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- ABSTRACT

The inductively coupled plasma (‘1CP) has gained
'wxdespread acceptance as a source for analytical atomic
emission spectroscopy and recently, it was intpoduced as
an‘ion source for analytical mass apectfometry (lCP—MS).
~Via nuferous studges‘of the spatial analyte emission'
patterna of the discharge, kncwledge of the excited
ranalyte ions and atoms contaxned therein has been ‘
‘vauiEed;l Analogous studies of ground state analyte
populations, of\partxcular relevancevfor ICP-MS, have not
been as extensive. > |

In this thes1s wor%x the responae of ground state
analyte ion and atom’ populatxon d1str1but1ons to changes
in plasma operating parameters (power,.aerosol carrier
' flowrate) was thorougnly investigated. Initial studies
centered around atomic absorption measurements. Later,
using the tecnniq\‘ of laser-induced.atomic fluorescence, :
radial profiles of relative ground state analyte ion and
‘atom densities we e acquired‘for a Vatiety of observatien
heights and operating conditions. Attention {?s focussed
on Ca although Sr and Mo were also studied. qufﬁ@ent'
constructed . for ‘the 1nvestxgat1ons anludes a pulsed |
hollow cathode lamp control unit, photodiode array *

spectrometer and computer controlled torch positioning

system.,.

S
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In genheral, for a fixed aerosol carrier flowrate,
large ground state ion fluorescence sigrale:can be
'obtained over a wide range of powers and’ observation
heights. These signals were, however, se€en to be
critxca?ly dependent on aerogol carrier;Zlowrate.
Spatielly averaged atomic absorption measurements provide
independent conflrmation of the flJcrescence results.
Good agreement was also seen when jon fluorescence’ N
measurements were compared to corresponding ion count
rates from ICP;MS}

with a few simple modifications, the eiperiMﬂntal
system could be set up. to measure lateral emission
intensity. For comparxson to fluorescence results, sets
of laterai emissioﬁ,profiles_were acquired. These
d1£fered markedly froﬁ the flﬁoreecence profiles in their
response to changes in the operat1ng cond1tions and/or
observation zone. The trends seen in em1ssxon were also
compared to trends seen in excited state fluorescence.
_ This latter study has important ramifications for future‘
fluorescence studies‘which might te undertaken..

_Although/useful in their‘oqn right, relative deneity
meascrements are not eppropriate for in—depth .
characterization of the ICP. However, a system is now in

—

place in our laboratoryffﬁr;gytomated measurement of

—

temperatures and particle densities necessary for such
. ,

characterization to continue.
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CHAPTER ]

INTRODUCTION

A, Characterization of the ICP

The inductively coupled plasma (ICP) (Figure 1) 1is
now firmly established as a valuable tool for analy;ical
atomic'emission spectroscopy. Its advantages include wide
dynamic range, low detection limits and the ability to
analyze samples in a variety of physical forms [1] and
matrices.

Recently the ICP has attracted even more ipterest due
to its use as an ion éource for mass spectrometric
determination of trace elements [2-7}. Linear working
curves of 5 orders of magnitude extending from the parts
per trillion range (5], plus the capabllity ot convenith
isotopic analysis, are two of thé attributes of this
éombined technique.

To exact the best possible performance from the ICP
e}ther as an emission source or an ion source for
analytical spectroscopy, it 1is necessary to characterize
the plasma at\both a practical lével and a fundamental
level. From a discussion of what has been QOne in these

two areas, and the studies that remain to be done, the
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impetus for the work described in this thesis will emerge.

A practical understanding of the ICP includes
knowledge of how the species of interest is distributed
"within the plasma, how this distribution varies from
element to element and how changes in variables such as
plasma power and carrier gas flowrate affect the
distribution. Knowing these things permits the selection
of an optimum observation or sampling zone for example,
and facilitates the proceés of te;ching a student or
novice user abgﬁt the ICP. Also, there is an inherent
satisfaction in simply having obtained "the big picture”
so{to speak.

Practical characterization of the ICP for emission
spectroscopy has involved the'acquisition og,vnot
~surprisingly, vértical ;nd radial emission profiles. A
vertical emission profile is a plot of the intensity -of
ion or atom émission in the cen;ral channelbof the ICP as
a function of height above the load coil as illustrated in
Figure 2. A radial profile on the other hand,.illustrates
the variation of emission intensity along any line through
the center of a thin cross-section of the plasma. ‘This is
shown in Figure 3(a). Obviously a set of radial émission
profiles at different heights provides a more accurate
picture of the spatial distribution of excited species

than a vertical profile. For example, radial profiles

\ |
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acqu1red by Furuta [8] seen in. Figure 3(b) show‘that the
distribution of exc1ted 1oﬁs&gradually goes from being
: torOLdalTﬂc hav1ng a central!maXimum. (The same is true
for exc1ted atoms ) This - behav10r could not have been
 deduced from the vertical proffles 1& ;1gure 2.
. The response of em1551on profiles to changes in
‘ perat1ng parameters such as power and carrﬁer flowrate
t[8 17}, element to-element variations {8,10,13] and the
effect of addition of an eas’ ; ionizable element (EIE)
[9 11, 12, 15 16 18,19] have all been studied and the
ut111ty of these studies ‘has been well recognized. For
'example, from Flgure "3(b) ‘it 1s 1mmed1ately obvious that 4

e

mm above the load coil (ALC) is not the optimum zone, for
‘1on em5551on whereas 16 mm. ALC is a good comperise 8
observation‘height.‘

| In principle, these profiles should also be useful in
a practicallsense for 1nduct1vely coupled plasma mass
spectrometry1?;EP MS) 51nce it does . not d15t1ngu1sh be-

'tween ground state and exc1ted ions. However, unless the.

Qég}asma is highly non= ~thermal, the majority of the 51ngly-

charged ions of somerelements should remain in the ground

state. Hence a practical characterization of the ICP for
mass spectrometry might entail acquisition of ground state

, ion absorbance or fluorescence profiles of‘various ele-

ments for a variety of observation heights and operating



eonditions.\ Some grodnd state studies of this type have
appeared; they willvbe discussed later.;_FQr now it
sufflces to say that there is a need for further work in
the area.

An understanding of the‘ICP at a fundamental'le;el
’1ncludes knowledge of the actual phys1ca1 processes
involved in generating the spec1es of - 1nterest in a given
situatiQnQ If thesé processes are known, then modifica-:
tions to thevs;stem can be made in anvintelligent‘fashion,
i.e. to enhance desirable features orvsuppress undesirable
ones.. | |

However, the physical processes involving anal-

. ytically important species cannot be eensidered in-

'.isolatien from the processes occurring‘in the‘plasma as a
whole. In fact, in terms of denslties, the analyte is a
trace .impurity in the argon plasma. As a lead—ln to the
discussion of fundamental stddies then, a brief overview
of the argon plasma follows.

Some salienthfeatures of "the typiea1~ICP torch'and
dlscharge as well as some nomenclature are presented in
Figure E. The torch described is the standard Fassel-type
design [20]). .The height scale is referenced to the,tOp,ofb
‘the load coil. The plasma is initiated and sustained in
the flