntroduc1ng forelgn gases 1nto the coolant f10w is a

convenlent way for. - reduc1ng the solute vaporlzatlon

-y

lnterference effects. ngh in the plasma aerosol channel the.

&

;solute vaporlzatlon 1nterference is at 1ts mlnlmum. Thls S
'ftrend is true for hoth the. Oz-Ar and Nz-Ar mlxed gas-
'plasmas. ; - -';¢ o q e “

o : L 'jTL

Z;IPotaSSlum.on_Calcinm Emission,

' Effect of an Easily IonisabieyElementn

ﬁ% The effeét of EIES 1n analytlcal ICP em1551on
;spectrometry has been lnvestlgated extens1ve1y by several
'workers (121 38-141) For dlscu551ons of the 1nterference
effects produced by the EIE 1n the ICP source the reader is
.referred to Larson et al. (138), Blades and ﬁorllck (121),

CVand Roederer et ak. (142) The addltlon of an- EIE 1ncreases

Ve s

_ \
' the electron denSLty 1n flames such«that the equlllbrlum

~sh1fts toWards the neutral atom species causrngrenhancement '

rof neutral atom llne em1351on (139, l43) Thls srtuatlon is- ~

s

not well deflned in the plasmé source. In fact, . «

LY
[

31gn1flcantly dlfferent results;have been reported by

. ~
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-varlous 1nvest1gators for these 1nterference effectb.

eKzrkbrlght et al. (144, 145) reported that the addltlon of
'excess EIE into the ICP source did not affect the em1531on‘
lnten81ty of several ‘species. Watson and Steele (146)

‘reported that the em1531on 1nten51t1e; from several elements
'showed enhancement at- 10 mm above the load COll and ‘ 4:}
"depre351on at 15 mm above the inductlon 0011 Recent work by -
Q}ades and Horllck (121), andgkeedErer et al.®(142) have

shown that enhancement and depre551on of the em1551on by EIE
could be explalned in terms of the spatlal structure of

analyte em1581on.b

,f‘! ‘The results for - the present study .on the effect of

an EIE in the. N,-Ar mlxed gas plasma source are 1llustrated

E

in> Flgure 45, Experlmental data were obtalned at 2, lo, and

18 mm aboée the 1oad c01l and the effect of pota581umnon

A\‘

“;calc1um was studled up to 1000 fold excess. Thls flgﬁre 15

:51m11ar in format to those studles of the vaporlzation "
‘ ‘ .

» - .
Lo i

:1 1nterference Just dlscussed
It can be seen from the data presen;ed in Flgure 45
that the 1nterference effects are highly. dependent on the

‘v1ew1ng helght The‘enhancement of the. em1891on lnten81ty of

" the calc1um ién llne is qulte 81gn1flcant at 2 mm abave the

a
load c01l Increa51ng the obserVatlon height from 2 mm to 10

‘me above the lo&d c01l sxgniflcantly reduced the

" enhancement" effect to "no" effect. In.lncrea31ng'thelpfﬂpf7

Coe
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) remarkable srmllarlty between the lonlzatlon and

observatlon helght to 18 mm, above the load c01l, we seé’ that

the ion line. em1351on lS suppressed by the. presence of the

t

EIE Another 1mportant p01nt.to note 1n thls flgure is. the

]

, -

Vaporlzatlon 1nterferences as nltrogen is 1ntroduced 1nto ‘
“the coolant stream. Both 1nterference studles show that the

magnltude of 31gnal suppréss1on or enhancement depends

. -

crltically on the amount of n;trogen in. the coolant flow of

an argon ICP source. The magnltude~of thls 1nterference 1s‘
¥ Kl
51gn1f1cantly reduced when more and more nltrogen 1s_~

1

: Introduced 1nto the ICP source. From the data presented 1n

~

Flgure 45, it is clear that the nltrogen cooled ICP has the T

tendency to min mlze the effect of K ‘on- the Ca emlss1on
e - p

ionizatién: i . - .f" i , '

) \ 4

The analogous set of data for the oxygen - argon

’

mlxed gas ‘ICP 1s shown in Flgure 46. Flrst it can ‘be seen -

from thlS flgure that the ‘basic nature of the 1onlzatldh S

“lnterference patterns for the Ca 1on llne em1531on is

ﬂ51mllar to thatwof the nltrogen cooled plasma Second

1ntrbduc1ng ‘the fOrelgn gas 1nto an Ar-ICP source seems to-:

I. e

.
be a convenlent way of mlnlmlzlng thls matrlx effect

~ M *
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B, ’hnalytical;calihrationfCurvesF

follow1ng manner- (1) 0%, (2) IO%, (3) 20%,_and (4) 100?

o TSPt

- .
. . Je . Lt [P
/ T ST \ . B

-

- The effect of varrous nltrogen or oxygen cooled
plasmas on: the analytlcal calibration curves of ca1c1um and

manganese are shown in Flgures 47 to 49 ° The calxh:atlon .

~ -
3

curves were measured u31ng 0, 10 20 and 100% mlxed gas

-~

plasmas. The numbers on each flgure correspond to the

- -

or 0O, cooled plasmas. For the sake of comparlson, the

calabratlon curves were determlned at the optimum'

-

' ~,observatlon helght for eachfplasma, for exampls‘ Ar-ICP at

‘1'g mm - whereas 100% Nz cooled ICP'at 2 Mm aboVe the load

” .

SewmY e JE LN
- .

It can ‘be seen from’these‘fxgures that-callbratlon

PP

curves for all ICPs -are 11near over the concentratlon range

-‘J\__

between . l ppm to 1000 ppm For both calclum and manganese,

slopes of the 1ntens1ty versus cOncentration plots are all
I s /‘4 3 ' X
near unlty and show reasonable reproduclblllty.'It Ls

1mportant to note that the sen31t1v1ty-of ‘the callbratzon

curve-lmprOVed when the conventlonal argon dlscharge was P

converted 1nto a 10 or 20% mixed ‘gas - ICP However, the e w

sen31t1V1ty decreased when more than 20% forelgn gas was.f

1ntroduced 1nto the coolant flowsof the argon dlscharge.
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.7 F. Conclusions

N R s . i - L St . . ’ NN Cok -

Thebexperlmental data presented in Chapters III to *
VI support the utlllzatlon of mlxed gas ICPs as an
alternatlve dlscharge for - the ICPj}ES espec1ally when 5 to,
20% of the forelgn gas 1§ pre!bnt 1n the ‘coolant flow. The?
partlcular f%sults presented in thls chapter 1nd1cate that‘
I mlxed gas ICPinere superlor to the conventlonal Ar-ICP in’
terms of stab;llty, sen31th1ty and freedom from '
1nterference effects.“ -
The dependence of analyte‘emlss10n ;nten31ty on the
: nature of the m1Xed gas plasma has been clarlfled by spatlal; ;
and spectral studies. It has been demonstrated that the
em1551on 1nten31ty of the analyte 31gnal 1ncreased |
51gn1f1cantly when the conventlonal'Ar-ICP 1s converted 1nto '
:n a 10% mlxed gas plasma. In addltlon, mlxed gas plasmas
.appear to affect the emlssion lntenslty of lon llnes more

than that of the neutral atom llnes. All these results

strongly rmply-that the em1331on characterxstlcs of the "

,-;_A _Ar—ICP source-have~been altered con31derably(hyAantnoducang,nnas

. R -
.,H__,- LW B -

the forelgn gas 1nto the sourqe.\Obv1ohsly more work remalns‘

PR

to be done in order to unvell the excltatlon phenomena“ffi;

.o o

aSSOciated w1th the mlxed gas ICPs.

'F" Slnce there are qulte a. number of electrons present

in the ICP source, 1t is apparent that the majorlty of

¢ -



. ”vsolute-plasma 1nteractlons has to orlglnate through the

»COlllSlonS of the analyte wrth energetlc electron. Hence;—h
ﬁunderstandlng of Eheamechanisms for exc1tat10n and
,'1onizat10n processes deflnltely requlres the measurements of
v electron number den81ty in the plasma source.‘Such

)ﬁmeasurements have been carried out and w111 be presented in

Chapter. VII R e



~' . CHAPTER VII . -

~ ELECTRON DENSITY MEASUREMENTS IN ICPs USING

- - A PHOTODIODE ARRAY DETECTION SYSTEM

'A. Introduction

- ) . . T

The precedlng chapters focused on the emp1r1cal
»evaluatlon and characterlzatlon of mlxed.cas plasmas in

. terms of thelr spectral characterlstlcs and analytlcal
‘lperformance. Desplte the proven success of the ICP as an
excit&tion source, the development of ICP technlques is .
still hlndered by a lack of understandlng, ateafundamental

@

'-‘level of exoatatlon and 1onlzat10n processes in the plasma_

- dlscharge. Because the analyte lnten51t1es are greatly ‘

1nf1uenced by ICP operatlng parameters such as plasma power,w
aerosol flow rate, and plama gas comp081tlon, a change in
'“any of these varzables wlll deflnltely altef s the exc1tat10n
and 1onlzat10n characterlstlcs in the plasma and thus the
magnltude of plasma tenperature.,Therefore, a close , |
'lnterplay between theory and experlment is mandatory 1n

order to ensure a more complete understandlng of the

: excltatlon processes 1n the ICP.

. 195
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B. Exc1tat10n and Ionlzatlon Mechanlsms o

RETN . |
in Mlxed Gas ICPs ot

<

Parallel to plasma dlagnostlc.1nvestlgatlons,"”‘
theoretlcal models of the . ICPs are geglnnlng to emerge )
(86— 88 93 120 122) Although the excxtatlon and 1onlzat10n
processes 1n the plasma have been 1nvest1gated by a number’

,_of workers,‘there have been qulte a number of confllctlng :

reports concernlng the mechanlsm of exC1tatlon and{
L}

1onlzat10n of the analyte in the plasma source. At present,'

h ]

-several mechanlsms have been proposed by dlfferent authors -’:f

to. explaln the observed emission 1ntens1t1es in the plasma'

dlscharge (122 lOl 103} The mosg pronlnent exc1tatlon
.~model, orlglnally\proposed by Mermet (101), is based on :
penergy transfer from argon metastable atoms to the analytes

known as Pennlng 1onliatlon.

. ' . ‘ .*. - : ’ . e .
ar™ +. x . -=> Ar + T+ e B 0 ) I
v . w) . i" - L gik

This energy transfer is posslble because rad1at£Ve decay of
J exc1ted argon metastables rs quantum mechanlcally forbldden.d
vTherefore the excess energy carrled by exc1ted metastable
' states may often be transferred to other spec1es. Boumans '
and de Boer (79) publlshed an 1n-depth study of the pos51ble :
nonthermal mechanlsms 1n the plasma dlscharge 1nvolv1ng 7 A

- . -

z'“ SR SRR LTI s e Syt



’ argon metastable 1nteractlons.t7' o N
; Recently, Boumans and de Boer (79) set up a 51mple

mathematlcal model 1n whlch the argon metastable atoms act

'as both an 1onlzer of analyte spec;es through the-Pennlng ‘ﬂﬁ ;?;

process and as 1on1zant (an eas1ly ronlzable-constltwent) to .

71 account for nonthermal overpopulatlon of the 1on levels. In

SRR

be easxly 1onlzable w1th an 1onlzatlon potentlal of" only
: !
4. 21 ev. Slnce tran51t10ns between the exc1ted metastable

¥

levels and the ground state-areuforbidden; the argoa -,;-f;wa’a.

o ",-' 0 PR R oo 43‘; 0 hae

/

buffer for the analyte Species and thus lnfluence the

‘_excxtatlon characterlstlcs 1n the ICP élnce the. metastable
states are about ll 5 eV above ground state, they are
capablevqf 1onlzlng and excltlng a 1arge fractlon of analyte
introduced 1nto the plasma. Boumans and de Boer (79) also
emphasized that - the model must be substantlated by a- large.

c‘?. number den51ty of argon metastable atoms, in the order of 10—14

cm_3, before the model can bé con51dered valld Recently, |

'~Mermet and Trassy (147) have reported the metastable

| concentratlon in the center of a 2 1 Kw dlscharge to b .in
the order of lOl2 ”3 Wlth thls concentratlon, the model

proposed by Boumans and de BOer offers a reasonable

thelr hypothe51s, the metastable"levels were consxdered to B

R

;./ metastable states would act as- a, very effective energy ‘f"f%fi;
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'predlctlon on the 1onlzatlon and exc1tatlon mechanlsms 1n
the plasma ‘ o | |
' At flrst, these explanatlons ~seem lntuitlvely
’reasonable. However, there are several physrcal nz-: h,_.*' fp
nconslderatlons Whlch lead one to questlon the valldlty of
thhls proposed Eennlng process 1n the ICP Although the .-
Lexc1ted argon metastable states have sufflclent energles‘to
- exc1te many analyte atoms, it is: lmportant to p01nt out thatffff
several em1331on llnes wlth 1onlzat10n and exc1tatlon flill A

'?;potentlals (IP + EP) above 11. 5 eV such as CdII (226 and

"”f.z_m nm) ZnIL gzoz 5 nm), MnII (257 s nm), CrII (267 7 nm)

;i_;and CuII (224 7 nm), have always been observed in the

'plasmas. Thls means that 1onlzat10n and exc;tatlon processesfilf

'resultrng from argon metastable colllsions are not energetlc'fbﬁ
enough and therefore alternatlve explanatlons must be"i' 3"‘{
proposed for the exc1tatlon of these energetlc spec1es.»

The valldlty ‘of the argon metastable tollrszon Y
';theory ls further challenged by the conclus;ons‘bf several
authors that comparatlvely fewer argon metastable atoms
exrst in the atmospherlc and hlgh temperature dlscharges
than mlght flrst be thought The metastable state densrtles
for ArI in a low pressure plasma (O 05 to 0.1 torr) were
.1nvest1gated by Jolly and Touzeau (148) usrng o

? .
'Self absorptlon measurements. They reported a drastlc

_"j decrease 1n argon metastable concentratlons as pressure or

.\,.
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the dlscharge current was 1ncreased. With the pressure of

~0. l torr and the dlscharge current of 500 Ar an. argop . .:_;»37

N . -
k3

‘metastable concentratlon of. 5 X lolacm 3Was measured 1n

I ".'

"}7,the1r exper1ment‘~wh1ch is conslderably lower than the value

reported for the atmospherlc dlscharge by Mermet and Trassy

(147) Slnce the rate of decay of - metastable levels ‘
llncreased w1th pressure -and- temperature, Vacqule et al
| (149) descrlbed ‘the. metastable'destructlon due to’ ;;:‘?f':?;ﬁ‘:ha
Zlfcollls1ona1 dea021Vation, wﬁnch lea elﬁher to excltatlon toJ‘
“a hlgher level or to deexc1tati0n durlng a. superelastlc '
ncolllslon. The Iatter process, whlch 1s potentlally e e
lmportant w1th slower electrons, leads to a very large
"energy tranfer in the dlscharge and thereby a favourable f~1
i'_deactivatIOn process. -;fh |

In_a.recent paper, Williams and"Coleman flSQf

calculated~theffrequencies foruthe‘argon~ar§ontands'

‘argon-electron"cpllisions from the,macroscopic»parameters of

'-:the atmospherlé pressure plasma.;The frequency oﬁ 2 X IO&i l

_____

“w .-

even hlgher frequency of 2 X 1011 B was calculated for j
argon-electron collisxons. The hlgher rate is probably due e
to the low mass and h;gh moblllty of the electrons. From |
these calculatlons, the tendency of metastable atoms towards
colllslonal decay in a hlgh temperature atmospher;c

discharge, such as ICP 1s»extremely hlgh Because of the

-t
4 .



' small POPUIatlQP of argQﬁ-metastable atoms 1n the ’_’ ‘5f§l

high colllslon rate in high temperature plasma even very ?ke
short llved radlatlve states are strongly quenched Based on.

~

thé coII&Smon frequepcy of argon—electron,and the relatlvely

-~
e

S

atmospherlc dlscharge, 1t would‘seem unllkely that _:ﬂ';?‘jff

'f.exc1tatlon and lonlzatlon processes in this dlscharge are-

caused*by colllslons w1th energetlc argon metastable atoms.

Furuta and Hprlick (122) have recently suggested

. EoN
__‘.---..

dlfﬁerent mechanlsms of exc1tat10n for neutral atom and

-— -

lénlc spec1es.\In thelr paper ,ghey reported that neutral

11ne em1551on low-in the*plasma 1s llkely a.result of

_electron colllslon and that of the 1on1c spec1es generatlon

N

- '..\ N

and exc1tatlon result from colllslon w1th energetlc argon
spe01es. Based on “the argumentslpresented S0 far, 1t-as
doubtful that iln the case of atmospherlc pressure plasmail
the exc1ted argon spec1es are: concentrated enough to exc1te\

and 1on1qe a large fractlon of analyte 1ntroduced 1nto the

‘ .

plasma.. 'yw_ ,j;kv;;;_ﬁg_np ,.::hgf;rug

o PR . EAE LA
- v

" MoBt. recently, Alder et al. (96) have.proposed that _
Pr- SN -

analyte exc1tatlon and lonlzat;on 1n the ICP are prlmarlly

domlnated,by electron lmpact In fact, many reactlons may

[

occur by electron COlllSthS (87), namely, _, ;f T

(l)‘excitationifromAthe;ground‘statewE

it

-



haVe been made by several workers over a w1de range of

T T T 01
o :‘\ “. - - - .,‘..
-‘: . - ‘ . + , i N. , »;- ) ‘,7 -
. & o+ X'/ X e=e> X / x ThRoLe e (13) )
»J ® :‘;. "-5.1. S “‘:‘.' ;‘ ‘ kJ. ERE R L S |
B [2)7excitation“from;another;EXcited state . . .- T
T PRI V~;m“1“f;§e1:f,f“ﬁ_ "t;mﬁ-;f§-~>¢fﬁ” TR
T Y-S e X ‘-‘--‘-f_>‘_' 'ef 4- XT S (14) o
(3) by superelastlg colllslons and 1onlzatlon 7»;}?%*1
. Sl tQ X and X2 i w.'_'"."v " ; o
c : ) . 2 L"" . - . . B - l‘: ‘
(4) by.energy-transﬁer.w1th1n'the_electronsg
- 8 TR T = e ke ¢15)

Electroﬁ'humber den81ty measurements ln the Ar-ICP o

o

operatlng condxtlons (88, 93794 96 98 ld3) Experlmental

'results

avallable‘from these measurements lndloate that ;f;};r;;

,—-1""‘\

eLectron number density in an argon IC‘ s in the ranqp_ofd~'¥f’

13

PR ey

10 to lO o™, Because of the’ hlgh number denSLty of !
._electrons Ainm the pla@ma” kt is loglcal to assumeAthat .
electrons.are onegofgthe‘majOrtphysical parametersftnatﬁ;

'govern the exc1tat1on and ionizatlon processes 1n thé

plasmas.

: )

number dens;ty 1n a hlgh rf argon plasma jf@ft

“

Varlous authors have already measured the'electron‘

%88 93 94 96 98 103) ln order to predlct the excltatlon f” ;. _h;

FON P

-

. vn»_q‘_.
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;mechanlsms in that exc1tatlon souroe._Most workers belleve
‘that the spatlal dlstrlbutlon 6f the exc1tatlon temperature

xand the electron densmty is an 1mportant parameter to be

1nvestlgated in order to understand the exc1tatlon o .o

\

T.mechanlsms 1n the plasma source. However, few measurements ;1,

. of “the spatial - dlstr;butlon of electron denslty in the ICR,,.

e e e

ety R

.",ipartlcularly miked’ gas plasmas, have been made (88 94 98)

' and ‘no correlatlon has been made between the spatlal ~‘V

' ,resolutlon of—the electron denSJ.ty anc‘." that of the analyte

bem1331on lnten31ty.v “ o ‘_: ' r - _‘_ o
~In contrast to the argon metastable atoms* energy

acqulred by free electrons is. not quantlzed The electrons /

_can therefore acqulre or transfer any amount of\energy

P S

Q. < "L‘

”from/to nelghboring”partlcle%i Electrons can'pick up’ widely»

-~

dlfferlng amounts of energy from c011151ons of the second

_fklnd and also from the osc1llat1ng rf ﬁleld Therefpre, 1n a -

R

}ﬂplasma W1th a- hlgh denSLty of electnons, there ;s as hlgh

- probablllty of atoms collldlng w1th ehergetic electrons.lé_
-;When an. atom.collldes wlth-an energetlc electron, the energy

fof the electron 1s easily transferred to the atom, therefore

-

4the excxtatlon mechanism in. the ICP lnvolves colllslons of a

second klnd 1n whlch thelenergy of an electron 1s convertedf

e

._,ﬁlnto exc1tat10n energy of an atom. ' o o "

The eff1c1ency wlth whlch energy tranfer between

atom-atom,'atom~electron or electron-electron colllslons

)a
S ) . .- : . . : . VA
.- : .

."’r»~e’
.

*
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occurs depends on the colllslon,frequency for each process. v"fﬂ:

-
& hv'

Because of the - low mass and. hlgh méblllty of electrons,-

A

£l

electron-atom collisions w1ll occur at a hlgher rate than o i
the atom—atom colllslons. Colllslon frequenc1es for these i 3f-$

. BN
K

processes have been calculated by-wllllams and Coleman

o = v

1

(150) Comparlson of these colllslon rates (lg for'
a atom-atomvand 101‘1 ' for atqm—electron? 1nd1cates thaththek _

-~

greater part of the ground state atoms‘lel be exc1teé or.

ionized- 1n colllslons w1th energetic electrons, whereas only

Py

. a small fractlon of/the ground state,atoms 1nvolvedW1s

llkely to acqulre excrtatlon or 1on12atlon ehergy by ‘3/,vl

> o eh

. AT e DTN
.collidlng wlth ‘the excrted argon atoms, analyte atoms or -XW' T

N S A ey o e e e aufe "—' - VI
‘\"'w\r\ rh g s e f e BACE

argon metastables. The predomlnange of:’ atom-electron ;~”"”ur

o

colllslons in produc;ng ‘and destroylng the-éxc1ted analyte “ff

states lmplles that metastable levels may be of 1ittle P

1mporbance 1n the ICP, and therefore the exc1tatlon or - ﬁl'fa

.- LR e

1on1zatlon energg transfer has to" be accom'llshed by the flf i

SN

-fanalyte«atomsvan energetlc electrons. Slnc‘"

take.on a contlnuum of energles they are capable of exc1t1ng

' v Ot

and ionizing a w1de range of analytes.

o

RS L

The recombrnatlon between ions and electrons often

occurs 1ﬁ the. presenée of a thlrd body (three-body F{-”

. colllslon) The third body can: be an eIectron,_an atom Or an !

o~ - i A,

" 1on elther exc1ted ax Ln the ground state, The energy v"}ll

' liberated in the recombinatlodlprocess isg shared by the

. LR . o~ . .
ce N M - - - *

i . v BN - 2 .. et . . . -®

. T ot

o . LN . N a ¥ “j\'_,-..‘:
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three bodles and reappears ‘as klnetlc or exc1ted energy ‘The

~w5 background contgnuum observed 1n the plasma is prlmarlly a

3 .:o T

result of radlatave recomblnatlon of 1ons and electrons. In "

a

35 the vic1n1ty oﬁ,themlnductlon c011 the background cont1nuum~

- KR ~.
~

B emisslgn,;s fairly&hlgh whlch indlcates a hlgh electron

&
~a . i -
. T . R . <

S den51ty near the load.coll

' . ) - -

The observed hlgh sen51t1v1ty of ion’ ‘lines 'in mlxed'”

oW ..! -

re - "

,d\ gas~plasmas may be epralned by ° large effectlve V

e .crOSSwsectlons of charged partlcles for elastlc colllslons

'.w -

- - ;. . s, . ..

"": w1th electrons‘ Due: to-coulomblc 1nteract10ns,‘effect1ve

S, . ~ e .'

'cross seotions of ions for elegtron encounters are large,

e R

wr therefore, there 1sAa great llkellhood that the frequency of 1

o -"' t

- .,iw>1bn-electron colllslons lS hlgher than that’ of the ".{_4;

g

-~ ‘atom-electron colla.sa.ons. Numer:.cal Qta and theoretlcal

S~ treatments for the effectlve cross—sectlons of neutr%l and

-~ i

> charged partlcles for‘elastlc oolli51ons with- electrons are
¥

- N ’ . . ~

. dlscussed 1n detall by Boumans (91) o T

.

IO . . - N

. e . » It is unllkely that any of these-proposed mechanrsms

P . p

IR dominates the exc1tatlon and 1onizatlon mechanlsms in the :

- - e

:“f 5 plasma dlscharge. Among them, the energy transfer from

ey oy

"energetlc electrOn to the analyte seems to- prov1de a

reasonable prediction of the ex01tatlon and lonlzatlon

-
4

proceases ;n the plasma sourcez but the role of exc1ted

T iargon metastables or other exc1ted spec1es cannot be-f

. e ) - v
R neglected In*addltlon, everallof the mechanisms may be

- -t - NEES s |
. e P N ’ ~
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o analy31s,-however, the theoretlcal model w1ll not be

1; actlng sxmultanéously‘to produce excmted or 1onlzed states.;.u“

-

A study of spatlally resolved analyte emlss10n and

\
-

electron den31ty wrll certalnly prov1de an meortant set of

T
_a

data to dlstangulsh Wthh of these mechanlsms can be

consldered most probable excitatlon and 1onlzat10n
0

mechanlsms 1n analytlcal ICP spectroscopy. The 1ntent of 'g&ftf
‘ ""' e

thls work ls to study the nature of 1nteractrons between the

%

analytes and electrons. Thls chapter w1ll also brle_ly

-

dlscuss varlousumethods of electron den31ty measurement. The-

mapplng of :

various operatlng’condltlons w111 be dlscussed 1n the

followlng chapters.‘Mlxed gas ICPs (Ar 02, Ar-Nz) Wlll also'vff

the plasma. The effects of the lntroductlon OQ» 1ous

percentages of nltrogen and oxygen on the electron dens1ty

lso be dlscussed 1n-the follow;ng

N .c'\ Y

of the argon ICP wv:

chapters. The correlatlon of the electron den31ty w1th the P

o , ..‘. .

em1ss1on lnten51ty of cadmlum atom and 1on llnes w1ll be

s~

dlsCussed in Chapter IX.

The present model 1s strlctly based upon the

s

; experlmentally characterlzed dlscharge 1n spectrochemlcal

..' )

e
presented 1n thrs work The experlmental facts presented in

these chapters establlsh the foundat;on for descrlbing the o

fundamental processes occurrlng w1th1n the dlscharge and the

£y

be used as probes for the study of electronlc excitatlon 1n .
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Although.the electron denslty is an- important

L ctr"n den81ty is usually associated W1th large

uncertalntles. Dependlng on the methods and operatlng

condltlons used the results of electron deﬁszty

s measurements may dlffer by several orders of magnltude. The

ampter,&n the.plasma dlscharge,@the measurement Qf&»

<m

g S electron dehSLty in the ICP measured by’ varlous workers,

5), 4 varles from lOl3 to 1016 3, In general the electron

-

densrty in the plasma dlscharge can be measured by several

Q L , , S S
methods, namely co . B

1. Mlcrowave probe 11'4./- i L
. :h:J'._; 2. Optlcal 1nt@;ferometry o - {df&&
: g | 3}_Background contlnuum S B h-';'if'
‘45hInten51ty ratlo of an lon-atom'llne palr N
hN ";l:sli . of an element | | | .
Cs;iLine»merging method

6,”Meashrement'qfflihe~prbfiié_r '_‘tﬁ._'

« .
-
IR
w o e
T o
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-
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’

. 1. Microwave Probe . . . . .
Exten31ve use' of electromagnetlc radiation as.a

_probe for the study of electron concentratlon, partlcularly'
in the mlcrowave reglon, has been made (151). Unfortunately,
"mlcrowave probes are llmlted 1n‘app11cab111ty by the plasma
;‘grequenqylcutoff and also ;lm;ted to,theastudy of . plasmas }lﬁ{
'w1th electron den51t1es below 1013 m"?. slnce-the majorlty_
fof research ln analytlcal atomlc em1881on spectroscopy
‘tllnvolve plasmas w1th electron den81t1es ‘well above 1013 cm:3 o

- measurement of electron denstles using- mlcrowave probes‘ﬂ
are not sultable.v . o SR 'Jid

l,»Optical Interferometry :

F

' Several'techniques‘have appearedain‘recent years
.that take over where,microwave'diagﬁostics'areéno longer

'.appllcable. The theory of this optlcal 1nterferometr1c'

o

s

‘method is based on the. contrlbutlons of electronlc and
jnon-electronlc parameters to the nefractlve propertles of
*lonlzed gases. in the plasma dlscharge. Several workers in
the fleld of high temperature plasma physxcs (151) have
‘demonstrated the appllcablllty of 1nterferometry to the
study of electron denSlty ;n plasma sources..Although

1nterferometry has been successfully applled to a wide

1o
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;~varmety of plasma experlments, appllcatlon of th;s technlqpe
to electroQ den31ty measurements ‘in analytlcal plasmav"if‘i'f o
"spectroscopy is. unreallstlc due to the hlgh complexltyvof
the experlment SR - A |

3.‘Background Contdnuum Method

‘ D - cam v o T i
L e Ed " PR Yoew ety um

i

The thlrd method based on the measurement of
absolute contlnuum lnten51ty (88 98), prov1des an electron'_
~dehslty measurement wh;ch has a ‘weak dependence upon the
assumed electron temperature. Prov1ded the electrons ‘have a‘
~Maxwelllan veloc1ty dlstrlbutlon, the electron densities- mayv
.be determlned from a measurement of the contlnuum 1nten51ty
:(refer to Chapter I Equatlon 6). o '

For the proper 1nterpretatlon of. a measured
,contlnuum 1nten51ty 1n terms of electron den31t1es, the
plasma dlmensrons, electron temperature and the comp081tlons
of the plasma must be known U51ng thlS method, Kornblum et

- (98) reported ‘the values of electron density for an

hressure Ar-ICP between 5. X 1014 and- 2- X 1015 cm-3.

;h The basic aﬂsumptlon of this method 1s the plasma be rn

T, =T,

LTE state wher e

ion® In additlon, the value of T nf

- was derlved from Saha s equatlon. Errors in the- experlmental

_temperature determlnatlons Ain the IQP are large, therefore

;thls method of electron densaty measurement 1s not very

o ¢
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naccurate, Futhermore, small lmpurlty*concentrations of

”"

’mforelgn gases or charged partlcles 1n the.argon plasma w1ll -
make slgnlflcant contrlbutlons to the contlnuum inten51ty,
4ma1nly because of the recomblnatlon prdcesses*sThe molecular:ii'
bandheads that arlse 1n the mlxed gas plasmas further o

compllcate_the electron dens;ty measnrement by thss< ﬂ*uﬂb";"

. . P U4 IR R, P LI )
~ g R ] a N4 ° - -
. . o . e oY é,- Y LA - 4 l . '_ Q.‘ J i 2 - '
'o‘c_o_a R A . : E - ;

'contlnuum method

4.' Intensity Ratios

Y

. < The electron density can be measured by the

-1nten51fy ratlo of an atom-lon pair of the same element. It

»

is the most convenlent method for electron den51t¥
measurements in the plasma dlscharge. Thls 1nten31ty ratlo
\ .

*method is based on the Saha-Eggert equatlon (refer to
'*Chapter I, Equatlon 7). | .
When the Saha-Eggart equatlon 1s used to calculate Ne
‘ Tion is "assumed to be Texcr and Texc ls derlved from argon.

lines. Results: obtalned by-Mermet (93), Boumans et al. (99),

13 14 15 _-3 |

and-Kalnicky‘et al. (94) were . 2 X lO 2 XlO and lO

respectively. The value of N obtalned by thls method show a
' E:N

l.range of values due to the dlfferences in the assumed""i‘ion

L Experlmentally, such a method is more attractlve than

v
\

optlcal 1nterferqmetry because the experlment can be set up

ea81ly and the method is readlly appllcable. In order to

1“

TR L I L P Iy
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-.f-ensure that the 1nten51ty ratlo df the two" lxnes observed be

~

’7sen31t1Ve and accurate, it is 1mportant that the two llnes.”
; -under study must be in the same spectral reglon. To make an*5~

1accurate determlnatlonfof the lntenSLty ratlo{ the

e . s

monochromator has to be callbrated agalnst a standard

- tungsten ﬁdlament lamp..Itlls also 1mportant to select a hl{

d i o -
P % e f_. ®w Jev. e o e T e
P .,,,‘o,a. R S

su1table set of 11nes because the prec131on of the 1nteﬁ§ity \
jratlo method depends on the dlfference*between the energles

,;of the. 11nes used Although thls method flts the ma]orlty of

analytlcal spectrochemlcal condltxons very well, 1€‘has the

serlous drawback of belng lndlrect, as 1t requlres not only

e . Y
"“ﬂh
[y

-1°the knbwn accﬁrate transxtaon probabilltles but aISO

P . E'Y = a,.‘., ‘

requlres compmtataon of the electrOn dens1ty from the

Pl

Saha-Eggert equatlon (Equatlon 7). Slnce experlmental

results aVailable from measurements w1th the argon plasma

1“'. .

over.a wide range of operatlng parameters (79 88, 93 97)

»

/‘ lndlcate that local thermal equlllbrlum (LTE)  ddes not R

prevall in thls plasma source, the major drawback of’ thls

Y

llne ratlo method is the requlrement that the plasma ‘be* in .
[ ) v“i?“»

- LTE' - v..AHM_ e R thﬁg;_ft Coa

5. Line Merging Method

< e
PRI Rt

- e - R X .

Another method for the electron deﬁ81ty measurement

w

is based on observatlon of the merglng of atomlc emxssion 'ﬁ

v o ..
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“dffﬁextenslvely lnvestlgated both thedrstlcally and
;‘a'fjexperlmentally by varlous‘workersJ(152 ~155) . Applicatﬂﬂn of
: “Lvthls technlque to electron concentratlon measurements in o
' "'ranalytlcal plaSma spectroscopy was flrst reported by ',ﬁ
~5;Montaser et al..(lSS). Thls method 13 based on the Lazf_ngt

/lnglls-Teller theory whlch states that as the pr;nc1pal

"‘""“"‘v"ibno-mo T <o ey ao.-..-‘..-,. .~ -

quantum nunibeér of the llnes 1n the” serles 1ncrea9es, the
halfw1dth due to Stark broadenlng also 1ncreases. As the

-

pr1n01pal quantum number 1ncreases, the w1ngs of the Stark

.. - - e oo —

broadened llnes overlap and form a contlnuum as the serles'%
"llmlt is approached The pr1nc1pal quantum number at whlch
'the merglng occurs depends on the electron number den31ty.;‘
lThe valldlty of the Inglls&Teller‘formula has recently been
~questloned by several workers (152-154). The major drawback.'
of thlS method is. that when the serles llmlt is apbroached
che em1351on 1ntensxty of the llnes under invest1gat10n~
"falls rapldly Therefore, the Serles 11m1t where the llne
Wmerglng occurred is not well- defrneg and 1s also subjected
to many approx1matlons._Thls method of electron denSLty
rmeasurement can only be con81dered as an\estlmatlon because S
of the imprec1se nature of the method Also, spectra of most |
-’elements at thelr hlgher quantum serles are subjected to |

_severe background or spectral lnterferences, hence, an

'expen31ve hlgh resolutlon spectrometer 1s requlred

A
-
~
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(13 88 93 98, 100). Uhllke other methods, thls technique is

lbelectron den51ty ‘¢an ‘be calculated from the measured llne

6. Measurement offiiﬁE’#rofileﬂ””

c. L T

A dlrect method for determlnlng the electron den51ty '

tbased on the measurementfof llne profiles (Stark w1dth) has,

galned in popularlty in analytlcal atomlc spectroscopy

,nearly 1ndependent of. the plasma temperature. Therefore,

- -

proflles even if the temperature 1s only approxrmately

known. Thls technlque prov1des a more pre01se and accunate

e e R T ' ) N - E . : T ) i
. R R e S e : : : . 2'2
. . - P PN " . . - e N A L :
s fetEE L e - . BN T T T L T L AL AR EERICA )
R T N e el T, Ma Ty . AT . Lo .

Lo N B : . . . -

Tt

«

electron density determrnatlon than: the.Baha-Eggert method

(line ratlo method) where errors in temperature measurement

'contrlbute to. large uncertalnty in the resultlng values. of .

eléctron density. Thls method can; also ‘be employed dlrectly
’)—q

_ even if the‘system 1s not -in LTE Over the past few years,

thlS method has been con81derably 1mproved (92) and the

A

Stark proflle method is n0w fundamentally qu1te accurate‘

w1th theoretlcal consrderatlons glVlng rise to less than 10%

-

are largely determlned by the experlmental measurements of

llne em1551on, and also by the appllcatlon of the Abel

"y

aner31on technlque to the data where such post processrng>

‘is requrred

Although this'technique'ls<aCCurateTand,preciSe, it

"uncertalnty ‘in the values obtalned Errors 1n thlS technlque :



O

i

R R

is not w1thout dlsadvantages.Flrstu the lnten31ty—of the

= '~.,~«,

llne of interest must. be-measured oVer the large body of the

>

o plasma 1f spatlal proflles are requlred for Abel kff,,”
. ,\

transformatlons (92 151). Second .a knowledge of accurate

Stark parameters is essent1a1 for calculatlon (92). Thlrd

. the : experlmental lihe. proflles must be deconwoluted to

' ,account for 1nstrumental and Doppler broadenlng (92 151)

Flnally and most 1mportantly, measurlng the llne proflles is

\ . . . -

':an~extremely tedlous process, Whlch can’ take excessxve

“

‘vamount of tlme and effort : . RN R R R

T

D. Line Broadehing -

ThlS last problem isfpartially sOlved.by’ ‘ ;

lmplementlng Abel 1nver810n and’ measurlng the electron*

)

den51ty from Stark broadenlng using a photodlode array )

- ‘ v

.

-

*+

measurement system The measurement of radlal em15810n

1ntenslt1es from the Icp v1a the Abel 1nversxon process'will

*
M

.
' N

be dlscussed later ln thls chapter.

The llne profile is. actually the convolutlon of the

phy51cal and instrumental proflles. The former is the shaﬁe

of the line whlch is due to the ‘physical condltlons of the .

plasma source. In genéral the phy51cal shape of a llne is

controlled by threekmajor factors, (92, 151)..

- o e -

K

L5



$;v>3f TS “Natural broadenxng,-h
. ’*'whxch has its origin'in the flnlte llfetlme of

. .an exclted state.“Its-contrlbutlon to the halfw1dth

-

l~1s normally onlywln the order of 0. 001 A and S
'therefore it is usually 1gnored in comparlson -
w1th other contrlbutlons.

| b Doppler broadenlng, o v :

. S pf‘_atoms relgtlve to the obServer (detector).

c. Collls1onal ‘or pressure broadenlng (Stark Effect),.

¥y

" ﬂ‘;whlch results from the perturbatlon of energy

T

leuels by 00111510n (Lorentz broadenlng) and by

- the- pressure of an - electrlc fleld of surroundlng

o
< PR . . : S ) ) v

Since the contrlbutlons to. the 11ne proflles by

+

natural and lnstrumental broadenlng processes amount to less;f

-~

than l%, they are negllglble. The fqllow1ng dlscu551on will
be llmited to the two domlnant causes of. the line broadenlng
in the plasma dlscharge, 1 e., thermal Doppler effect and

1nteratom1c colllslonal effect (Stark effect) o

'; thCh is~ due tb the random motlon of the em1tt1ng~ s

'charges (Stark broadenlng) RO o . )

R C . B ) - v w5 T ‘ . .
M .’ - .;' : s SRR - . . _ N . 'T-'_',':': 4 ' .
k TR SN . . S
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It

I

1s 90351b1e to calculate the plasma temperature

“u81ng the Doppler effect on the llne profrle.}However,

' _.before apmeasured~11neuw1dth is used; it_ls necessary to

N
PN

'gifgagg»' f.'_:. S 'L'f',i B id ﬂ»;_gls'
- f1;~boppier Effect Lo _ :'fer;;_‘tJ:!"x'.?“ A N

The motlon of- a: radlatlng particle towards or away
from an observer leads to a wavelength Shlft of. the emltted
bllne. the so-called Doppler Shlft. In an exc;tatlon ‘source, .
the random motlons of the radlatlng partlcles cause Doppler

'broadenlng of the llnes. In the case‘of Maxwelllan ’ )
dlstrlbutlons, such llnes haVe Gau551an proflles whlch are
governed by the follow1ng equatlon.

P | o e L r .

b _ KT % Lo yeromT 4 Tk =
A}\;’?t— A ('mC- ) = 7.16.81.('). A{ (—Tn—) o (lﬁ) R
where P the wavelength of the llne | g%

kT = the thermal energy of the emlttlng atdns‘

or 1ons , o ) ‘__' .
- .. o L o : . . . p o

m = mass of atOm’or‘ion

¢ = speed ofnlight“ ’

Inspeotlon of thls relat;onshlp shows that thermal/-
»Doppler broadenlng 1s‘most pronounced for the lines of, llght
elements at hlgh temperature. :

. il "/:
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-,make sure that the thermal Doppler effect 1s really the most

" prominent and 1mportant llne broadenlng mechanlsm.'In

1

addltxon,-beforeAcalculatlng theuextent'bf'thermal Doppler '

I3 4+

broadenlng 1n the llne proflle, the other causg of - line

boadenlng in the plasma, su&h as the Stark effect, has-to~be ot
con51dered S T ' : I : ‘ ; . S

. , .
- .
. r . : - : .
“ . .
v

2. Starkfgffect

-

[}

~ The atom and ion em1351on line proflles of spec1es
“‘whlch are: embedded 1n a dense gas or plasma, w1ll be R
Hdetermlned.by the extent of 1nteractions of the emitters
.w1th the surroundlng charged or neutral partlcles. Thls type ,,:
d‘of llne broadenlng is- generally known as pressure : :' B
3( broadenlng. From the practical point of v1ew, the'pressure
broadenlng can be further subd1v1ded into: . . m .
Ma:’Resonance broadenlng o ,'r.u.. 9. : (.f"_;'
b. Van de Waal's broadening )

, c. Stark broadenlng
’dependlng on whether the’ broadening is caused by | 4 |
interactions w1th (a) atoms of the same klnd, (b) atoms;or'
molecules of dlfferent kinds_ or (c) charged particles. SinCe,
.:lOnS and electrons (charged spec1es) are present in the '
'1nduct1vely coupled plasma in sufficiently hlgh |

concentratlon, the long range coulomblc forces are domlnant



N

' method is generally recognlzed as the most accurate

. e . . L
o T A ) ’ . LA . :
f - e -~ s . - - 4
. . . . . .«

and therefore the domlnant broadenlng process for line-

-

proflles w1ll be the Stark effect, Because of 1ts 1mportance
1n plasma diagnostlcs, the follow1ng dlscussxon w1ll be

llmlted only to Stark broadenlng. o “9

The evaluatlon of electron densltles from Stark

[N ’

'_ broadenlng, whrch is based on . a cbmparlson of the measured

o and caléﬁlated line w1dths, shows a con31stency w1th1n 6 to"

lO% .for hydrogen beta and alpha llnes (92 151, 136). Because ~

of 1ts accuracy, the measurement of’ Stark‘half—w1dths has

emerged as one of the,most re11able,and convenlent methods
for the determlnatlon -of electron densltles 1n plasma o -3
‘dlscharges. In the Stark broadenrng calcu&atlons, only Kz

|

electrons and srngly po trvely charged 1ons are normally g?“
%% .

) con51dered therefore, hydrogen llne=prof11es should be dSed

for the most rellable electron den31ty measurements.

-

Calculatlons for hlgher 1onlzations are of llttlezpractlcal

B SR A .

~

r,:r. .

'-

1nterest because Doppler broadenlng tends to domlnate in

hlghly 1onlzed ‘plasma: (92) e : i "f L _

The Stark broadened proflles bf ‘the" hydrogen Balmer;'

_1'.

llnes have been«measured by several workers

-

(13 88 93,94, 98 100). Under comparable operatlng condltions, R

they are -the most strongly,broadened llnes of . all elementsJ

and are therefore of great practlcai 1mportance. The Stark
N

“w

'!‘ . e
technlque for measurlng elec%ron densltles in plasma
B s . w l ‘ ' . . © - . ‘. 7 ' ' .(\

- KA . e

\

”
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discharges o '. " v . Y “ B .{: P o S o “ gv b
%o Lo \r 5 A & s o : v - a4 :
< Halfw;dths of theSe hydrogen llnes exhlblt a Stark

-

i * effect in whlch the halfwldth 1s proportlonal to the .

-

two-thlrds power of the electron densrty.

-';‘p ,~'q> » .'~'~ i - s - ' :.‘ : -» ‘.! e
So R Sem e Ay
; . T o T - Y ': .
T where AA% is the full Stark w1dth and C(Ne,T) ‘is a B

- coefflclent that is” only a weak functlon of ‘the- electron_

- -

o den51ty. In addltlon, it has ‘a sllght temperature dependence;

through -the 1on—1on correlatlon of Debye—shleldlng

P

-correctlon and the veloc1ty dependence of the lmpact N

-

~ P

‘-'_broadenlng (92) ) 2
- Values of the coeféxcrent LNy T)rror the
theoretloal proflle of.the HB 11ne can be found in the book
by Grlem (92) The value of the theoretical or redubed

: ghalfwrdth,,aa, must be retrleved from the theoretlcal |

. profile’first. The theoretlcal Qr reduced HB 11ne,prof11e 1sv

-preébnted as a functlon of" S(a)- (reduced Stark proflle)

i* 3rsu dreduced: wavelength dlstance) The hydrogen-beta
T § only . a smaIl asymmetry, whlch has been 3150““"
in de {y Griem (92) Data for the»reduced hydrogen—beta

.“‘

Stark proflle presented‘ln Flgure 50 were quoted frqm Grlem K

N

-

' ., -\(92) oo ’ . ‘ . L -~ - : j‘.." N

" One halﬁ‘of,the:sympetrﬁeal redueed Stark profile
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_for a: dlscharge w1th a 5000 K- temperature and 1014 electronsiif:
per cm3 1s represented 1n Flgure 50a.’F1gure 50b correspondstf
:..'to the calculated Stark proflle w1th same temperature but

"?wlth a dlfferent electron den51ty 11016 ). Both d | :
calculatlons yleld a central d1p 1n the hydrogen-beta llne i;
-;J proflle. The characterlstlc central dlp is due to the'ﬁ

:absence of an unshlfted Stark component (92) dCalculatlon off!r-
‘ the Stark proflle for N(e)'- 1014 cm produced central <
‘ maxlma about 58% down rom the peak lnten31ty (Flgure 50a),<

\ X +

“'1n contrast to a calculated d1p of ohly 40% for the plasma ‘{,H'

16 (Flgure 50b). tk4;,3”.:;,..

"wlth N(e) = 1o | o g
The HB 486 1 nm llne proflle obtalned experlmentallygjd"
.~;u51ng a: photodlode array measurement system 1s presented ln ;"
‘lFlgure 51 It should be noted that the x-ax1s corresponds to:;h
',the dlode number lnstead of the usual wavelength axis. The ;:d"
fvdlstance between two adjacent dlodes represents 0 48 A 1n
'?'wavelength unlts. The exper;mental hydrogen—beta 11ne A
- observed 1n th1s lab (Flgure 51) d1d not glve rlae to a

- central mlnlmum. The absence of the central mlnrmum 1s

-f(attributed to the low reJ~1ution of. the monochromator. Also,

e " 'the electron densxty and temperature for the analytlcal }\f

i

';ﬂﬁﬁplasma are hlgher than the values glven to the calculated \ B

ﬂf}profiles, therefore the central mlnimum would be smaller f -

tithan that of the calculated reduced Stark proflles presented

‘“]jln Flgure 50
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One p01nt regardlng’the expre331on 1n Equatldh 17

desrvesfmentlon at thLB tlme. The temperature contrlbutlon oo

A

to C(Ne,T) is- negllgible 1n compar;son to the contrlbutlon

by N therefore the temperature term may be dropped The ;‘
resultant expre551on for the Stark w1dth ris- then |

fcons;derably temperature lndependent In general, for most _‘

BN
o

dlagnostic applloatlons; the relatlonshlp between i
half-wldths and electron den31ty can be expressed‘as,_
Vary =" 2.50x1070 g N3 (18)

. o

v

where a) halfw1dth, A,‘

theoretlcal halfw1dth

"T‘N'r'foelectron;density,.bmfs;

A ,fj' Thefvalue of. the theoretlcal halfw1dth, 1 e. the_‘i-"”';
iy value of a at whlch s(a) 1s at- one-half of Lts maxlmum

S '

._".__.

value, retrmeved from Flgure 50 Ls 0 077 Substltutlng Ne

1014 3, Temperature = 5000 K and a% -,0 077 into'

: Equatlon 18 ylelds a halfwxdth of o 42 A For Ne = 1016 cm ?j,md

Y

Q'jeffect was calculated -to’ be 9'63 A. The calculated-Stark

RN

halfw1dths of the HB (486 l nm) llne forfsome typlcal

1

g temperatures and electron densitles are presented_lh Tableg

¥ : 5 [ - : PR P M

- s L L S 4
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: VII l Note that the contrlbutlon of " the temperaéure'
. varlable on the Stark w1dth calculatlon (Table VII. l)\.
,yamounts to less than l% ‘It 1s clearly presented in Table

VIii.1l that the calculated Stark halfwldths of the hydrogen.f

" - line, for a glven electron dens;ty, is alest lndependent of

E temperatures. The temperature dependency of the Doppler'”

plasma temperature. Under ldintlcal temperatures the

calculated halfwidth lncreases 51gn1f1cantly w1th electron’

*

den31ty. . ‘ j ' R Q¥. y}” |
| The ﬁbppler contrlbution to the halfw1dth broadenlng

)

. can be calculated from Equation -16. The calculated Doppler ‘

Avhalfw1dths for ‘some glven temperatures and electron

e - - "

den31t1es are also presented 1n Table VII l. It should be

bl

noted from Equatlon 16 that thermal Doppler broadenlng lS

most profound for llnes of llght elements and at hlgh

fjeffect is clearly ;llustrated ln Table VII. l The calculated,
vbDoppler halfw1dth 1ncreases 40% when the plasma temperature
lncreases from 5000 to 10000 K It can also be seen that for_"

. a glven temperature, varlatlon 1n electron den51ty has no.

effect on the Doppler halfwldth.

L

o

Dev1atlons from the Stark effect on, the HB 11ne

- ocecur. when electron npmber den31ty is 1ow. The results of

_log (N ) versus log (halfwxdth) for the: plasha temperatures -

of 5000 10000 and 20000 K are shown in. Flgure 52 and the

-

temperature dependency of llne width measurements ls clearlyP_

L0



1llustrated It also 1nd1cates that dev1atlons from
llnearlty are’ more srgniflcant for a plasma with low
electron number den51ty and hlgh temperature. Wlth the
electron den31ty'greater than 1014 cm-3, varlatlons in _-.
plasma temperature have a negllglble lnfluence on the
”measurement of electron den31ty -as a functlon of halfw1dth.
| For a plasma w1th hlgh eleCQron density, the halfw1dths of
the HB llne exhlblt a llnear Stark effect (Flgure 52+~wh1ch.
falso obeys the two thlrds power law &Equatlon 17) - f U} B
general at low electron den81ty (Ne < 1014(cm 3) and at :
-hlgh temperature (T > 10000 K), llne broadenlng due to the
WStark effect becomes Ln31gn1f1cant,'and the llne shapes w1ll

be 1ncreasrngly domlnated by,Doppler broadenlng effects..,

'"pTherefore, for a low electron den51ty and high temperature

plasma source, the 11ne proflle must be deconvoluted to - .

account for thermal Doppler broadenlng. It 1s3most fortunate
57 - -
" that the electron den51t1es in the ICP source determlned

-3

Zﬁrom\the measurement of ‘the HB llne are in the range of lO14

‘to 1016 *éﬁ‘3. THérefore, Doppler broadenlng can be 1gnored

A

7afbr the~measurements of the HB halfw1dths under our current

'4
- . P ¢f.

"plasma 0perat1ng conditlons.‘;' ?*:H ';av&'.*'
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E. Experimental

-subtractlon, smoothlng and Abel Inver51on programs were-

ljvﬁkperimental Conditions

den51ty measurements w&ne ldentihai to thosq ed in Table

b

iIII l Forelgn gases such as lQ% N2, 100% N2' Iﬁﬁ 02; and
_100% O2 were 1ntroduced 1nto the coolant flow of an argon

:plasma Data were collected 1&“@he vertlcal axls at 2, 5,

lQ; 15 and 20 ‘mm above the load c011_ whlle the horlzontal

data was collected from 0 0 to 8 5 mm away from the center

\ i

‘aerosol channel w1th a lateral dlsplacement step of 0.5 mm."

The 51gnal from the photodlode array was amp11f1ed

s

and thls sxgnal was: acqulred by a PDP-8 mlnlcomputer Dlode

lnten51t1es for the HB llne proflle were lnput to an kpple
77/ mlcrocomputer with 128 Kiof RAM. The background '
wrltten\ln Pascal and ran on’ an Apple /// mlcrocomputer.‘

Llstlngs of . these comblned programs are presented in

-"Appendlx A. The Abel 1nverted data was stored on Apple ///'

*?floppy dlSkS, dlsplayed on a monltor screen, plotted on a

o~

”L;dlgltal plotter (Hewlett—Packard Model 7470A) or output,to a

o
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parallel (Centronlc 739) or serlal (IBM selectrlc Il)-
, prlnter. The halfw1dth measurements of the HB llne were
;evaluated from the overall Abel 1nverted rad1al 1nten51t1es
over a span of 64 dlgdes (approxxmately 30 7 A in the
Wavelength scale). :f L

~ For all spectral measurements, the plasma was

focused onto ‘the entrance slit of the Heath 0 35 meter'
' monochromator u51ng a spherlcal quartz lens (focal 1ength

lO cm, dlameter = 2 1n) A 2:1 reduced and 1nverted lmage of
the plasma was focused onto the entran;; Sllt set at 10-
mlcrons.'Such a small entrance slit was used ‘in order to
reduce the contrlbut:bon of 1nstrumental broadenlng *to the HB
llne profile. The measurement system was carefully aligned
uSLng a He-Ne laser 80 that the dlode measured the plasma
em1551on 1nten51ty from the mlddle of the central channel
'; The He—Ne laser was al 0. used as a refefence sOurce for
| plasma helght ad]ustments. Since the- spherlcal 1ens<<js ‘”
mounted on the body of the monochromatcr, dlfferent !
horlzontal slices of the plasma could be measured by ralslng
or lowerlng the mBheghromator. The p051t10ns above the load
coil (vertlcal measurements) could be measured accurately
_w1th a prec1s;on dlal gauge attached to the base of the
monochromator (Mltutoyo No.. 3052, Japan). A second 81mllar
precrslon dlal guage attached to the 81de of the
monochromator was used to 1nd1cate thejposltlons of

- . \
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dlsplacement away from the mlddle of the center aerosol
. ‘channel, i. e. the horlzontal proflle measurements.lfz ' - i&

l All spectra reported in thls work were electronlc or

"
N

< spectral background subtracted in order to remove f1xed
l.‘pattern background or spectral background Background -
"subtractlon for the spec1es that is part of the background
"bsuch as hYdrogen lines, w111 be dlscussed ln the fOIIQW1ng
;sectlon.,_ | |' » '.ahh'" “ 'd -
| N . ; .7‘ﬂ>VM
.‘AZ, Background Subtraction} "Slope“fMethod' B
: , . | r‘. : ‘r-,e
* One of the key features of the electronlc 1mage e
‘;sensors, such as the photodlode array, 1s the capabllity of
Subtracting out the electronlc or spectral background. The
removal of spectral background by subtractlon utlllzlng the
’computer data aggulsltlon system (112~115) prov1des

"background free spectral 1nformatlon of the analytes over

a wide range of wavelengths. The background spectrum ”

N -

t

contalnlng Cd llnes emltted from a 103 NZ - 90% Aa cooled
| Icp SGurce 1s.shown in Flgure 53a. The background spectrum
--w1thout cadmlum belng aspirated and collected under s&mllar
”operatlng condltlons is shown in Figure . 53b The background.
'subtracted cadmlum spectrum 1n Flgure 53c clearly e '-‘

‘Lllustrates a cleaner cadmlum em1531on line’ spectrum with

‘the background nltrlc oxlde bands and carbon llne removed

- . . ’ '
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The presence of the electronlc or spectral background can
=) -

sometlmes severely 1nterfere w1th the analyte 81gnals of v
. ;41nterest, therefore~the computer a1ded1electronlc backgfound
‘J.,_' - $.

subtractlon capablllty ‘of the photbdtode array spectrometer

P 9

is clearly a.key factor ln fac111tating the measurement andf1

e 1nterpretatron of the analyte spectra.

. ﬂ,f‘ However, if such a background subtract10n method is

performed on- the H llne roflies, he. H lines w1ll be
a P B

,.subtracted because they themselVes are part of the spectral‘

”.background In order to measure the HB emlsSLOn 1nten51ty,

»

»an alternatlve method must be dev;sed S0 that the d c. .

;background contlnuhm due to elecxron-lon recomblnatlon '
processes can be subtracted The,murtlchannel caﬁablilty of'
T e “'."4 ) K
the photodrode array based measurement systgnprov1des an R

1deal system for the acqulsltlon of spectral‘;nten51ty dataﬂ-

i'} of the"HB 1ntens;£y (Flgure 54).>Wathout thrs systemq ‘the

P
L

measurement of spectral intensrtx*data at an - 1ncrement of

“l o,

v 0 48. A by a conventlonal PMT baséq,system wouid lndeed be

( ®

tedlous. -5m; e )
The: d c backgrpund contlnuum level beneath the HB

11ne (Flgure 54b) can be subtracted using the slope method

’i

\Slnce the- measured photodiode array signals are digltlzed

- - -i

'1t is only necessary to determlne the magnltude’of the

background 1nten31ty for each diode. The vaulred array

-

'SLgnal as a functlon of array dlode pumber s shown

., . . Lt . . Bl
A . ) e - I
F









L e o _ L L
ST TR T e e e T e e _ 235 |
s

= ’ \ Ll T o T L
s . N . . o q . ,..“‘,v‘w 1 . .' : " Lo ! '_ "’_ L ;_- .
b'_.correlate the electron den51t1es w1th the analyte emlsslon

'fanten31t1es from Varlous depths and helghts wlthln the

"Vplasma source. :{filgl o df:~lfgjvhedj_i’"ff_:ff”_'--'

o TWo methods for solvxng thls problem have been

."

reported 1n the llterature,_one a graphlcal method (91) and

: the other a numerlcal method‘(157%162)._The graphlcal method rE

'*requlres a- tremendous

‘f?amount of manual work The numerlcal method that converts ;
w ' '
the spatlally lntegrated Iateral lnformatlon 1nto spatlallyfjrx'

tresolyed radlal anformatlon lS known as Abel transformatlon'

o 3

;or Abel Inver51on. The applicatlon oi thls technlque to ’gﬂ .?"4
' _‘spectroscoplc data 1s\extensavely documented 1n the'

- 11terature (159 fﬁ@) Radlal spa‘lal dlstrlbutlons of

7I

'_5-emission 1nten81ty 1n the ICP' 1e measured by Kornblum and;?:;;j

1v . < -

‘*de Galan (88,98) 1n order to calculate the temperature} andajafff

felectron den81t1es as well as‘t'Xstudy the matrlx effect 1n';l.'
o ~ | '

'_'the plasma source. Kalnlcky e_ a1 (94), Jarosz et al.:(95),,

e
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3 intensxty dlstrlbutlon w1th a polynomlal whlch is then used f;'

\ : . ¥ . e . P

radlal lnten81ty data from the correspondlng lateral

1.
:\

1ntens;ty data 1s warranted‘ \'7 h Sl
The relatlonshlp between the measured lateral j‘h,,ppz,?
fitr), is

shown 1n Flg ﬁelss. If arcyllndrlcal plasma 1s assumed “the Yooy

Y

lnten81ty, I(x), and the des;red rad1a1 1nten81ty,

1nversron of a measured lateral 1nteﬁ51ty Lnto a radlal

dlstrlbutlon of emlttance is governed by the following '-fkr'.?

[} -

equatlon-”'

Siw o

i

-

.Q,hwheref'gxgé;the'Qateral coordinate

“rv# the rad1a1 coordlnate ;;; "}J~ - k,- ey
N ce : SR LT

tﬁoripractlcal purposes, Equatlon 22 1s probably best

-

- represented 1n terms of a least square f1t polynomial L,;b;', -

expr9381on. Thls method tends to flt the entire lateral

L ';‘]&g' f;ifff'rl~€“'phf‘;.h f%’t'fi;;f%Qfﬂh{,f
lk(r)-" ro,;( k.n Ip"‘) T (23)
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and later redeflned by Cremers andiBlrkebak (158). U81ng the7'
& - 5 el

e e 0238

where n and k are 1nteger p051tlon 1nd1ces for the L

lateral and’ radlal inten51t1es respectively..l.

Thls approach was flrst proposed by Bockasten 6161)

N
seCond degree polynomlal for each interval the :

‘a4

coeff1c1ents, ak ar have been calculated frpm Equation 23

for N = 10,_20 and 40 by Bockasten.(lGI). For checklng

g purposes, the results of the calculated 1k(r) from I (x) atvf o

"The coefficients, B, ,, cdn be evaluated by using the = = - %
" LT Tk, nY RS0 BE STesiated - Eh e

varlous r values are tabulated 1n Table VII. 2 R
A second mLthod was proposed by Nestor and Olsen

(163) whlch assumed that the lateral lntenslty 1s a llnear

f,bnfunctlon of x2 in each lateral step. Us1ng thls method the

a ' »
’ ". 1
K . ) - v R o . ‘A'v‘._ o
‘where _a the wadth of the sllce sampled by ' B .
- ‘ two consecutlve intervals..pf *fﬁfﬂsﬁ' B
’ ' ' R T : Sy



following expressions -

Brn T T B form=k o (25)

ana’ Km0 Y TR
0 P T Pkne1 T Bgpfornzk+l (26
where ' AR a
. - S »
(n? - (1:-1)2)’5 ((n- 1)2 - k=1PHE -
T e e (27),

A2An f-'l

B To test the accuracy of this method the radial data

wasg. generated from the lateral 1ntensity data provided in
'gTable VII 2’ The radial data was calculated u31ng |

'lb pre831ons sho:n in Equations 25 to 27 Lateral data were.’i
’“QSEalned from.Reference 161 The comparisons pf the radial

'intens§§ies generated by the Bockasten s method (161) and“by

the Nester and Olson's method (163) are presented in Table

VII 2 which clearly 1nd1cates that the radial intensity data

‘.-prov1ded by both methods arf5v1rtually identical Since the.'

Nestor and Olson method is qasier to program on a‘.'

microcomputer than the polynomial method the Nestor and S

fZOlson approach for radial lntensity calculations is utilized )
_1n this work. The Abel 1nversion program 1s listed in ' |
_Appendxx A..This program is:written in Pascal and runs on an'ﬂl
f-Apple /// microcomputer with 128 K RAM and ‘can. be easily |

' ﬂaltered to be 1mplimented 1nte other microcomputers..

%

[T

S L S

S 239 .



'y

TRANSFORMATION OF LATE%AL DATA

(A) BOCKASTEN'S,

') B
o~

P

TABLE VII 2

INTO RADIAL DATA BY -
AND BY (B) NESTOR AND OLSON'S METHOD

Y 9864247

~ 954,165

896,346
882.126
"866.926

" 814.873
774.063"
. 751.535

i 6730935
§11.155

493,124

- 226.336

979,319 - -

944,260 .
. - 933,555

922,022
© 909,631 -.

850.692 - .
833.364

. 795,138
643.710

e’ 575.639° -

- 536.5%6
: © 443,994
. 387,031

0 000} .

971.674 .
963.296 -

986.25

) *¢

't

Rad1a1 data calculaged by Bockasten -
Radldl data calculated by Nestor apd oﬁ

LI
,’.' -

KN

a RERY

» . ) '
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e e s . TR
Segmeéts Lateral ”Radlal* Radlal**
>3 N(x) R(x) R(x)
'-pé“lO'B 592u J »11018.58_

~ 101B.273 1018.28

C 1017, 318. 1017.31 .
1015.7%23 1015. 72

. 1013.48, 1013.48
'“3/1007 os]jie 1007'67
1002. 873 -\ 1002 87
998.012 998,01
-992.474 992, 47

E 9
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There are several requlrements lmposed ‘on’ the Abel

"_1nver31on calculatlons 1n order to generate meanlngful :

'.',hradlal data from the corréspondlng lateral data These

requlrements have been discussed previously (98 159 160)

_along the horlzontal axls of the plasma source. The exact

»'
‘“ -

241

.fThe flrst requlrement is the symmetry of the lateral proflle e

locatlon of the central p01nt along the horlzontal lateral

‘profile, where x= .r7s*6, is 1mportant for the Abel W

¥

”lnverSLQn calculatlon. Incorrect a351gnment of thls p01nt

w1ll lead to large errors in - the radlal emlttance'near the

- P ~

'gcenter of the dlscharge, sometlmes, lt w1ll also lead to

>

ﬁanegatlve eﬁlttance (98). Wlth.thls requlrement Ain mlnd, the-

'Central polnt, where x = T = 0 was determlned from the -

’\

_:mldpélnt between the two.max1ma of the lateral 1ntenslty

) . Lo L - . P

profile,'\ e . L 'w:” ’DMF

The second problem is assoclated w1th the number of

.’ ¥

succe551ve measurements over the entlre horlzontal width of, :

the plasma. The greater thexnumber of acqulred lateral data
” +,
p01nts, ¢he more aqcurate the generated radlal data will ‘be

‘(l59) Flnally, afurtherreflnement on the radlal

}'

_-, P

»dlstrlbutlons can be obtained by smoothlng the acqulred

v

lateral prof;les.j,‘f

"v All these requarements have been easrly‘met 1n the'

'study of Blades and‘Horllck (159) by uslng a 256 element

photodlode array based measurement system.\The.acgu131tlon

't , o ) i e S S I
. : . S v » P B ;
A LY : ¢ o

’

T e

N
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-;_of 256 separate lateral 1nten51t1es across the plasma

' diameter L18 mm) resulted in very hlgh-quality lnput lateral

data for the Abel 1nver51on. L RN

-

Although ‘their proposed method is excellent for

1nten51ty proflle measurements, there are several phy31cal
llmltatlons which. 1nh1b1t the use of such an array based
detectlon system fdr the HB spectral llne proflle

-~

measurements. Flrst, the proflllng array sYstem descrlbed by

l

Blades and Horllck (159) is llmlted to the measurement of

»

K4

. system that can be used for dlrect mea rements of Hsllrne S

-y Y .

only one spectral~resolut10n element at a time, therefore,;

v

suoh a system is poorly sulted for the halfwidth

measurements of. the HB llne proflle. Second the 256 element

photodlode array used in thef measurements is relatlvely

lnsen51t1ve compared to the 1024 elem nt photodlode array

proflles as indicated below.'

In order to stuﬁy the effects of varlous operatlng

s ¥

parameters oh electron dens;tles v1a hydrogen llne proflle

- " B L1

measurements, one should employ a measurement system whlch’

. llne)proflle. The 1024-e1ement photodlode array system

- et

is capable of prov1d1ng a measnrement of the complete HB ' f

descrlbed prev1ously in Chapter II to v (see Figure 6) 1s

Vo

, an ideal detector for thisg study. Wlthout such a system,vthe

4

~

tedlous process of measurlng llne lnten51ty as- a functlon of

'

anelength at eaéh spat1a1 point would take exceSSLVe amount

2 . . ‘. O
LA . e
S
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fof tlme and effort. Another advantage is the capablllty of

the array based system for contrnuum background measurement

' [

. and qubtractlon. ‘
The lateral spectral data were measured at ‘
4succe831ve steps of O 5 mm over the entlre horlzontal width
of the plasma. Slnce more data p01nts are warradted for
h-{:;;refinlng the calculated rad1a1 1nten81t1es, the humber of

'!3sampledfdata 901nts were doubled by reconstruct

"fmldpolnts uSLng the formula presented by Wilsonv
(164).ABecause\the sampled po;nts have a constant

»separatlon, the orlglnal spectrum, x(t), becomes a

.convolutlon of the data w1th the series B
( ’
- (‘0'- . oﬁ’ - ﬁ,n,n, - ‘3—31 snl_b-‘. . 'o)' . (28) . .

which are the values of the sinc functionffor;the;intéger<:

value of ng»
. + ' ) ‘
o - The mldp01nt reconstructlon(ls obtainable from the .

. followlng equatlon (164)

- s - N N e - t . . it
oy

- "}.x(t) =f 0.6366( X(t;) *+ x(t +A)
ST ugianaag X(t i=8) .+ X(t {+28) ) | o
"j'"vw>' | H0.1273( X(tg-20) + X(tl43A)M)_-t' (29) -

, il
+ ® 9 S0 0000000900 et s e’eoe

Ty
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wwhereu” t = ti + b.SF-, S
X Clti.;;l:f

3

O YN

‘"sample value !

-~

o

- x(.fj)a Leonstructéd”midpointr

RSN o “

‘The mldpolnt reconstructlon program 1s llsted 1n Appendlx A.

In order to mlnimlze error for the mldpo;nt reconstructlon, N

S

a 20—p01nt convolutlon was used 1n thls work R (}'

Lo

L A further reflnement of the reconstructed lateral

1nten81ty data was obtalned through the quadradlc smoothlng

@

routine. as descrlbed.by Sav1tsky and Golay (165), where a.

set of seven polnts is moved over the ‘entire array of the"
_ constructed lateral data poxnts..An example u51ng ‘the
~ N

T~ ‘\Sazitjz:—colay fllterlng for the lateral 1nten81ty profile
of Hg 6.1 nm 11ne is shown 1n Figurq_SG The HB (486.1 nm)
horlzontal lateral proflle was measured at 10 mm,above the

-
-

' load co;l and is shown in Flgure,56b The calculated radlal

~

proflle from a non-smoothed lateral data set is presented in

- T a—

Figure 560- The: radlal 1nten81ty distribution calculated - jzf”‘
from a smoothed lateral data set’ us;ng the Sav1tzky-Golay "
fllterlng 1s shown in Figu;e 56a. Flgure 56 clearly :;; "d'i
1llustrates the importance of lateral data smoothlng prior .
to the radral 1ntens1ty/calcu1atlons. It should be noted

A -

that with smoothed lateral data polnts, “a stothed radlal
profile 1s obtalned (Elgure éﬂal*_Besldeseoverall .

fluctuatlons due to norse} Flgure 56c also 1ndicates that

»
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~fluctuations are more severe near the aerosol channel (r =0

mm) than at the.profale maxlmum (r = 4 mm). These radlal

. 3

'proflles clearly demonstrate that smoothing of the lateral

,,.

‘fproflle is requlred 1n order to ellmlnate the unwanted

e

n01se.‘,’

P
s
3

M

s -
N ™~

- ~:<’. S ea” . ‘5:

p - 4 . cee e 2T R
< L0 o L. . . - B =
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g - s LR CE »

In order«to measure the radzaLly resolye&*hydrogen '

2kt

spectral proflle, lateral rnten31tres for a glven dlode,

0

1 e., waveLength, at dlfferent lateral posltlons were -

.»‘

: converted lnto radlal 1ntens1t1es by Abel 1nver310n. The .

x N . | J

nﬂt 1ateral data p01nts were acqulred hy the PDP-8 mlnlcomputer

and the data p01nts were then transferred 1nto the Agple ///

'mlcrocomputer for calculations..~»_i ’ ;{*

.

th The. constructlon of half-w1dth data, AA%,3from“the
meaéured lateral HB llne 1nten81ty, L(X ) are shown

schematlcally 1n Flgures 57 and 58 The lateral HB llne

e A

proflle as measﬁred w1th a photodiode array system is shown '

schematlcally i“ Figure 57. The dlode 1ndex is 1 and the
! (

’ lateral dlsplacement 1ndex 1s x. The dlsplacement between

two~successlve lateral HB line profiles xs 0. 5 mm. An array
of 64 photodlodes was used to define a s;ngle HB l;ne »\-T?;?jafﬁ

proflle. Thus, the ;ntenslty of the Hg llne, L(Af)

S R . Lo b .3.“:--‘
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d-.palrs presented 1n Table VII 3 1stshown in Flgure 60’ lifQ" '
kL g

'd_BecauSe of the symmetrlcal nature of thé intensity

~f;dlstr£butlons aiong the central axis, onlx one-slaed '-;_ .
;‘proflles Tor lateral and radlal 1ntens1t1es, and alsq fOr-l‘Ltg
- electron den51ty wxﬂl be studleda a © i

DN § . . o e

Ty 'g' A set of horlzontal electron den51ty prof;les were_

'.measured at tlve dlfferent posltlons above the load coIlﬁ

\ .
\ KN Y

(me,xs mm,,IOmm, 15mm and 29 mml The complete electron ¢‘7'_&~

en51ty proflles at varlous observatlon helghts are

1"3
X 3

Q””presented ln Flgure Gl These proflles were obtalned for a‘it;[;;
~100% conventlonal argon plasma. They were collected at a |
,constani aerosol flow (1 0 Lfmln),-constaht rf poyer (2 0 |
Kw) and a constant coolantlfIQW‘rate (15 L/mln) The letters
.on Flgure 61 correspond*to the electron density prof;le '

collected at (a) 2 mm, (b) 5 nmu (c) 10 mm, (d) 15 mm and | .
% -(e) 20 mm above the lnductaon co;l. These profil s show %iﬂtig’°,
'several 1nterest1ng spatlal characterlstlcs of the argon :

;dlscharge. All the electron den51ty proflles obserVed at

varlous helghts exhlblted off-axls maxima, Lndlcatlng a

’toroldal shaped plasma. Wlth an 1ncrease ln observatlon 'n"dfff”
ffhe;ght, 1 e from Flgures 61a to 61e, the posxtlon of the |
”uoff-axls den81ty maxlmum moves towards the plasma center. In' '

vcontrast to the analyte em1381dn whlch peaks at higher*'

} ,,observatlon helghts, the overall magnitude of the electron jvfa' '




e e
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Flg. 61 Radlal electron density profiles of an Ar-ICP G ’
A ~as a function.of ,Observation: height; - - g '
‘~f ;?Qﬁ (a) 2 mm,,(b 5 mm,'(c) 10" mm, (d) 15 mm,-and

. (e) 20 mm above th ‘.:load_ coil .
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observatlon helght ThlS effect is clearly 1llustrated in.

l

| Flgure 61 whlch can be 1nterpreted as: resultlng from the h_

o dynamlc flow of the hot plasma gas. At high v1ew1ng o
posxtlons, the plasma temperature drops slgnlficantly when
the hot plasma gas comes 1n contact wrth the cooler outer
gas. Slnce the electron den81ty depends on the plasma
temperature, a drop 1n temperature w1ll undoubtedly result ;'f'
in a'ﬂﬁop in electron den31tﬁ The values of electron |

denslty at varlous helghts ranged from 0 6 X 1015 to 8 0 x

1015 | 3 and are 1n close agreement w1th those reported

elsewhere ln the llterature (refer;to Table VII 4).,

g

L It 1s rather rnterestlng to note that in contrast to T
the overall decrease 1n the magnitude of electron den81ty |
‘} dlstrlbution w1th helght, the value of the electron denslty |
‘ln the center aerosol ax1s as a functzon of helght exhlblts

"hump shape. In thls experlment, we have found that in .

the V1c1nity of the plasma central aerosol channel,,the net

LA

electron dens;ty 1ncreased 1n1t1allysas the observation
! helght was 1ncreased from 2 to 10 mm above the load coxl,

,'theh 1t decreased gradually after 10 mm observation helght.
- £

-_Thls observatlon 1s 111ustrated 1n Flgure 62 The vertlcal fﬁ?

" electron den51ty proflle;has strlklng resemblence to the

;'hump' shapes of the analyte vert1ca1 em1551on proflles

:‘ : el AT

presented 1n ChaptLr IV, 1 e., _5 "§f7'f_’ Hﬁ7ri;, R

as os °b_8~9'rve'§i-_ the ‘analyte Snission intensity up the




v -KaLn1cky et al. (9§)ff;;A‘10

| ;vQ,: “TABLE VII ¢
_' SURVEY or ELECTRON DENSITY IN AN ARsICP e

K
-

N
W ; . Ve A

.5:.m;v‘-,y,;ff Range of: electron denSLty, em. 3? S

- o e o o
. | B . . . I 8 . L

“ thnbiﬁm et éi;‘(ss).;'- 0. 5 x 1015 'to,ﬂgio'ﬁ ldl5iflf  E
15 8

. Mermet (93) ‘j;ﬁ  ='“t_;g?3 0.-x 1015 to- 2.7 X’ 10155_’ i

~;§Montager et a1.2(1551§;"l?o 4 x 10t A‘go* 3.0 % 1085

'Choot and Horllck }5;‘ ayb 5 X 1015 ié';7p57xn10;5f <
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analyte channel, 1t 1n1tialty 1ncreases, readhes a max1mum e

.*fand then. decreases forming an em1351on 1ntens;ty peak or, ...

maxlmum"llle).qu >

',‘: "'. . o~ "

. ‘V'_ o

found to he 1n close proxlmlty wlth,those of the analyte R

K S

em1551on peak maxlma#whlch are: around 10 to 15 mm above fhe

LI

a"axis the electron dlstrlbutlons clearly peak lower in the ¥

’-plasma Thls observatlon 1s 1llustrated 1n Figure 63

,peak higher 1n the plasma, whereas at 4 mm off the center P

«“55" .- L. ki
load COll Thls observatxon suggests that the analy;e ] v 7
em1531on lnten31ty and the electron den31ty have,a slmzlar »ffizﬁo

vertlcally spatlai pattern ;n the analyte channel ,However,

one‘must be cautloned w1th the fact that thls'xs also ‘

reglon of greatest uncértainty 1n the Abel inverslon data.?ﬂ\\
,) 1 B “‘ N

Flnally, in. comparlng Figures 61 and 62 perhaps the most

1ntérest1ng to note ls that the electron den51ty

/hdlstrlbutlons 1n the v1cin1ty of the center aenosol chaﬁnel

s

r

.o

Vertlcal electrOn dens;ty proflles for (a) 0 mm,.(h)<5 0 mmr,w'

.
~ X L

»and (c) 4. 0 mm off the central aerosol channel are shown 1n B

Y - .

-7 For a perspectlve on the dlstrlbutron of the ““'5‘: f‘_a.

'electrons 1n the ICP, a typlcal contourvplot of the‘

) den31ty ( 7 0 X 1015 cm 3) occurs near the load COll and 3

,Lvmm off the center ax1s.‘It ¢an be seen that the maximum fEﬁ;ﬂfai

ae’gctron concentratlon decreases as the-observatlon height

/ 3 o S ’. R [ . o . kI . R o e 0

dlscharge 1s outllned 1n Figure 64 The max1mum electron <‘f
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: Flgure 63 Vertlcal spatlal electron den81ty proflle -
, ,of an Ar-ICP. as a. function of" dlstance off
. 'fgplasma central axis; “(a). 0.0 mm, "
- (b) 2.0 mm,. and’ (c) 4 0 mm off central
aerosol channel ;



Helght AboveLoadCou(mm) o '_

!

. Flg 64

Dlstance from Plasma Center "i v IS
(mm) R |

Electron densltx map of an AI-ICP ,
(solld llne marks torch edge). ST
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‘11_1s 1ncreased Along the rgdlal horlzontal axls, the electronfﬁ

Y

~fdens;ty is SLgnlflcantly reduced 1n the plasma center,'r'?

_ Co e _‘f
“0. 0 mm. As one moves out, the net electron densxty 1ncreases

. ;.,,

rapldly and then plateaus as the radlal dlsté varles from_

L T

N 0.0 to.3. 5 mm away from the plaSma center. ‘
B from the center of the aerosol channel, the net electron“'f -
' den51ty drops rapldly from 7 5 X 1015 cm 3to 0. S x 1015

'.. A generally slmllar horlzontal pattern is observed at all ;
_ helght ove . the load c01l but a: Shlft of electron den51ty ‘

re .

towards the plasma center w1th\ ‘Rrea51ng observatlon,hhlght

‘can also be clearly seen from Flgure 64

Y : .

‘ , "
¢ . . , :

7G. Tonclusions

Y - ) ' T (-‘ d ‘ o ..
T Thrs chapter clearly 1llustrates the ablllty of the

photodlode array system for the measurements of the electrdn ,‘

‘,,.

den51ty in the ICP The tedious task of collectlng and -
.'f measurlng the Hg llne emlsslon is 31gn1f1cant1y fac111ta:ed IR
ERS 951ng the photodlode array system.

J . . -,

Because the analyt! 1nten51t1es are. greatly

5 -

lnfluenced by the icp operatlng parameters such as plasma
>

power and,aerosol flow, a}change in any of these var1ables :5‘

N

T w1ll deflnltely alter the electron dlstrlbutlons, exc1tatrgn

' and 1onlzatlon charactér;stlcs of the ICP. Before drawlng

N . S

any deflnltlve cohcluszons about the exc1tat10n and .

.,



e

\ d:,scuss the effects 'of‘alzr.en gases in the coolant flow of an
Ar-ICP an the spatlal patterns of the electrons. )

.‘t'



’ IN ARGON, NITROGEN-ARGQN, ,AND' OXYGEN-ARGON
o8 MIXED GAS PLASMAS ’ .' {
A Intmducﬁmn - : S
y
power an& nebullzer flow ratevcan cauSe 51gn1f1cant changes
in the ana&yte em1531on 1ntep81t1es and thelr spatlal '
.behav1our (83 106 120 122). In addltlon,fthls work has 5i!5
f;demonstrated that the analyteremlssion sxgnale are also:“‘
cﬂhlghly dependent on thewamount of E;feighuéas present 1n the immm
”ﬁ*coolaht stream of an’ argon dlscharge.rFrom ‘a fundamental 3” B
t901nt of v1ew 1t wouie be useful to measufe the spatlal :
. dlstrlbutlon of the electron concentratlon 1n the plasma }‘;
u”'source as a functlon of dlfferent operatlng parameters.., NI |
{“>Knowledge of electron dlstrlbhtlon in the plasmafsource may |
;‘Prov1de a ratlonal predlctlon of the excitatlon and r;‘ﬁil%it;'L
' 1onlzatlon mechanisms- in ‘the' ICP. Flnally, the electron ;;. .
dlstrlbution in the piasma can reveal 1mportant phy51ca1 .3,¢
| - ,7;_5._2"6‘5” . P |



'f-electron den31ty.dlstr1butlon;»ff

O

”Nforelgn gaﬁesbln”the ICP source._mhe mlxéd

4"

gas plasmas alsq reveal changes in spatzal structure of thé~

RN B ‘«.

[
.7‘
W

i o ’., s N . . R et t EERER
r y .
- ’ ra .

S !

-

coolaﬁt or aerosol flow, could cause 51gn1f1cant‘cpanges 1n

;J For tpe present work the values of electron den51ty

were measured from the Stark broadenlng dlscussea in Chapter'

7

VII 'The add;tiOn of hydrogen te tﬁewplasma source, via s

. et

. "

spatlal an& lntensxty‘characterlstlcs of the analyte '%*‘

em1381on 81gnals,7

the Stark broadenlng calculatlons were obtalned ﬁrom the o

dlSSOClatlon of water molecules. fffiyg o fl T“ ‘j f.&ffif‘

T

therefere, hydrogen gas waé net lntroduc#d
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el \Fhe plas?a system was the Piasma—Therm ICP system SR
v.' o b
: diécussed in’ Chapger II Unless spec1f1gally noted *arf ‘
‘ . J‘ﬂ : 2
,.: i o ~'J-‘,,
: 1Eeasurement systems were 1dent1cal to tpose descrlbed 1n
4 . "l N
Chapter VII Forelgn a es. such as nitrogen and oxygenfwere

‘olant flowsof a conventlonal

lntroduced only to the

W : Soh L "’A‘ :'_ I e / L
. N ' = . A
R R R o ’ L . . s
e g . . - - b .¢ : K

The electron den81ty was determmned us;ng the Stark

d;strlbutlon of electron denSLty was calculated us;ng the'

L%

Lo e \ . N i " . l‘
procedures presented in Chapter VII¢ ot
f:f ;- ., f R N 'gd-«‘_,"uﬂ B i
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The electron denslty drstrihutlon for thé@%":? )
.conventlonal argdh dlscharge operated at 2 0 Kw rf power*

»‘-f' 7~r

B were measured and are presented ln Figure 65 Tha nebullzer

flow r&te was set at l 0 L/mln. Measurements were made at 2
Y . B

£, 5, 10 15, and 20‘mm aboVe the load corl “In add;tioqﬁ

R o £

measurements of electron den51ty from the hydro@en Stark

Ay

broadenlng Were colleeted fqr Q 0 to 8 5 mm away from the

o

» central plasma axls wath a d;splacement step of 0, 5 mm
Because ef the symmetrlcal nature of lnteﬁ31ty dlstrlbution

‘~(nefer to Flgure 59),_on1y one-slded profiles of electron

*

¢

den31ty are: ShOWn in Figure 65 .'f : ¥ 5 ‘;;'_'w,_

. b
o~ ’ ) -

_; "4 The spatlal proflle study of electron den81ty
(Flgure 65) Wlll be dlscussed in some detall as most of the
.spatlal data measured in thls study are, presented 1n an’

‘analogous format FlY€ profiles are presented 1n rlgure &5,

» Y
.

each curve represents the radlal\eleqtron dehs1ty proﬁlle'

A

measured at dlfferent observatlon herghts, 1§e curve a
'corresponds to 2 mm above the load c011 curve.b to 5. mm,,

A.t‘ V- ~

'fcurve c to 10 mm, curve d to 1§ mm and curve e to. 20 mm .,

b L < - ] “

.above the 1nduct10n c01l These conflguratlons hold for

LA

' Figures- 65 69, 71> 73: 75’aﬁd‘77 ‘1“‘ :

. ‘THe electron densrty dlséklbutlon ;n the’

* £

n ‘e

L -‘Al.v‘jvﬁ.
< T
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conventional argon dlscharge whlle dlstilled water was -

1 RN ) o
aspirated ln the aerosol channel 1s presented anx

)

. These~Prof111es show several 1nteresting spat1a1 tf‘Qy&p s”"";

~

-

4

RO e sl
characterlstlcs of the arqon dlscharge. AlL: the,eleetron e

(

denslty-profiles measured at varlous helghts exhlblt -{y_tﬁﬂ ‘

off-axls marlma. It should be noted that w1th an 1ncrease in

" ,), et

obsgrvatlon helght i. e. from curVe a to e, the poSltlon of B

X

the off-axls denslty maxlmum moves towards tﬁe plasma qentera,f,

N e

e axls. All these dlstributlons reflectxtﬁe toroldal shaped

- plasma dlscharge. The 1ntroduction of the cooler aerosol gas

: céntral‘dlp of the electron number den81ty, and\subsequently ‘;

s 3 LU

.,.“xlnto the central axis causes a conSLderable temperdtnre dropﬁi:t

]

in the mlddle of the discharge. fhis may result ln‘the :

rs

give rlse “tor a ”doughnut” shaped plasma. The central d1p ls

less‘profqund 1n the upper v1ew1ng helght than 1n the reglon

’,near the load c01l In contrast“to the analyte emlss1on

\

-'signal WhICh peaks hlgher 1n the aerosol channel the

'overall magnltude of electron densltx proflles creases

K

‘SLgnlflcantly wrth 1ncrea51ng observatlon helght Thls may

J

be attr;buted to the dynamlc flow of . the hot plasma gas. At

m'hlgher v1ew1ng helghts, the current den51ty lS smaller,

therefore the plasma temperature drops SLgnlflcantly when

hot plasma gas comes ‘in contact w;th the cooler outer gas.

& -

Slnce the electron densrty is hrghly dependent on the plasma

‘temperature, a drop in temperature will undoubtedly result

- 1

X



.Hv‘hfdenslty measurements shown 1n Flgure 65 vary from Q\G ®. 1015

Som to 8 0 X 1015 cm 3, whlch are 1n close-agreement with

~"
-‘;‘JA U

“in a drop in electron dens;ty. The values of electron

h . l

=3

ﬁ~rthose reported ln the llterature (93 94 96-99).

Another lnterestsng p01nt to- note in. Flgure 65 1s

the remarkable 51m11ar1ty between the vertlcal electron |

J

den51ty proflle along the aerosol channel and the vertical

' fmlsslon proflles of the analyte 51gnals presented in . T_ag'

ter IV. It . is clearly 111ustrated in Flguré 65 that ln

v1c1nity of’ the plasma central aerosol channel, the net

'electron densxty 1ncreases as the observatlon helght is 3(f.bf
. raised from 2 to 10 ‘MM’ abqve the inductlon COll, mhen 1t

f[decreases gradually after the 10 mm observatlon helght The

‘[ertlcal electron denslty proflle has a strlklng resemblance

“to the "hump shape of the analyte em1381on proflles, v."?‘"j

. Ay
presented ln Chapter IV COrrelations»of electron denslty

aﬂtoflles to the analyte emlssloﬁ\proflles have been carrled-
out and w1ll be dlscussed 1n the follow1ng chapter.

A contour map'of the electron den31ty dlstrlbutlon

in a conventlonal argon discharge 1s shown 1n Flgure 66 The

- plasma was operated at 2 0 Kw and w1th an aerosol flow rate

of 1.0 L/mln. The numbers on the llnes represent the

' electron density ln the order of xa015 cm ?. Thls flgure '

shows seyeral interest;ng characterlstlcs of the

conventlonal grgon plasma.'The electron den51ty 1s greatest :

P



 Electron Dénsity, X1015'cm=3 -

" Fig.

65. .

271

8.0

o

.&v‘
-y

100%Ar .

= N T E TSN ST N EA &

‘20 40 80 80
Radtal Coordmate, mm BRI

Radial electron density profiles of an Ar—ICP

-as a function of observation - height- (a) 2. mm, L
(b) .5 mm, (c) 10 mm, (d) 15 mm, and (e) 20 mm

- .above the load ‘coil, operated at.2,0 Kw power :

. and 1.0 L/mn aerosol flow rate.
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marks torch edge), operated-at’ 2. 0. Kw_power$
- and 1,0 L/mln aerosol flow rate 0
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Fig. 57 Rad1a1 electron density proflles Qf an Ar-ICP *”Iw
as 'a. functlon of cbservation height"(a) 2 mm,---" )
(b) '5 mm,’ (e)’ 1o mm, (d) 15:mm, and (e) 20'mm- RO
above the .load’ coil, perated at 1. 5 Kw power; e T
and lbo L/mln aerosol flow rate. R i
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abOVe ‘the load: COll, operated - at 2.0 Kw oower ,,fjff'

- -and l 5 L/mxn aerosol flow’rate. 'fﬂv:,
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_ln the spatlal reglons clOSer to the\load coxl -and drops

'qulckly W1th 1ncrea51ng dlstance away from the load c01l. A

The den51ty dlstrlbutlon is 31gn1f1cantly reduced in the

Rl

center of the plasma ax1s as a reSult of - the aerosol t-_*

channel Note -that the dlstrlbuxlon zone tends %o elongate

-«,valong the vertlcal ax1s, especrally followlng thefcontours

;of the current den31ty stream. Off-axis maxlma at all
spatial helghts are clearly v1slble ln Flgure 66. In
;-addltlon, the zones move towards the central aerosol axis °

N\ :
pw1th 1ncreaslng dlstance away from the 1nduqtlon c01l Vo
_ Gt
Flnally, ‘it should be noted that the electron den81ty

proflle along the- central ax1s exhlblts characterlstlcs of

.

the ”hump shape.n o ' l" <

'._t*.

' l}'ﬁffects of rf*Power on Electron

Density Distribution «
o : o 3, o o *
- e ' ! -

/

(Y

-

The electron den51ty proflles obtalned for the l 50 -
. Kw Ar—ICP are shown 1n Flgure 67 In Jthis case,‘the aerosol
flow rate was kept at 1.0 L/mln. For: comparlson purposes,
;the ordlnate and absc1ssa scale as’ presented in Flgure 67

_/.

‘are 1dent1cal to that of Flgure 65. Prellmlnarypmeasurements

v 1ndlcated that the magnltude and the dlstrlbutlon of the

uelectron denSLty depended upon the rf power. The denslty

B

v : o . “- . ) v s S
y . . L o .
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~

ijproflles,obtalned from a. l 50 Kw Ar—ICP (Flgure 67) are_f?

sxmllar oniy 1n shape to the prev10us 2 0 Kw. Ar-ICP' o -}7

'denslty proflles (Flgure 65) Apparently, both plasmas

’ eXhlblt a drop in electron denslty in the central axls.

ffDramatlc dlfferences in’ the electron den31ty values are

‘coils

. ‘... '. e

| observed for the plasmas operated at dlfferent powers. In

& -

3 .-'-"_:.

the 1. 50 Kw plasma at varlous observatlon helghts is- lower

than that of the 2 0 Kw plasma. It 1s 1mportant to note that

ﬁshlfted towards the central aerosol channel Note that an

optlmum den51ty proflle is obtalned at 2 mm above the load

o

A contour plot of electron denSLty ls presented 1n
Flgure 68 In the central aerosol channel the optlmum
electron den51ty .zone occurs somewhere in between ‘5 mm to 15

mm above the\load c01l ThlS again 1nd1cates a "hump" shaped

Iy

'vertlcal den51ty proflle. The major difference between the

contour plots of l 50 Kw and 2. 0 Kw plasmas is the magnltude

of the electron den31ty. This can be ratlonallzed by

conslderlng that the current coupled to the plasma from the'

- lnductlon c011 decreases by changlng the rf power from 2 0

Kw to 1. 50 Kw "It is also 1nterest1ng to note that the
volume bounded by the stream remalns uanchanged by’ decrea81ng

the rf power

“general *the'overall‘magnltude of the electron den51ty for >

.the proflle maxima for the 1.50 Kw plasma (Flgure 67), - ,_"



-

A

5 S AL : Co S .
. o @ . . B .

2 Effects ofi Aerosol Flow rate on

Electron Den51ty Dlstrlbution

. SO : .
\ i -x\ -5 .
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Edmonds and Horllck (106) demonstrated that the

-em1831on spatlal patterns are hlghlx\dependent not only on.

\v‘v* .

the power but also the aerosol flowhrate parameters of the

plasma. In order to clarlfy the nature‘of spatlal structure

w{,')

of electron den51ty, ‘a slmllar study wa% conducted on the

electron denSLty in the plasma as a functlon of aerbsol flow.
By
rate. The spatlal electron den51ty proflles 1n the reglon of

2 “to 20 pmi above the load c01l are provxdedﬁun Flgure 69

Whlch has the -same ‘axis scales as preSented in: §1gures 65

and 67. The condltlons chosen for this study were®2.0 Kw rf

.r\
v,

pOWer and 1.0 to l 5 L/mln aerosol flow rate. The electron

den31ty profiles w1th l 0 L/mln aerosol flow rate are shown

-

k
‘in Flgure 65 and that of 1 50 L/mln aerosol flow rate are

A

prOVlded in Flgure 69. V

In addltaon, the net el ctron concentratlon and vertlcal

f



- both cases."‘ .fit

N

. _identical in both cases.

N

' unclear as to why these1unexpected results occurred

X

;7i At a fixed power, an increase in aerosol flow rate
(from 1. 0 to l 5 L/mln) does not Shlft the peak electroa S

densxty maxima away from the central ax18. It 1s eV1dent

L

"‘that changlng the aerosol flow does not affect the overall

gnitude'of the electron den81ty proflles (Flgure 69).

Also, the‘overall shape of the electronxdlstributlons for

,lfferent aerosol flow rates (Figures 65 and 69) is almost

' The effect of changlng aerosol flow rate on the

T

electron den81ty contour map of an argon plasma is _'f"

‘ demonstrated 1n Flgure 66 for 1. 0 L/m;n and Flgure 70 for

1L 5 L/min. In the latter case, the optlmum electronbn

-

: dlstrlbutlon stlll occurred near the 1nductlon c01l It can

- ‘be seen that the contour plot of electron denslty 1s | L

lndependent of the plasma aerosol flow rates. It is somewhat

K
. ¢

3 . = . . N
)
3

3. Effects of Forelgn Gases in the Coolant Stream

on the Electron Den81ty Dlstrlbutlon '

’

-

It was well establlshed 1n Chapters IV to VI that

nltrogen or’ oxygen 1ntroduced into the coblant flow of a

a

conventlonal argon plasma can have a marked effect on the

N
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» em1531on 1ntensxt1es and the spatral characterlstlcs of

: analyté 51gnals. In all cases, the analyte emlsslon 51gnalsi

were at thelr maxlma when 108" nltrogen or oxygen was

J

'1ntroduced 1nto the coolant flow..“$= “;‘ : 1,;f*' ;. L

One of our major goals ln studylng a'mlxed gas ;

plasma ls to optlhmze the. system and also ‘to- understand ther
Q i et

mechanlsms 1nVOlVed 1n optlmlzatlon..From thls p01nt of

' v1ew, aAfundamental study of the electron denslty”
s dlstrlbutlon was carrled out 1n thefICP when nltrogen'or ;*(
.oxygen was 1ntroduced 1nto the coolant flow. Slnce the _

« ey ‘
em1351on characterlstlcs of the angonailscharge are altered._.
',by the presence of the nltrogeh or oxygen,"lt is 1mportant
to study the effects of varlous amounts of nltrogen or

: .oxygen in the argon dlscharge on elecg;on densxty
xbidlstrlbutlon. e '“‘f'

s’

arSld%éNitrogen Cooled ICP.
The effects of lO% nltrogen on. the spatlal proflles
‘and absolute magnltude of electron éonéentratlon are shown
1€ Flgure 71 The curves shown 1n the fmgure are plots of .
radlal electron dens1ty proflle as a functlon of obserii:xon
:helght abOVe the load’ c01l These plots are. anaiogous &
those presented in Flgure 65 The mlxed gas plasma was -

v"operated at 2.0 Kuw power and 1.0 L/mln aerosol flow rate. As
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_lO% nltrogen was 1ntroduced 1nto the coolant flow of ang

-\

'~,argon plasma, . the electron concentratlon at the lower reglon T

- of the plasma (2 to 10 -Tnm above the load‘c01l) was hlgher
than that of the argon dlscharge (Flgure 65). Thls | -
1observatlon has undoubtedly 1nd1cated that a 10% N, cooled
vplasma 15 a more. energetlc source than the conventlonal
i'&Ar-ICP It can be seen that hlgher in the plasma (104:3 20
~'mm above the load c011) the electron den81ty fell below that
of the argon plasma. The lowerlng of the electron den81ty |
was due to. the smaller plasma volume of the 10% N2 cooled
dlscharge. Thls effect is clearly 1llustrated in the contour
4plot for - qu electron den51ty of a 10% Nz cooled dlscharge.
in Flgure 72 .'~' ' ‘1" o 7__ S b,»' R x.f"}
) : It is 1nterest1ng to note that lower 1n the pIasma,;
%he electron concentratlon shlfted away from the central
‘;ax1s«as the argon plasma was converted 1nto a lO% N2 cooled
.ICP At 2 mm- above the load c011, the radlal p031taon for ;

the maximum electron densxty occurred at 4 25 mm away from T
the central axls. HoweVer, the dens1ty maxlmum shifted

’

'towards the central aerosol channel at hlgher observatlon

helghts. For example, at 20 mm - above the lnductlon c011 the ‘7/V-

S~ ca

Hproflle maxlmum occurred at 2 mm from the aerosol channel.
IQTV A comparlson of the data shOWn in Flgures 65 and 71

falso indlcates that in the central aerosol channel electron-m ‘
. % TR
'_.denSlty 1ncreases 51gn1f1cantly when Ar-ICP 1s converted

-

1
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_cooléd=ICP'as_a.ﬁunction-of observation height;
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" and. (e) 20 mm above the load coil, ~operated
- at 2.0 Kw power and 1.0 L/mih aerosol flow rate..
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Fig. 72. Electron density map for a- &9% N2 cooled ICP,

- ‘operated at 2. Q' Kw power and l 0 L/min aerosol
flow rate : o
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Lnto a 10% N2 cooled plasma As was mentloned prev10usly,

”.the analyte:emlsslon 1nten81t1es increased slgnlflcantiy

'-

. when 10% nitrogen was Lntroduced 1nto the coolant flow of an-.lu

l:argon dlscharge. ThlS observatlon leads one to conclude that .

felecton den31ty and em1381on 1ntensxty exhlbit some degree

~vof correlatlon in the plasma dlscharge. This correlatlon l‘d e
o w;ll be dlscussed in’ the follow1ng chapter.; ' S

b&”;bgf¢yitgéggnVCé¢lédﬁIQF?:bfi,

’ﬁ In order to verlfy the correlatlon of peak density
max1mum and the plasma volume, ‘a 31mllar-exper1ment,to the | .
' one mentloned above was repeated for a. 100% Ny cooled ICP o
The curves shown in Flgure 73 are. plots of electron den31ty
as a functlon of radlal p051t10n from the central ax1s for a
' ;2 0 Kw 100% N2 cooled plasma. These plots were collected at

¥

‘varlous dbservation heights abOVe the load coxl Photodaode
v-array 1nsenslt1vity made it dlfflcult to- measure the dv
_electron proflle at 20 mm above the ‘load c01l B
_; It can be seen from these plots that radlal spat1al
f;proflles of electron den31ty Shlft towards the lnductlon'"
0011 as the percentage of nltrogen 1ntroduced to the coolant
1ncreases from 0% to- 100%. At. 2 mm above\the load coil ,as =

&
jcompared‘to the conventlonal argon dlscharge whlch has a

den31ty maxlmum at 4 mm away from the central axls, the




posltlon of the dens;tyymaxlmum for the 100% N2 cooled

fdlscharge 1s found to be at 2 mm away from the central

Y

aerosol channel The above dlscu381on is- further

n?substantiated by the contour plot prov1ded 1n Flgure 74 In

Z:thls f;gure,‘lt can be seen that the electron denszty zone

:1s constrlcted to a smaller Vblume than that of the argon

| 2.3’,‘3‘ 5

alscharge. Prev1ous studles have 1nd1cated that a, N —Ar ,3f o

2

-"mlxed gas plasma was constrlcted to a smaller volume when ; Y

;.-?2 s

argon dlscharge was c0nverted 1nto a totally 100% N2 cooled

fuICP Under simllar operating condltlons, the electron

v,.,

' max1mum was shlfted towards the central plasma ax1s as a

o

Increaslng the coolant nltrogen concentratlon from

Y

.'0% to 100% (Flgures 65 and 73) 51gn1ficantly decreases the

magnltude of the electron dens;ty. The results presented in .

»Flgures 73 and 74 clearly 1nd1cate that spatlal posrtlon and(

lntenslty of the denslty max1mum ls undoubtedly related to

By

‘the plasma volume. In Flgure 74 the most 1nterest1ng poxnt N

.to note 1s perhaps the contour plot of electron denslty for

- a 100% N2 cooled ICP whlch follows closely to the slze and

- shape of the plasma dlscharge,dlscussed in Chapter III.

~ ©.’10% Oxygen Cooled ICP & .\

N .
NS .‘ - _;' .,
. e h -l ¢ PR

i . s 3
Before draw1ng any deflnltlve concluslons ahout the~ -

h:result of the reductlon -in plasma volume. ‘-?, i »”. : §

-
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O

correlatlon of electron den51ty proflles and plasma volume, E
perhaps 1t 15 1mportant to study other mlxed gas plasmas in

order to see whether these. spatlal patterns and trends have i
some generallty. The analogous spatlal proflles of electron

: den51ty for the 10% 02 cooled plasma are shown 1n Flgure 75.

[

A The experlmental operatlng condltlons chosen for thls study

were 1dent1cal to. those descr;bed earller for the Nzicooled
. ._;_...: “plasmas. " ;' . ’ :. . .l...rv . IR -

' SeVeral 1mportant conclusxons can be drawn based on
the Spatlal radlal electron dens1ty proflles of. the 10% o2 -
90% Ar mlxed gas ICP Flrst, 1f the argon plasma (Flgures 65

and 66) is: used as a. ba51s for comparlson, the overall

s

magnltude of the- electron den81ty obtalned from the lO% O2

cooled plasma 1s somewhat hlgher than that of the argon t
dlschange. ThlS clearly 1nd1cates that a 10% o2 cooled
plasma is a more energetlc source than the conventlonal
Ar-ICP Second, for a- glven observatlon he1ght the 1ntensrty
of den51ty max1mum 1s pushed towards the mlddle plasma axis

as the argon dlscharge is converted‘rnto a 10% 02 cooled “
n\ *

ICP., Thlrd, at v1ew1ng zones hlgher than lO mm, the
magnltude of electron den81ty for the lO% 04 cooled ICP 1s

smaller than that of the Ar—ICP Thls effect ‘is agaln

- ~".—*' . © N . .
T Wi D SV S »dl@-oht"n REXe

5substant1ated by the eonteur plet-provmded 1n Exgure,ZG A

o _gompé;;sgn_gf‘Flgu;es ﬁﬁagnd 76 clearly 111ustrates that a ;Q.fﬂ

'A- L R Y “ 3 - RN KRN - LR

plnch effect occurred 1n the plasma due to the 1ntroduct10n

O B — R R ST raee
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" Fig. 75, Radlal electron den51ty proflles of a 10% 02'- c
T ‘‘cooled ICP as a function of observatlon height,;;i
(@)-2 mm,  (b)-5 mm, (&) 10 mm, (d) 15 mm, N

-and (e} 20 rm. above- ‘the load coil, ~ operated: -
~at’2,0 Kw power ‘and l 0 L/min aerosol flow rate. “
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Fig. 76. Electron dénéity mdp for a 10% O, cooled ICP,
o operated at 2.0 Kw power and 1.0 L/min aerosol
. flow rate. o ' - v o
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Radial electron density profiles:of a 100% 02"-~

cooled ICP as a function of observatiOn_heigpt;

(a) 2 mm, (b) 5mm, (c) 10 mm, (d) 15 mm,

and’ (ek' 20 mmn above the load coil, -operated

'at 2,0 Kw power and 1.0 L/min aeresol flow rate.
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,g’“towards ‘the central aerOSOl channel when 10% oxygen was.

-jor 108 Ny cooled IC,P. RURRIE

" d.- 1008 Oxygen Cooled ICB. . ° -

erhese profrles are similar to those 1nd1cated for the 100% N2

of O ,1nto the coolant flow of a. conVentlonal argon plasma
’ 2.

fIt is also clear that electron den51ty zones are pushed

11ntroduced‘1nto the coolant stream The densrty zones of the

ﬁlO% 02 cooled plasma are also broader than those of the Ar “'7

)

v s e L
S e

The electron proflles for the 100% Oz'cooled plasma

- a
\.1‘

m?measured ‘at drﬁierent he'ghts are presented‘in Figure 77

St

_the central axls when argon 1n the coolant flow 1s &otally
replaced by OXYgen, (b) the srgnal from hydrogen proflles at o

20 mm above 1nductlon c011 is. too small to be detected by

our. present photodlode array detector, so the data for thlS

N

helght 1s not reported (c) the absolute magnltude of the

electron dlstrlbutlon decreases drastlcally when the

discharge lS cooled by 100% oxygen.
' A contour plot of electron distrlbutlon that wasﬂ7

obtalned from a.lOO% 02 cooled ICP is shown in. Flgure 78

~

: Thls flgure demonstrates that den51ty zones ‘are belng push

towards- the central axis when the conventlonal argon plasma

.lS converted 1nto a 100% 02 cooled ICP. It should,be.notedr'“

-~

,.A.,-ﬂ,-w»-ua.q 'qr‘«n. @ e A T A 2 -
. B b .
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3COoled ICP, i. e. (a) the proflle max1mum lS pushed towards -?i>_‘
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that the\shapes of the densxty zones are W1der than those of
the 100% N2 cooled dlscharge. In the mlddle aerosol channel,
the vertlcal denslty proflle exhlblts a "hump shaped |
,”characterlstlc wzth -the. max;mum densxty occurrlng at 6 mmi

¥

,above the load c011 *"'*G

' D.. Comélusions’. =~ - . . o

. .

It is clear that mapping the electron dlstrlbutlon

“

-1 -
.......

”-dand detalled plcture of the spatlal characterlstlcs of
'Afelectron den31ty dlstrlbutlon. From the results dlscussed 1n3}7_~
7the preV1ous sectlons, lt»lS qulte clear that electron '
dlstributlons 1n the ICP are hlghly dependent on. the rf .
power and plasma phy51cal volume. The experlmental data also;_
hlndlcate that electron dlstlbutlons in the plasma source are
somewhat 1ndependent of the varlatlon in aerosol flow rate.-
Slnce the presence of N2 or 02 in the coolant streamf
alters the characterlstlcs of the electron dlstrlbutlons in
the plasma source, several lmportant conclu51ons can be-
.1drawn from these observatlons. Flrst of all the 10% mixed
\gas plasma increases the electron density whlch 1nd1cates
that a mlxed gas plasma (1051 is more energetlc ‘than the

conventlonal argon dlscharge. Secondly, as mentloned
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yobservatlons lead one to belleve that 51gna1 enhancements.

'_:“observed in the mlxed gas plasmas may be the result of an’

"11ncrease ‘in electron den51ty.vTh1rdly, srnce the vertlcal

| n;proflles of the electrons and emmsszon 31gnals exhlbit

,"hump shaped characterlstlcs in the aerosol channel thls_j,n__

'“:frmplles that a correlatlon may eXLst hetween the elegtrﬁn

in. the ICP source.‘Flnally,

'?the samllar behav1our of analyte em1531on 51gnals and fv o T

-

electron densxtles ln the aerosol channel also suggests that'
.1onlzat10n and ex01tatlon processes are probably due to

collls1ons w1th energetic electronsfﬁ'uff';'
“Based on. these results, it is orobably most. -

—~

1mportant to study the correlatlon between the electron :f_
‘density and analyte em1531on SLgnals. Such measurements have

’
been carrled out and w1ll be descrlbed 1n the follow1ng

. BT R T T AT O ‘ PR
7uchapter.ﬁfﬂjj-;”'f*' B U R

.- . N S e Do . P



L CHAPTER IX

:{ CORRELATION OF ANALYTE EMISSION WITH

T ELECQRQN»DENSITY TN.MIXED GAS ICRs ffi;;?¢};;¢_f'

)'“;"KLffintrodnction'

B4
’

The electron den51ty 1n Ar-ICP dlscharges has been

" measured by severad investlgatOrs (88 93 94 96,98 103).-~

-

:.HOWEVGI, few measurements of the spatlal dlstrlbutlon of f“‘“'

'helectron densxty in the ICP, have'been made (8&‘99 94) and no

P N
X A *

'correlatlon has been made between the spatlal distrlbutlon
of the electron denslty and that of the analyte em1381on

flnten81ty. It is- evident from the precedlng chapters that

lxdlstrlbutlon of electron den81ty 1n the plasma source is
.greatly 1nf1uenced by the ICP operatlng parameters such as
plasma power, observatlon height, aerosol flow rate, and

plasma gas compositlon.'

.

et R S PP . S B . AR
-'.» L

It can be -deduced” from the preceding chapters that
varlatlons ln ICP operatrng parameters cause both magn;tnde;i:‘
1and spatlal changes in: the analyte em1331on 1nten81ty and f"‘
'electron denslty. Therefore, it seems reasonable that aib*"
correlation may exist between analyte emlsSLOn inten81ty and
ielectron den31ty.vIn th;s study changes in the emlssion and

'structure of both the cadmlum neutral atom and 1on llnes

'h;h 297;;oh-ﬁizﬁgf‘ﬁ”f'.;hf'fffﬁ tg’..'



‘were monltored as a functlon of Icp operatlng parameters and -

these changes-were correlated ﬁlth those 1n eLectron "fflj;h

o »°

densxty. It w1ri be seen that'a correlatlon occurs between

~the" drStrlbutron of electron den51ty and that of the analyte o

.q& B
- e e 1 .

"em1351on 1nten81ty.

e . - R L : . L.
- - . pa

For many analytes, 1on spec1es are con51derably more.

-~ [ o
T -

sensltlve than neutral atom spec1es towards the addltlon of o

:ﬁg forelgn.gases 1nto the argon dlscharge.fThis 1s,certainly

Vgt
P

true for all the elements dlsoussed in- Chapter IV. It‘will
be seen in thlS chapter that correlatlon of - analyte em1351on‘ .
‘t 1ntenslty w1th electron denslty in, mlxed gas ICPs provides av
ratlonal explanatlon on the nature of ion llne advantages in
the ‘mixed gas. dlscharge.' o :,“ R ‘ 'h L F} ' .
| There are’ several reasons for ch0051ng cadmrum | |
»h neutral atom (228 8 nm) and 1on (226 5 nm) em1331on 11nes
for these.studlesyﬂflrst, both llnes have about equal
sen31t1v1ty in the argOn plasma source. Second they are lnﬁq‘"h
the’same wavelength reglon so that the monochromator does firg
notﬁneed to be calibrated agalnst a standard tungsten
i ‘fllament lamp. Thlrd the comblned energy of ‘the excltationi -

_ and - ionizatfon potentlals (14 5 eV) of the cadmlum lon llneffiu
_(‘ 1s greater than exc1ted energies -of . argon metastables (11[5‘

eV»-'therefore, argon metastable does . not have enough energy
) - | I
to exc1te and ionlze _the cadmlum spec;es_, - SRS o

Flnally, certarn qualltatlve observatlons have been

oty f -



' argon plasma.*

den31ty measurements.ﬂ

Fmployed to assess the role of electrons 1n the 1onlzatlon

e e, . 4

and exc1tat10n mechanlsms ln mlxed,gas plasma.

Pr——

liﬁi; The plasma system'was the PlaSmaeThErh ICP system

-

dlscussed Ln Chapter II Unless- spec1fically noted all

4

‘ operatlng condltions are as llsted 1n Table ITI.1. The

' measurement systems were 1dent1cal to those descrlbed 1n

Chapter VII—VIII Forelgn gases such as oxygen and nltrogen

N\

; were lntroduced only to the ‘coolant flow of a conventlonal

The-~ radlalwdmstrlbutioh of anAlyte emr851on Tl T

-

lnten31ty was calculated u31ng the Abel 1nver81on technlque .

dlscussed .in Chapter VII. The operating conditions for thls

- o -

experiment were 1dent1cal to those used for the electron .

T a e e

'C. Results and Distussion - .. o S

[N

. Comparlson\of Horlzontal Lateral and Radlal Emlsslon

Profiles of Cadmlum Neutral Atom and Ion Llnes “f

. - - ”.'_"‘ T r

S 299
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The horlzontal proflles of cdar (228 g nm) and CdII

. (226.5 nm) llnes are provided 1n Flgures 79 and 30
respectlvely. The ICP operating condltlons were 2.0. Kw rf -
’power, 1. O L/mln aerosol flow rate, and these proflles were
?observed at 2 mm above the load c01l All gas flows were
:-<argon. The measured lateral 1nten31ty dlstrlbutlon for the
thI 228 8 nm llne is presented in Flgure 79 together with
* the calculated radlal proflle. The lateral and radlal
proflles for the CdII 226. 5 nm llne are provided inh Figures-

80a and 80b. The dlfferent shapes of the lateral and radlal

’em13510n proflles are clearly 1llustrated ln Flgu es’ 79 and

. - oE

.80, The~lateral profiles of Flgures 79a and 80a lmply that,.
'-there is h1gh em1831on 1ntens;ty at - the center of the E
_faerosol channel Whereas the radlal proflles rn Flgures 79b
“fand 80b 1nd1cate that the emission dlps 81gn1f1cantly at the “,j

*center axls.' Slnce the ICP 1s v1ewed from the

1de, the ’

' difference in emlsSAJL Lntenslty in the aerosol v

'_due to the fact that the measured lateral 1ntens;ty 1s the

&

sumgpf the total emlssxon intenSLty contrlbuted from- all

depths w1th1n the source. Hence, after Abel 1nver51on theA‘
calculated rad1a1 1ntensxty in the center.axls is lower than A
Xthe measured lateral 1nten31ty. Another lnterestlng p01nt to

" note in Flgures 79 and 80 ls<that the radial proflle of the

neutral atom llne dlgs s;gnlflcantly less than that of the
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2. Complete Radlal Em1851on Maps for

Cadmlum Neutral Atom and ron Llnes .

M‘:';? The complete radlal emlsslon proflles for CdI 228 8
Anm- andrcdﬁl 225*5 nm are prov1ded 1n Flgures 81 to 87 A° g8t -
fyof Spaélal radlal proflles (Flgure 81). w111 be dlscussed 1n
detall as most of’the spatlal data measured in thlS study

g

are presented in the same format All of the data were

R

r‘coilected at a constant aerosol flow rate (1.0 L/mln Ar), _

: constant rf power (2 0 Kw) and a constant volume of coolant
flow rate (15 L/mln Ar or forelgn gases) Two dlfferent sets
of radlal proflles are shown in Flgure 81. Flgure 81a on_ the;
left corresponds to neutral atom em1s51on and Flgure 81b on!
the rlght to ion emission. The flve dlfferent proﬁlles on
each set correspond to the rad1a1 em1551on proflles measured
at dlfferentﬁBbservatlon helghts,.l e. from 2 to 20 mm above
the load coil. These condltlons hold for Flgures 81 to 87.
For comparlson purposes, the scales as presented “in Flgures
82 to 87 are 1dentlcal to those of Figure 81 .

Radlal em1581on proflles from a conventlonal argon

plasma are presented in Flgure 81 These proflles show

several 1nterest1ng features whlch seem characterlstlc of ”’é3ﬂ4;

°

>
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analyte em1s31on in the aenosol channel Frrst, low in the ;':iﬁ
plasma (2 to 5 mm above the load c01l) em1531on peaks‘
'offqaxls w1th peak em1551on correspondlng roughly to the
Qedge of the analyte channel and also to the plasma "

5

”:"doughnut" boundary. ThlS is ev1dence, perhaps, "'v_ihéf« ?‘
exc1tatlon of these neutral atom and ion llnes is. related to
1nteractlon w1th energetlc electrons orlglnated from the
"annular reglon of the plasma, Second w1th an 1ncrease in
bbservatlon helght the pos1tlon of the-peak maxlmum ShlftS
closer to the central axrs, unt11 at a helght of 10 mm, the k
'em1331on peaks in the’center of ‘the aerosol channel As
d1$cussed in Chapter VIII, the max1mum electron den51ty
”zones moved towards the central aerosol ax1s w1th 1ncrea51ng
dlstance away from the induction 0011 Therefore, the above
'observatlon can be 1nterpreted as an 1ncrease in the amount
of 1nteract10n between cold aerosol gas and hot . energetlc ‘ ”
electrons w1th 1ncrea51ng helght, such that complete m1x1ng
- occurs at thls height Thlrd the-em1551on proflle from the
r*lon\llne 1s someﬁhat broader when compared to em1351on from

o

atom llne. The radlal proflles observed corresponded closely
to those reported by Blades»and Horllck (120 121), and
Furuta and Horlick (122) Thls mlght be the result .of
d1ffus1on of ion specres. A broader ion proflle is belng

observed because ‘the coulomblc attraction between ions and

electrons is stronger than that of the atoms and electrons,

K]



P 31,2
ltheféfbré, lons tend to ‘diffuse mote- into the maln body of
the plasma whlch con51sts of hlgh concentratlon of |
electrons. Fourth in agreement w1th the data presented in

,:Chapter IV the radlal em1351on 1nten81t1es for both 1on and
neutral atom lines-in the aerosol channel peak around. 15 mm

abowve the 1oad coil. Thls emlsSLOn structure suggests that

Vatom and 1on em1551on can be correlated w1th the magnltude

%

of electron den51ty in thls channel Such correlaflon ‘has
fbeen carried out and w1ll be dlscussed later 1n thls

chapter. Complete radlal em1551on 1nten51ty maps of the ICP

N -

under different operatlng parameters ‘have been measured in.
“order toﬁtest the valldlty of the above dlscuSSLOns.;

The complete radlal emlsslon maps ‘of the CdI 228 8
nm and CdII 226.5 nm llnes for a 1.50 Kw argon dlscharge are
shown in Figure 82. The aerosol flow rate was kept at 1.0
L/m1n argon. For comparison purposes, the ordlnate and
absc1ssa scales as presented in Flgure‘82 are identical to.
those of Flgure 81. Prellmlnary studies 1nd1cate that the
magnltude and the dlstrlbutlon of the overall radlal |
.emlsslon depend;upon thevrf power; Decreasing the piasma “ //r
power from 2.0 Kw to 1.5 Kw causes the radial intensity to
decrease. The radlal emlsslon proflles for both llnes
operated at 1. 50 Kw power are somewhat narrower when
compared to those of the 2.0 Kw plasma. Also, the’ max1mum

emission in the aerosol channel shlfts away from the
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flnductlon co;l when plasma power 15 decreased from 2 0 Rw to -
1.50 K. | |

At fixed plasma power of 2.0 Kw, an 1ncreASe in
‘aerosol flow rate from l 0 L/mln to‘f 50 L/min (Flgure 83)

results 1n wldenlng the aerosol channel because of a hlgher.'

'lnflux of cooler aerosol gas. In addition, the max1mum
radial- emission along the aerosol channel clearly shlfts
away from the 1nductlon c011. Flnally, the overall magnltude
_of radial emlss1on decreases due to the fact that an’ -

increase in aerosol flow rate results ln a reductlon of tlme

J'that,a sample ‘spends in. the plasma

3. Effects bf Foreign Gases (N2 or 0,)
in the CQolant Stream on the Complete"

Rad1a1 Em1851on Maps

In addltlon to varlatlons in plasma power and ;
aerosol. flow rate, variation in coolant gas comp051tions .can
:also cause both intensity and spatlal changes in the analyte
emlss1on lntenSLty. It is also to be expected that changes
" in the gas comp051tlon will result in electron den51ty,

temperatures and conduct1v1ty changes in the. plasma

,“dlscharge. It was established in‘Chapters IV to VI that

nitrogen or oxygen introduced into the coolant flow of a
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em1551on 1nten31t1es and spatial characterlstlcs of the
analyte 51gnals. These results are rather llq}ted -and malnly :
concern themselves- Wlth the characterlzatlon and evaluatlon
of the mlxed gas’ plasmas only in the aerosol channel.r
:complete radial em1531dn map of" the’ mlxed(gas ICPs is

‘ absolutely necessary .in order to assess the physical
.dependence of analyte em1ss1on upon varlatlon in gas
composltlon.,From a fundamental p01nt of view 1t is

necessary to monltor changes in the radial emlsslon

S

‘distribution of the analyte as a functlon of gas.
,compositionS’and to. correlate these changes with thoseiin
the eleotron'ggnsityl | :
. .a. 10% and_lOO% Nitrogen CooledﬂICPsi b
The complete radlal emission proflles for CcdI 22& 8
nm and CdII 226.5 nim are prov1ded 1an1gures 84 and 85. The
radlal emission maps for 10% (Flgure 84) and 100% (Flgure
85) N, cooled ICPs are shown. These plots are. analogous to
those presented in Flgure 83, The mlxed gas plasmas were
operated at 2. 0 Kw and 1. 0 L/mln aerosol flow. rate (Ar). For
'comparlson, note the radlal em1831on maps for the argon

plasma presénted in Flgure 81 As 108 nltrogen is introduced

anto the coolant flow, the intensities of radlal emrss;on of .
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4

atom and ien llnes at all observatlon helghts (2 mm to 20
mm) are- hlgher than those of the conventlonal argon
;}'dlscharge (Flgure 83) . This observatlon leads one to
ﬂ»conclude that 10% N2 cooled ICP is a more energetic source -
than the conventional argon dlscharge. The emission prof11es~f
-of a 10% N2 cooled ICp are somewhat narrower than those of
the conventlonal argon dl“\harge. Thls is certalnly true for ‘
- both the ‘neutral atom and 1on llnes In addltlon, ‘the
maxrmum radlal proflles Shlft 1n the dlrection of the load
coxl ThlS behav1our appears to be the result of the
'phy31cal volume of the 10% N2 cooled dlscharge. Generally,
51m11ar spatial pattern is also observed for the electron
dlstributlon in the510% N, codled ICP except that the
electron dlstrlbutlon/7Eaks lower in. the dlscharge (see
Figure 84). | B
It can 'be seen from Figures 81, 84 and 85 that the .
max1mum 1nten51ty of ~the radlal em1581on Shlfts 1n thed
dlrectlon of the lnductlon c01l as the percentage of

-

nitrogen lntﬁoduced to the coolant lncreases from "0% to. .

of the mi 8 ICP was constrxcted to a smaller volume

) 100% Prev1on£stud1es have 1nd1cate<l that. the physz.cal s:.ze
ks
when the ‘argégadlscharge was converted 1nto a totally 100%
N4 cooled plasma. It can:be " seen from Figure 85 that the
radial emlsélon is constrlcted to a small volume and the

emission max1mum:sh1fts towards the load coil as a result of
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the reductlon 1n plasmaﬁvelume. 1n addltlon, the radlal

em1331on 1nten51ty of~a 100%‘N2 cooled plasma (Flgure 85) 1s

conSLderably smaller than those of the conventlonal argon i7;~J;:

-; §;;3.

The results presented 1n thls°

» and 10% N2 cooled plasma.rf”"

:'clearly 1nd1cate R

that spat1a1 posltlon, dlstrlbutlon and magnitude of the

' radlal emisSLOn lntensmty is undoubtedly related to the

.plasma volume and piasma gas eompoeitlon._The most ;5%]‘“
1nterest1ng pOLL;-toTnote 1s perhaps that the dlstributrons
of analyte radlal emxsszon follow closely to the spat;al
dlstrlbution patterns observed for’the electron deﬁ81ty

!

(Chapter VIII}‘. : ) " ‘ f, . : _ : “;,', TR
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Several lmportant.trendsv_an be=seﬂ
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’:a 10% 02 cooled plasma (Flgure 86) are- w1der than those of

fthe 10% N2 cooled ICP (Flgure 84).,5

’*\mn the dlscharges (Flgures 7l to 78)4

| em1s51on maps of the 10% and 100% 02 cooled ICPs. Flrst the:
| _ﬁoverall lnten51ty of rad1a1 em1581on obtalned from a 10%: O2
h;cooled ICP (Flgure 86) is. somewhat hlgher than that of the ‘l.
:conventlonal dlscharge (Flgure 81) operated under 31m11ar ,l~
fexperlmental condltlons. Second the radlal emlsslon lS
:,.constrlcted to a smaller volume than the conventlonal argon
"dlscharge. Thlrd; the em1ss1on dlstrlbutlon peaks at 10 mm
=!'above the 1oad c011 These observatlons are agaln due to the

"Jfact that 108 02 cooled ICP has a smailer volume than the

g

"lfconventlonal dlscharge. The radial em1551on dlstrlbutlons of}ih

In the case of 100% 02 cooled ICP, the radlal

"_emlssron dlstrlbutlons (Flgure 87) are 81m11ar to the trends'

T

.-indlcated for the 100% Ny cooled ICP (Flgure 85), i. e._(hl
f-the radlal emxssxon dlstrlbutlons peak at lower ohservatlonjf
'iihelghts (around 2 to 5 o above the load c011),_(b) the )
hlntenslty of the rad1a1 em;ssxon decreases when thea-k“'f_
»tconVentlonal argon dlscharge 1s belng converted into a 100%
‘-502 cooled ICP, It should be" noted that the rad1a1 emlsSLOn
fl?fdlstrlbutlons for the mlxed gas plasmas are 1dent1cal ln 4

f vtrends and'patterns 1ndlcated for the electron dlstrmbutlonsdff}d
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R 3t Correlatlon of Analyte Radlal Em1s51on

w1th Electron Den81ty Measured at
\/— '
2, 10.-and 20mm Above the Load Cozl
.
The spatlal dlstrlbutlons of electron den51ty, and
é%m (CdI 228 8 nm) and lon (CdII 226 5 nm and 214 4 nm)lv

&

'lradial em1551on measured at 2 anabove the load coil are

S Pel
: .g'presented in Flgure 88. The plasma operatlng parameters_

‘chosen for this study were 2. 0 Kw rf, power and l 0 L/mln
"Haerosol flow rate. As mentloned earller in Chapters VII and
: VIII the net electron dens;ty 1ncreases rapldly and then

| _reaches 1ts maxlmum at- the radlal dlstance of 3. 5 mm away

"‘lfrom the aeroSol ax1s. After 4 0 mm from the center: of the

“plasma aerosol channel, the net electron denslty drops »
'drastlcally. ‘A generally 51m11ar type of rad1al dlstr butioni-
was observed for the cadmlum neutral atom and 1on lines

-(Figure 88) However; the p031t10n of maxlmum radlal

'-1nten51ty for electron denSIty, and the cadmlum emlsSLOn

'(lon and neutral atom llnes) lS dlfferent In partigular,
u,the radlal emISSLOn 1ntensxty of the cadmlum neutral atom _

' “lJ.ne peaks at about 1 mm off-ax:.s, whereas the :Lon %
ﬁﬁpeaks at around 2 mm off the aerosol channél It 1s

1nterest1ng to note that the maxlmum radlal em1831on ﬁﬁfu‘

1nten31t1es of the lon llnes peak at the reglon whlch

lfcontaﬁns hlgh concentratlon of electron (see Flgure 88) In. .

- © e T " : I P R ) '
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'ﬂddhsit§ have some gEnerallty. ‘
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A

"addltlon, the spatlaL characterlstlc of the two cadmlum ion-

llnes (CdII'226 5 nm and 214 4 nm) at 2 mm above the load

c01l appears to be srmllar to each other. It should be noted

| that all these radlal horlzontal proflles presented 1n\

Flgure 88 _were. measured at 2 mm above the" 1oad coil and

operated under'slmllar condltlons. As mentloned before, 1n

the caseﬂof an argOn dlscharge, the emlssxon 1ntensity of-
the cadmlum 1on and atom;specres 1s conslderably stronger at o
lO to 20 mm above the 1oad coml (see Flgure 81). Therefore,

before drawlng any deflnltlve conclu51ons about the em1581on

characterlstlcs of the plaema dlseharge 1t 1s 1mportant to

",study the radlal em1381on proflles at dlfferent observatlon

helghts in. order to see whether these spatlal patterns,-"'

,‘ : . L ."

‘trends, and correlation of analyte em1551on w1th electron

.i . RASREY

0 '/;'

hRadlalvdlstributlon of electron dens;ty, cadmlum

nentral atom and 1on 11nes are provided 1n Flgures‘QQ-and
+ 90.. These radlal dlstrlbutlons were measured at 10 mm * ".. “%Lfb
(Flgure 89) and 20 mm (Flgure 9Q0) above the load 0011 These
plots are analogous to those presented in Flgure 88 x:' _
Prev1ous studies have 1nd1cated that w1th an 1ncrease 1n d
observatlon helght ‘the posatlon‘of the@'ff—ak1s electron

den51ty max1mum moved towards the;e/ntral aerosol channel

r

(see Chapter VIII). The’ above trend was generally reflected

. 1n the radlal em1551on profiles of the cadmlum neutral atom

/ Co I . 2
g . < .
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: the cadmlum specxes peak in the central plasma axls.

323

v .o - ..

: and 1on lines (Flgures 89 and 90) It should be noted that

t*hlgher v1ew1ng heights, the- radlal emlsslon proflles of

However, the electron den51ty dlstrlbutfons’at hlgher

v1ew1ng zones exhlblt sllghtly off—axls maxlma In addltlon,-

. the overall magnltude of the electron denslty proflles

s
-/ ‘
decreases 31gn1f1cant1y w1th lncrea81ng observatlon height,

‘whlch 1s ln great contrast to the analyte emi351on 31gnals

P

'1nterest1ng to note that at all observ

_ = _
plasma dlscharge, the dotted line corresponds to the

: . )

whlch peaks hlgher 1n the upper V1ew1ng zone.‘Another

'1nterest1ng point to. note ln ?1gures 88”to 90 is that the

radlal emisslon of the neutral atom ilne ln the mlddle of

the aerosol channel appears to be more sensltive than that:"

‘ of ‘the 1on 1 ; HOWever, the off-axls rad1a1 em1331on

'~1nten31ty of the ion line- ‘is conSLderably more senSLtlve

than its correspondlng neutral atom l¢ It is also

'tlon helghts the

cadmlum 1on emlss10n peaks further 1nto the maln body of the ;3

‘plasma (hlgh electrOn den31ty zone) than the atom emlsSLOn.

The effect of 10% nitrogen on the radlal proflles

and magnltude of electron den51ty and cadmlum emlsslon are"

'shown 1n Flgure 91 In thlS flgure, the two dlfferent

prof;les withln each frame - correspond to dlfferent types of

'conventlonal argon dlscharge, and the solld llne corresponds

'to the - 10% Nz cooled plasma. In thls experiment, the plasmas

~

e
. L
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, were operated at 2 0 Kw and l 0 L/mln aerosolelow rate.

:mThese proflles were measured at 10 mm above the load 001i
Hote. that as the concentratmon of - the nltrogen in

".the ﬁoiant flow is 1ncreased from 0% (d):tted line) to 10%

(solld llne), the radlal dlstrlbutlons of the cadmlum 1on

em13519n (io.eriframe) and ‘the electron den51ty (upper
: x..,.-,, }\r‘ - e "v

; Lt " *’& Vg W
con51stent w1th hﬂe.VLSual observatlon,PEESéﬁte.;f'"

By v
1ncreased the plasma shrlnks in. s1ze. Thus, we would expect

that ~the maximum rad1al em1331on wgll occur somewhere nearer
. to the central aerosol channel From Flgure 91 it 1s clear
%hat the radlal em1551on of the ion llne is more dependent

on the electron den51ty than 1s the neutral atom 11ne. It 1s

‘also ev1dent that the 10% N2 cooled'plasma lncreases the
electron den31ty aIOng the radlal axls -A 31mllar result 13
falso obtained for the cadmlum ion and atom llne em1851on
dalong the radlal axis. - | . |
Several 1mportant conclu51ons can be drawn based on ;1
the radlal dlstrlbutions of electron den81ty and analyte fh
species, First, the radlal emission of the 1on 11nes peaks g
;closer to the region which coq‘alns hlgh concentratlon of
electron than 1ts correspondlng neutral atom llne. Thls can
be ratlonallzed by con31der1ng that the coulomblc attractlon N
’between the ion and electrpn 1s greater than that of the/ e

P
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neutral atom and electron. Second the radlal em1581on,
dlstrlbutlons for the conventlonal argon and mlxed gas .ICPs -
closely follow the trends and patterns 1nd1cated for ‘the.
e el;ctrOn dlstrlbutlon in the dlscharge, i.e., the denslty
| and em1ss1on dlstrlbutlons move towards the central axls‘
<w1th 1ncrea31ng distance away “from the load coxl In -
addltlon, at lower observatlon helghts, the electron densrty"
and emission proflles exhlblt off-ax1s max1ma Thlrd the
1ntenslty of the electron den31ty and analyte‘radlal
.emlsslon is pushed towards the central ax1s as the argon
dlscharge is converted into a 10% N2 cooled pfasma. The
result presented 1n Flgure 91 clearly 1nd1cates that the‘
density and emlss1on max1ma are undoubtedly related ‘to the
" plasma volume. Flnally, the 10%- N2 cooled plasma 1ncreases
'the electron density and analyte em1351on 1ntensit1es whlch

1mp11es that a 10% N” cooled Pplasma ls perhaps more

energetlc than the conventlonal argon dlscharge. o

5. Correlatlon of Analyte Radial Em1s31on from
Mixed' Gas ICPs with- Electron Denslty

in the Aerosol Channel

As mentloned before, variations in ICcp operatlng
parameters, such as- plasma power, aerosol flow rate and gas

comp091t10n, have caused. conSLderable changes in the
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.magnltudé'and spatlgl dlstrlbutlons of both the analyte
em1531on and electron den51ty. In addition, the most
1nterest1ng point to note is that the dlSttlbUthn of
'analyte radlal em1351on as a functlon of ICP. operatlng
parameters, closely follows the spatlal dlstrlbutlon
patterns observed for the electron den31ty. | }
In most analytlcal analy31s, the usual modes of
acqulrlng analytlcal data from the ICP are at the center ofi
the aerosol channel Therefore the data presented here are
only concerned w1th the study. of %orrelatlon of analyte
emission w1th electron den61ty in this channel. 7
| The radial emission and electron den51ty
_dlstrlbutlons in the qen%ral aerosol channel as a function
~of varlous ICP operatlng parameters, 'such as plasma power,
aerosol flow rate.and gas<composlt10n, are shown in Fiéures\\g\
92 to 95. The radlal em1581on 51gnals from CdI (228 8 nm)
anS CdII(226.5 nm) were acqulred_SLmultaneously w1th a 1024
element photodicde array measurement system descrlbed in |
Chapter - II. The coolant flow rate was constant ‘at 15 L/min.
Typlcal spatlal dlstrlbutlons of electron den31ty,.‘
and atom-and ion radial em1551on in the aerosol channel when
the plasma power was varled from 2 0 to 1.50 Kw are shown in
Figure 92 ‘The two dlfferent proflles within each’ frame

correspond to different plasma power 1evels. In Figure 92

. gurve a corresponds to a plasma power level of 2.0 Kw and
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curve b to l 50 Kw. | | |
-<?féfa A number of 1mportant trends rn the correlatlon of L

I

spatzal dlstr;butlons of rad1a1 emlsslpn wlth electron

density‘are clearly illustrated 1n Flgure 92 As power 18
decreased the magnltude of electron densrty decreases (Frame eﬁ;

i'.

I) and_the posrtlon of the peak 1n the eke"tron densxty

A waet

diwfshlfts sllghtly lower 1n the pl*sma. The same holds true for

.‘-‘ N

‘A‘

the radlal emlsslon of CdI 11 e 1n Frame II except that the

1nten31ty of the atom 11ne 1s more dependent on plasma power

t%l than 1s eIectron densrty..Decreaslng the plasma power from
75;12 0 to 1. So.Kw also 81gn1f1cantly decreases the 1on radlal
‘:h em1331&€ 1nten51ty (Frame III). However, the spat1al

. p031tion*of the 1on radlal em1351on proflle 1s less |

 n

dependent on power than the néutral atom llne or electron

aal

denslty dlstrlbutlon. In Flgure 92, perhaps, the most L

1nterest1ng p01nt to note lS tha'

. j..nteh-‘_'s'i‘ty‘j‘ ‘of-‘th"efioxi _:.--1;_;;,eri:a-iéar v peaks 'hi:ghér f;ln":the' pl'asma‘l "

than that of the neu'ral.atom llne by about ‘a few Tm. Alsb,

‘ the radlal emlssron 1ntens;t1es of both lon and neutral atom

the aerosol jhannel Flrst, lt seems reasonable to explain-

the decrease'ln radial _em"-ss,l.on as resultz.ng froxa decrease 3!8
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mln electron denslty in the plasma due to the fact that
E energetlc electrons are respons1bl? for the exc1tat10n and
'lonlzatlon of the analyte specles. Second, the rad1al | .
) 3emlsslon of the 1on llne peaks hlgher in the plasma as the?
‘plasma power 1s decreased because there 1s less energy
.ljﬂavallable to heat the iﬁcomlng aerosol gas. Thlrd a dlrect \ﬁ
:#correlatlon of the rad1a1 emlsslon and electron dens1ty -

-

appears to ex1st in the ICP

'v‘

Sp%&lal proflles of radlal em1331on and electron

_fdenSLty are shown in Flgure 93 With the dlfferent proflles

a

'w1thin each frame’ correspOndlng to dlfferent aerosol flow

rates, curve a corresponds to -an aerosol flgw rate of 1. O
L/mln and curve b to‘l 50 L/mln. In this experlment, the p
.plasma was operated at 2 O RKw- power and all gas flows were i
"argon.__ T BT |

It is clear from flgure 93 that the electron-(”
dlstrlbutlons 1n the aerosol channel are only slxghtly
:.dependent on the variatlons 1n aerosol flow rate (Frame I)
"gwlth an 1ncrease 1n aerosol flow rate (from curve a to curve‘
“b), electron den81ty is’ sllghtly depressed at lower e ’
gfobservatlon)helghts and enhanced sllghtly at hlgher
7{observatlon helghts. However, the spatial patterns of
cadmlum neutral atom (Frame II) and don. llnes (Frame III) :ff

-are crltlcally dependent on the aerosol flow rate._

vlncrease in aerosol flow rate w111 have 'he following

333
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effects ‘on the cadmlum neutral atom and 1on llnes. Flrst,
"““cadmlum neutral atom.rad1a1 emiss;on (Frame II) 1s depressed-
‘at lower observatlon helghts (0 to 14 mm above the load o
4,c011). On the other hand the em1331on is enhanced at hlgher
observatlon helghts. This. sequence roughly correlates w1th
the spatlal characterlstlcs of electron denslty. The drastlc.

"suppressloq of atcm d‘lsslon observed ‘at lower observatlon o

. helghts can be 1nterpreted as a hlgher lnflux of cboler

’aerosol gas w1th an lncrease ln aerosol flow rate. Whereas

at hlgher obserVatlon helghts, 1ntenslty of radlal emlsSIOn-

s increased“because Of 1nteract10ns of neutral atom spe01es~*"'°

y

.w1th hlgher concentratlon of energetlc electrons Second
hthe radlal lnten31ty of the ion 11ne (Frame III) 1s .
xdepressed at all observatlon helghts when the aerosol g&ow
rate is lncreased frmnl 0 L/mln to l 50 L/mln. The overall
omagnltude of the 1on em1531on decreases due to the fact that
ian 1ncrease 1n aerosol flow rate results in a reductlon of
av7t1me that a saqple spends 1n the plasma Slnce the exclted

T RS ki
.fenergy fbr the lon 11 o5

o;s greater than 1ts correSpondlng

‘neutral atom llne (_ IX‘l), a reductlon of ‘time that a

o 'sample spends in the.p;asma'ln order to reach 1ts exc1ted

state w1ll be greatly felt by the 1on species than the
"neutral atom Specles. Hence, emlBSIOn suppresszon is

~ .

.;obserVed only for the 1on line but not for the nentral atom.

l“iillne. Thlrd, the radlal emxssaon peaks hlgher in. the plasma

334
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.when the carrier‘gas flow is- changed from 1.0 L/mrn to l 50
L/min. Fourth, the radial emission intensities of both N
.neutral atom and ion lines peak higher in the plasma than
:that'of the electron densxty. " | -

“AS mentioned in prev1ous chapters,‘introduction of'
foreign gases into the coolant flow of an argon»dischargz L
has marked effects on both the 1nten51ty and spatial
distribution of the electron den31ty 1n the plasma, The
results discussed in the preceding chapters 1nd1cate that.
,(a) the electron denSity distributions exhibuted higher
" magnltude when 10% N2 (or 0. ) - 90% Ar replaced pure Ar as
“the outer coolant flow,_(b) the 1ntroduction of 100% :
'.?nitrogen or . oxygen 1n the outer flow caused a reduction 1nsts'
the magnitude of electron den81ty. and (c) the eléactron
denSity digﬁgibutions of the mixed gas plasmas peak at lower;w
_heights when compared tp the conventional argon discharge.h'
| The above trends are generally reflected in the
effects of foreign gases on the igatial distrlbutions o%
‘radial emission and electron concentration along the aerosol
lchannel The spatial profiles of radial emisSLOn and

ks

4electron den81ty in the presence of nitrogen are shown in o
Figure.;4 In this figure, the three different profiles -

g w1thin each frame correspond to dlfferent concentratlons of
- nitrogen 1n the coolant flow, curve a corresponds to 0%

‘curve b to 10% and curve c to 100% N: cooled ICP s._In this



"fiprofile is broader th"T

experiment, the plasma Mas operated at 2.0 Kw power and the
Lo ‘ IAEENE. ;
aerosol flow rate of 1.0 L/min. lf§?~d“

Note that as. the concentration of nitrogen in the

C

f.coolant flow is 1ncreased from 0% (curve a) to 10% (curve bl

fand finally to lOO% (curve c)- the em1881on spatial patterns
y».
of the neutral atom (Frame II) and ion (frame III) Shlft'

p 3

'towards the load c011 A 51milar result is obtained for the

,felectron spatial distribution along the aerosol channel.
fThis result 1s consistent with the V1sual observation
-presented in Chapter III that as ‘the amount of nitrogen 1n
the coolant flow is. 1ncreased the plasma shrinks in 81ze.
i'Thus, we would expect that the maximum emiss1on w1ll occur
somewhere nearer to the Induction coil From Figure 94, it
is clear that the inten31ty of the radial em1ss1oh for the
neutral atom amd ion lines 1ncrease drastically when 10%
.nitrogen is present in the coolant flow. Similarly, the
,selectron dens;ty in the. aerosol channel behaves almost

identically to the radial ehisSLOn of the cadmium-lines,

although for equivalent power and flow rate the electron .

‘the emLSSion profiles. ‘Thus we see
:'some trends towards correlation of em1381on 1ntensity with

lthe electron den51ty. This correlation 18 further

substantiated by the follow1ng observation. For equivalent :

]

;ICP operating parameters, the ion’ emission is-: more 5:393?1Y

'faffected by the addition of nitrogen into the co lant flow
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i thanithe neutral atom line. Slnce electron den81ty is also
i;lncreased when the argon dlscharge is converted into a 10% N2
'-cooled ICP the observed hlgh sen81t1v1ty of 1on line in the‘h
mlxed gas plasmas may be explained by the large effectlve
cross-sectlons of charged partickes for elastlc colllslons
.w1th electrons. 0w1ng to coulomblc 1nteractlons, effectlve
cross-sectxons for lons and electron encounters are large

Vo

;(91), therefore there is a great llkellhOOd that the _
frequency of 1on-electron colllslons in the plasma is: hlgher'
than that of the atom-electron colllslons.f ;; ‘

: The above trends are generally reflected 1n the
'_study of correlatlon of analyte em1331on w1th electron in 02
-Ar. mixed gas ICP. The spatial profiles of radial emission
and electron denslty 1n the presence of oxygen are showe in
Figure 95..The three dlfferent proflles w1th1n each’frame‘

' corresponds to dlfferent concentratlons of oxygen ;n the
?fcoolant flow, curve a corresponds to 0% curve b to lQ% and
curve c to 100% 02 cooled ICP The only notable.dlfference
_between tdese two studles (Flgures 94 and 95) 1s that the .
electron den31ty of ‘the: 10% 02 cooled ICP does not 1ncreasef}‘
d as much as- that of the.10% N2 cooled ICP Agaln, the
.sequence of the spatlal and lntensity patterns of radial

em1ss1on correlates well w;th those of the electron denslty.'
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D. Conclusions' S ‘ o B

By con51der1ng the 1nformatlon presented 1n thls

chapter, it can be Seen that changes in any of the ICP -

’

. operatlng parameters, such as plasma power, aerosol flow

rate and coolant gas comp081tlon, w1ll alter the spa@1al

»

characterlstlcs of the radlal emlssion and electron den81ty. -
Also, most characterlstlcs of the radlal em1s810n data are

: qulte simllar to those of the lateral proflles meaSured by
Edmonds and Horllck (106). Changes in an§ of these operatlng ;;(
parameters w111 undoubtedly 1nf1uence the conduct1v1ty of L
the ‘Plasma and thus the magnitude- of the magnetic flux

gden51ty.,In turn, the magnetic flux denSLty determlnes the

i magnltude of the plasma gas temperature and electron | |

' denSLty. Because electron den51ty changes from point to
p01pt in the plasma dlscharge espec1ally in the .aerosol
channel (Flgures 90 to 93), a study of spatlally resolved
proflles of both the analyte emlsslon and electron denSLty ;

1s absolutely necessary ln order to gain . an in31ght 1nto the .

.

fundamental processes that control the exc1tatlon and
1onizat£;n mechanlsms. \]% Y | o

| Em15810n of the analyte lines is made possible by
1ntrodu01ng the analyte aerosol gas into the mlddle channel T
of the hot plasma dlscharge, but transport;ng cool aerosol

gas along thls channel w111 undoubtedly decrease the plasma



"temperaturé" The dlstrlbutlon of the electrons w111 also
be dlstcrbed 1n the presence of cool aerosol gas. Spatial
data presented in thlS work demonstrates that lower in the

" plasma the electron den31ty.max1mum is pushed away from’ the
central axis due to the presence of the aerosol gas. At thls-

“p051tlon, atom ~and 1on em1331qn also peak off-axis whlch is

d

s

1on species is related to contact with energetlc ele ns.

"a good 1nd.1cat:|.on that the exc:.tat;on of neutral atomi
. This mechanlsm 1s further substantlated by the d1ffusxon of -
lonS 1nto the hlgh electron den51ty zone due to coulomblc ‘
4attractlon whlch produces 51gn1f1cantly broader ion .
proflles. In addltlon,_the electron denslty d;strlbutlg; 1n'p7“
the center aerosol channel as .a functlon of observatlon_
helght exhlblts a 'hump shape characterlstlc, which has a
striking resemblance to the ”hump shapes of the analytlcal
- vertical. proflles mentloned earller. In the ‘case of a
' tconventlonal argon d;scharge, the pos;tlon'of the’ measured

‘7

: electron den51ty max1mum is found to be in close proximity
YR

L8

w1th those.of the analyte emlsslon proflles Wthh peak
around 10 to 15 mm above the 1nductlon c011 These o
observatlons have undoubtedly demonstrated that the analyte'i;fn
_emlsSLOn 1nten31ty and electron den31ty have 51m11ar spatlal
_;Lpatterns in the ICPiyim - ' : )

In ghneral the addltlon of 10% forelgn gases (N2 or

-

2) 1nto the coolant flow of an Ar-ICP enhances the overall

o
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magnitude of'analyte _emission and'electrbn density in the’
‘dlscharge.,Thls observatlon leads one to conclude that-a 10% l
mixed gas ICP 1s a more energetlc source than ‘the A
;conventlonal argon dlscharge. The characterlstlcs of

electron den31ty in the mlxed gas plasmas also correlate

well with those of’ the analyte em1é81on 1nten31t1es, i. e.

(a) both dlstrlbutlons Shlft in the dlrectlon of the loﬁa
coil ‘as the percentage of forelgn gases. 1ntroduced 1nto theﬂ
coolant. 1ncreases from 0% to lOO%-b(b) both proflles are..

fconstrlcted to al smaller volume in the presence of forelgn

gases, and (c) under slmllar operatlng condltlons the"

"

""fdlstrlbutlon of electron den81ty and analyte emlssion .peak

’10wer in the plasma than those of the argon dlscharge. The
results presented here clear}y indicate that miXed gas ICPs,
have added a new d1mensxon 1n unvelllng the exc1tatlon and
1onlzat10n processes 1n the dlscharge., '

A detalled plcture of the spatlal rad1al emission
¢

k structure of the 1nduct1tfly coupled plasma is now emerging.

The. spatlal characterlstlcs of the ‘neutral: atom.and 1on line *:
| 7

correlated with thbse of the
A

electron denSLty. These spat}al characterlstlcs lead one to

.
Cs

Rradlad em1531on can be strongly

believe that extltatlon and 1onizatlon of the analyte

L
spec1es are the results of colllslon w1th energetlc

-—-—————-—————&\ v
'electrons. However, the results presented ‘in thls work are

based on only one element, Gd Cleaﬂly, more data are

N



S

.l,’)"

L

_required to conflrm such correlatlon but ‘the present data do
.1nd1cate that the correlatlon 15 there. ;'”i: N
i";' The overpopulatlon of very hlgh energy levels (1on_f
line'. advantage) ‘in ‘the plasma dlscharge 1s believéd to be
due to the dlrect exc1tatlon elther by energetlc electrons
or by metastable argon atoms. The experlmental ‘data |
presented here 1nd1cate«a tremendous amount of electrons 1n‘,

the 1nduCt1VelY coupled plasma. From these measurements, the'ﬂﬂ"

4

- tendency of metastable atoms towards colllslonal decay in a**

B

=_h1gh temperature atmospherlc plasma, such as ICP
'extremely hlgh Therefore, the tendency of analyte

1onlzatlon via Penn;ng 1onlzat10n with excxted argon

-

A
metastables is not as 1mportant in an atmospherlc plasma

‘dlscharge as 1§ would be in a less energetlc or low pressure'g_
dlscharge. The em1351on proflle from the 1on llne is-

somewhat broader when compared to emlsSLOn from the neutral
-
atom llne. ThlS is. psobably due to the fact that the >

l coulomblc attractlon between 1ons and electrons 1s stronger

'than that of the atoms and electrons. Therefore, the v

pulatlon of ion ex¢1ted states is’ 1ncreased because of*a‘i
':‘hlgher 00111810n rate between lon species and energetlc A
'welectrons.r e . e

e

In conclusaon, the physxcal concept upon which the

lonlzatlon and excltatlon mechanlsms are . based 1s that the

ﬁf_energetlc electrons transfer thelr energles to the B



‘f:;fnelghborlng ﬁartlcles through collrslons. Thls collrsxonal
. process occurs w1th great prohahlllty and eff1c1ency because

there is a tremendous amount of low mass and hlgh mob;llty

' electrons in: the plasma sourc ;ln the order of 1015 .B.j_»*fff
: @ Gl \ 3

The observatlons of the sg’jial data seem to be 1n favor of
’»exten51on.of research to othe
thls clalm can be Just;fled.‘

o

e









jrhdicate that the electron ;, N

;»ifden81ty dlstrlbutlon ln the central aerosol ax1s as a. '.*

:Fﬁfresemblance to the "hump shapeicharacterlst;cs bf analyte

iigspatlal emlsslon proflles.f

' ource. These’”"'”



‘Ifﬁﬂifdlstrlbutnons for these two varlables cou;d be obtalnedlinf'

plasma source. By correlatlng the‘analyte em1881on inten31ty”gfﬁ

:iffW1th electron energy, a detailed plcture of spat1a1

LR .o

'ﬁﬁﬁln the plasma dlscharge. Thls stndy should be combined with

‘7ff5the measurementfff klnetlc temperatures or energles of 1ons’g,:rﬁ

“}i-jand atoms ln the dlscharge, whlch can be measured by thermal;-f;d

ai{QDoppler broadenlng of sultable'llnes.

’f;funderstanding the effléyﬁﬂ'“

Separate measurements,ﬂffif

*ﬁof varlous klnetlc temperatures cayﬁtherefore“be”helpful 1n :
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- nepmworx A

Thls appendlx w1ll prbv1de a descrlptlon of the»'

i software programs used for e1ectron density measurements. It h

‘:

is d1v1ded lnto three major programs. All programs run on an ;h

Appke /// (123 K RAM),mlcrocomputer w1th an SOS operatlng

;rsystem. They are wrltten 1n UCSD—Pascal Detaﬁ&

\Q

documentatlon‘r;ll be prov1ded Wlthln the progr-~' i_ , '-ih
‘ The flrst program is used to perform tthffﬂp ? fﬁ;;_‘
o tasksr . " N
(l) requlres the operator toalnput the“lateral\?**/i."

data set collected from a.PDP-S mlnlcomputer'%‘#‘

into the memory of the Apple /// mlcrocomputeb,

(2) performs background subtractlon using the e

.. "Slope"” method, L ‘_ - S

{3) normallzes the background subtracted lateral o
lg;en81ty data,-- ' ) ‘
(4) stores the lateral data set onto the floppy .

dlskuunder a glven file name. gafff'

ey



s . .0 ; . . S L
“a / .
W-R DIDINT INT MRAY [1..50,1..35] CF REN.; .
Xy Y, SEB, M.l'l, DL, DR, _START,. XCORD:: INTEBER, E
N'IIN, Cy SL[PE‘, INTR, - INT‘L, SF REN.,,
CFN, YES gl STRIDB; AR w
PRCI:EDI.RE UIIDITICNS; )
SR ;umm.n{ L R SN e
'.;mITE.N(’Set no.........-...- ;X), : ' o
. WRITE(*Scaling factor 2%)3 READLN(SF);iRITELN,
.o WRITECLeft diode # . 3*);READLNGDLY;
T ~F WRITECLeft diode mtenszty .33 )3RE (INTL);URITELN,
=L CWRITES? Rxght diode #. . - 173 (DR);: « .
. WRITE(’Right ‘diode intensity +* ) ;READLN (INTR) s WRITELN; o~
“ﬁlTE(’Startxng dipde. nu-ber : S - 2%)s READLN(START) URITELN
ENb, (: Condltxans o : :
PRCEEDLRE IN’UTDATA' w o
VAR 8. DID, ccm INTEBER, e R
BEBIN ‘ o -
URITELN( D:ode =l SE Intens;ty )-
°FCI'\'Y'=1TOMMDOBESIN
- S.3= START + Y'~ 15 ..
‘ HH]’E(S”I ”.10) READLN(INT[X Y]) S o <o
(t Hake sure all mput values are currect %)
WRITE(’Any corrections (Y/N) 7°)s READLN(NQ’)- :
_WILE(MJ=’Y’)DR(M)=”) DOBESIN_..
» . WRITELNj ’
- WRITE(? Errter diode # to be correctod ") READLN(DID);
. CORR := DID - START +1; . -
+ s WRITE(?Enter new diode 1ntenszty -’) READLNCINT[X CCRR]), e
H‘\'ITE( Any corrections (Y/N) ad READLN(M) : . S
END; , (1 Inputdata 1) C T
) \\.\‘ .



FOR Y 121 TD MM DO nssm e Tk
: Mcx:=sx.msxxcmn+c-o«"- S i
- DIDINTIX, Y1 3= INTLX, Y3 - BACK, ; -. SO o L
XCORD :'= "CURD +1. A L L
END, . R C . {:._ 5 . ' ‘
"AMIN zs3 omeTtx 11, s L e,
Fonv==2mm1 DO .BEGIN = B
.~ COMP := DIOINTLX,Y] - AMINg' - . TR
IF COMP <" O THEN-AMIN 3= DIDINT[X yioofdooo o ST
ENI’; N3 Background subtratlms t) " - o - g
PRDCEDtRE smasmm; ST SR
VAR -DISK, OUTFILE : smms; e T
- -LATINT,:FILEEFREAL; : = - ‘ S
BEBIN’ : : ‘
 DISK 3w, 02/' ' ' o o
OUTFILE -=COM:AT(DISK,DFN)_- R s
* REWRITE. ¢ LATINT,  OUTFILE ); T
FOR X :='1 TO SE6 . DO BEGIN. ‘ S
- FOR'Y := 1'TO MM DO BEGIN ' :
LATINT~ := DIOINTLX, Y],
- PUT ¢ LATINT ) o g
END, : ' e
. CLOSE ( LATINT, LOCK)
END, . (% Storedata #)
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K

.g iBEBIﬂ : (t Hain progra. t)

(t In1tialxzatxon t)

°

.'uanst’autput Silenase . . %) RsAanoFm- B T R
 WRITECTotal # of segments ' :’);READLN(SES) jWRITELN;
{»mITE(“TOtlI ) Df diodu _")ZREADLN(M) iRITELN,

FCI'\‘X.==1TDSEG DO BEBIN

Jt Input runnxng cundxtxnns . *T-; : %) T
Gt Check 1nput data, cnrract if necessary t) S

_ ‘- YES -="v’-l* . ‘ o S ,
L 5 . WHILE ( YES =y ) m ¢ Y’ss =2 y") oo 'BEBIN -~
... CONDITIONS;. Y

mﬂe«'Any cqr'rectxms Y 9') READLN(YES)
END; - e ‘ . .

° e |

543 Perfarn backgraund suhtractaans us:ng slop- npthnd 3]
‘ SLCPE
c.-
XCORD

(INTR—INTL)I(DR DL)"

= INTL' - SLOPE & DL; . S
=" START; - S o

‘BACKSUBTRACT-

- : . ‘ﬁv(t Nurnalxzatxon 6* background subtrated 1ntensxtxes t)
: FDRY'=1TOM.HDOBEBIN f . L
DIQINT[X Y] == (DIOINT[X YJ-AHIN)/SF
? END;.
(t Store data to flappy disk %) _ ‘ . ..
STOREDATA o , S e S s

END. (8 Main®) . S T

¥



The second programALs used to transform the lateral

.32data set 1nto the rad1al data set by Abel 1nversron. Thls,"\

o

program 1s d1v1ded 1nto a serles of procedures,.namely,',ﬁj”

d(l) tﬂe program reads the lateral data set from” .

{the floppy disk. lnto the memory, ::4'2
:?l(Z) Sav1tzky-Golay fllter is used to- smooth the'i'
SRS hydrogen-beta llne proflle, o B
(3) mldp01nt reconstructlon procedure 1sfused :

to double the ‘number of data pornts,

(4) Sav1tzky-Golay fllter lS used to smooth the#

*

~.constructed lateral data p01nts,ﬁ
- (5) lateral data set—ts COnverted 1nto the radlal
Lj#‘ - . data set by Abel 1nVer31on procedure, 4
.K6)fthe calculated radlal data set is stored. -onto

P ‘the floppy dlsk under a. dlfferent file name.



 36e .

VAR DIOINT. ; ARRAY £1..50,1..501 OF REAL;

"7 RINT, L : ARRAY [1..50,1..35] OF REAL; ;
SN : ARRAY [1..70, 1..351. OF REAL;

Y, X, NUM, SEB, NEW : INTEGER;

IEN, OFN, _DISK + STRING; . -

‘PRDCEm.RE C(NDITICNS,
BEGIN | S
"WRITE(® Input fxlenane =’)°READLN(IFND;:
: HRITELN;
vaITE(’Output hlena.e :%); READLN(OFN),,:
WRITELN; . - ' o
-WRITE(? Total K uf diodes to be read R ) READLN(NUH), - .
mITELN, ‘
WRITE(” Total seglents $?7); READLN(SEG),
END; (% Condxtzgns t)

T'(t-"Input data from flnppy disk. o S U 5

.~ 4% = Data were originally input to Lateral Program for—_ 1) .

. (% ‘backgrund- subtraction, nnrnalxzatnan and then stored %)

 (“ -onto the. floppy d%sk..ﬁ"[ o . B ¢
PROCEDURE INFUTDATA; - : ’
VAR LATINT : FILE OF :REAL; SR
INFILE : STRING; .
,BEGIN v o
. : « . o - e

I"FILE = CMAT( DISK IFN )3
‘RESET ( LATINT, IDFILE D E
‘FOR X 2= 1 TO SES DO BESGIN
‘ FCRY‘=1TDMJHDOBEBIN . :
DIOINT [X,Y] = LATINT~; - :
_-BET(LATINT)' R
. END - S -
END; . (% Inputdata 8) '



(s
T
SRR
't
3

PRDCEDLRESPPRDFILE" RERIRE
VAR PO, P1, F2, P3, A, B, C, D, E,

S

The folloumnq prncndur! is used to s-nuth th- hydrog-n t)
D R 4 I
)
n
1)

ibeta lxne profile.

. are not snoothnd.---

m nz, M3 : REAL;
ARRAY :1..501 CFREAL

PRDCEDLRE ADDIO-
. BEBIN -

" FOR Y :='1 TO NM DO BEBIN
Bi=Y + 10; .,
'ADDLE] := nmnmx Y] N

eNpy

g 3= 1y - 2 4
ADDIBJ 1= DIDINTIX YJ

<< < Il
o

M1 := ADDIAT + nnnxm;
M2 := ADDLEI+ ADDEDI;
M3 3= ADDLE] + ADDCFI;

" END

,-PRocsnmssumo- T
BEBIN ’ T
FOR Y := 1 TO NUM DO seem

TB =Y +.10;5 0 -
umnmx Y3 := nmnmx 81
END

END;

Fanv-é 17010 oo BEBIN

The slooth1ng ruutlﬁe is based on the Savxtzky-Bolay
‘least’ squares’ lcthg? F‘Fst three and last three pts

F,.;,- 6, H: INTEBER;

DIOINTIX,Y] := =2 % ML 4.3 8 M2 + & IMS+7 8 ADD[Y]- N
'Y_DIBINTL'X,Y] == DIOINTEX,Y1/21 7

‘”;ﬁ369:

),
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-FOR X.2= 1 T0 SE6 DO BEBIN .
ADD10;

unl'm_u-(.’u(..........i ); :

< H‘--=Ml‘l;+ 105 S
mITELN( m--.---.---Z’);. . . . . ’ '. A . .

URITELN( uxs Ys .

"/"DIOINTEX l] = ADDH]; DIOINT[X 2] 1= ADDEZJ'
. DIOINTLX,3] := ADDL3Y; -

DIDINTLX,P2] 1= ADDLP21; nmnm:x Pl].== ADD[PI],' "

' DIDINT[X POT 2= ADDIfPOJ'_

."sumoa o
i"'meELm'Ox..'........{)- f

END; - (t/smrnfxlen

R
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‘ ‘-f(t
‘ -J(t Saml:ng and S-pothing of Spcctn "~ N TP T O 1
\ -_:_j Apphad Sp!:trqs:upy Rev:m, 12(1), l-Bl, 1976. S

_':') .*;'. L
Bk 3 IR
t)

) Fm x i= 1 m 3oo m, mmu :- o.o S
.PRDCEDU!E mmm;
_.‘VAR x1, xz: INTEER, : o .

'me X 3= 1 m s:-:s no BEBIN e

R T R xx = 49, £X)% 25 A2 3= X1 -m;

Lo L INTEX1¥-g= DIOINTEX, Y], . LT

O T nmxz: a=OINTEXATS 0 s

np m np + 4 R I I R N

INT[ﬂID]"=| INT[HID]..;'-# € SlHi/Nl MINZ ) t 0.6366,
_-’.le = Nl+4;'N2 =-N2+4 SN EE T




*a‘l- ‘3

- PROCEDIRE. Rsnss:m;, e
ey X2, Nt, N2 : INTEGER, Ly
- BEBIN i
me-=1msssnoneem S
X1t= (49°+X) 82 X2 1w Xt 4 gy
- N2 2= x ‘2' Nl ”m Nz - 1.' . ) ~‘; )
L[Nl Y] = INTCX13;5 .4 S P
Lm:z ¥l = INT[sz- : \ o
END, o . L .

BEBIN

Fmv-=1rom-| ‘D0 seem o e e
C CLEM, 3 L . . i R ¢ . ‘ , . N “ . ,. 3’,7»,"-‘""-'.' ::;..",“'
. WRITELN(® c1ear...........ok’>;_"-', UL ERAR
o NPoam 2y Lo S
7"'HIRROR; T

.;;;tRITELN('mrrf

MIDCALC; - - .
HRITELN(’depoznt calt:...nk’)' Lo
REASSIBN o T

:.. ped . ‘.'"Ol’( *)3

. b
S, END3 (% Midpoint ® -

- ﬁn~ IR




,'.(t -Abraham Savitzky and Mar¢

B R
it EERRY
o g T

R (t Savxtzky—Bolay l-thod fcr

Least Squares pr'c:ncedureSgk

(% Anal. Chea: 13,1627 (1964).
[E SEEE

© (8 Seven pomts Duadradlc S-oothmg Routxn!, hrst three

(3 and last three points are

; ’:.(t Nnruli:atdan factcr = 21

: PRU:EDLRE SFIDTHHB, :
VAR PO, Pl Pz, Ps, A’ B, C,
M, n2, M3 : REAL; -

n, E, F, s H & INTEBER; .

“ADD = N'\‘RAY [1..1001 CF REAL 3

‘PRDCEDLRE ADDDATA- '
BEGIN - ‘

. FOR: X == 1. 70 PEH Du
.6 '=X+10, -
" ADDEBTY: == LIX, Y]
END; -

FOR X i=.1 TO.10 DO BEBIN

6:=11 - X3
- ADDLE] 7= LEX,Y1 .
'END;

PRocmnE smwrne, '
"BEBIN -~ -

PO 1= H; P1 1= H - 1;-92-

77 FR X 1= 4 T0P3 DO

BEEIN . i

SN

assm6>

= ADD[CJ +/mmm1-'_
:= ADDIE] + ADDLFI;.

;5N[XY]==-2!H1+3‘H2+6‘H3+7!

g :"',SN[X Yl: = SNfX ¥1/21
END; - S ?
SRR i P !

) )
/

.

C%F 5 Y

s.oothing data by Sxmlifud ‘
, )
Rl J. E. Golay, ) %)
o o . N £)
v 0
1)
not snoothld RE 3 B

0

a3



o~

N ' ., - . C\) RS
s
" PROCEDURE SUBDATA; o
BEBIN | S
FOR X := Tuu-:u no,aeam,w- '
. Bi=X+d o
- SNLX,Y1 := suts,v:
' END
.- ENDg -
S \
- BEGIN R
Funv-=1muun 0o BEBIN |
ADDDATA- L
H 3= usu + 105 °
. SMROUTINE; _ o e o
SNE1,Y1 2= ApD[lJ- SNL2, vr 1= ADDL2]; SNI3,¥] := ADD[S];
SN[PZ, Y1 := ADDLP21; SNCP1,Y] := AD.D[PIJ, SN[PO,YJ := ADDLPOI;
suamm-' ' - /
'END; © (% Smoothing %)
b ‘

© 374



(t Thls procedure perforns Abel Transfwnatim ruutmc- co

cons*rmaﬂ=-2s.4648,-w.;- S A
VAR ‘A, N ; INTEGER; -
~%. - B, sm1,smz m,nz,us A2,BK REAL;

chrmn AKK( K INTEBER )z REAL;,
~ BEBIN . e
. AKK :=1.0 / SORT( 2 % K - 1.0 )

BEBIN - ) ‘ ‘ s

FOR Y := 1. TO NUM maesm I
‘ FOR X':= 1 TO NeW DO BEGIN .
e _meELN(x ’74s, v), ' '
- 1= Akx(x)- R

‘ A-=x+1-
SUM1 == sutx,vn(-a),

SUM2 ;= o.&u -

IF A <= THEN BEBIN

qu-sA'mu-:u DO BEGIN; -
Mi := SQR(N) - SQR(X-1);

M2 := SOR(N-1) - sumx-n-
"H3_==21N—1, :
A2 = SQRT(HI) - SQRT(HZZ)) / H3" o
‘BK. := B - A2; ‘
- SUM2 2= SUMZ + SN[N YJtBK- .
. B := A2 .
"RINTLX,Y] = NORM % ( SUM1 + suM2 )
. END v . A |

_END; (t Abel %)

. (¢ Store radial data Dnto floppy dxsk %)

PROCEDURE STOREDATA,
VAR RADINT ; FILE OF REAL;
OUTFILE : smms,

'BEGIN
OUTFILE := CONCAT( DISK, OFN )3
REWRITE ( RADINT, OUTFILE 2 T
me:=1TOHEH DG, BEGIN
FOR Y := 1 .TO MUM . -DO ' BEGIN
© RADINT~ := RINT[X 2 Y13 .
PUT ( RADINT ) o
" END _- . N
END; ' '
‘CLOSE, ( RADINT, LOCK ) L
END; (¢ Storedata )

375
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( R
‘ SN
YR E T
[ ) . ' i
BEGIN (% Main pragra- n‘
‘CONDITIONS; (2 Input initial cmdxtxms . i
WRITELN(’ Cmd1t1ms........ok )y R ‘
(t Store and retreat data from the secund disk only %)
DISK i= *,D2/7; <
IN-"UI’DATA, (t Input lateral data frm dxsk 02 t)f
WRITELN(® Input data........ok )3 :
NEW := SEG & 2; ‘ _.
. " . . q * . . :
.. SMPROFILE; 4% Saocoth the hydrogen proﬂles %) .
"WRITELN(® Proﬂle s-ooth....ok’)- , Lot '
HIDPOINT; (% Increase’ nusber of data pmnts ’n
WRITELNCMidpoint..........0k"); g
SMOOTHING; (3 smooth data pomts o
lRITELN(’Saoothmg.........ok’); . ' >
ABEL; : (t Perform Nnel Invers'
"WRITELN(?Abel mversu:n.....ok )s
STOREDATA; (% Store radial data onto disk #2 - §)
. mITELN(’Store data........ok’)' . : > -
 END. - (% Main t:)- ; s A
. . . _ I .



v
B

¥

- The thlrd program is used to llst the radlal data*

Y
N

set to output dev1ces, such as screen monltor ‘or prlnter.

I

Refer to Apple /// Pascal manuals for further informatlon.

. ,4,;_ X "
S . S5 S .

*
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SR LS
N C T
DN .

X

PRCERM DAT‘lI §Ts

VAR DATAFILE : FILE OF REAL, . - L
INFILE, DISK, IFN : STRING; . T ’
NUM, SEB, x,v Z, A : INTEBER; - ' o |
INT :, ARRAY [1..50,1..50] mm, | Sy
. : , A
L “BEB*NS B A Lo | S S

WRITE(’ Input fiename ’);READLN(IFN) iRI'FELN; ,
LWRITE(*Total # of segments i) READLN(SEB),IRITELN,- L
'mITE(’Tcrl:al # of dlodes to be read ") READLN(NJH) mITELN' ‘

DISK == .D2/"

INFILE := CONCAT( S _ ‘
RESET ( DATAFILE, ?@I(l’.slm A R ,
me-=1mssenon£em ‘
FOR Y := 1 TO. NUM DO BEGIN
INT [X,Y1 := DATAEILE~; .
BET " ( DATAFILE y
END &
END;

Y

.‘ '-" 2z SEB 4.1- ,
FORY'=1TOM.H DDBEBINI
© .WRITELN(® Diode ' ’,¥22)3 , o . .
V'URITELN( Coordinate  vs. Ihtensity’);HRITlELN';,
=1 H = 1, L - ' o
< REPEAT :
ﬂ‘llLE(Z(b)AND(X(R DDBEBIN_
bRITE(’ (7 Xe 2,’)’,INT[X Y] 8.2,’."3)'
x =X+ 1-

=7 +1 S o
WRITELN; . , .
'z 713 ST o
UNTIL X > SEB ),
WRITELN .
m,



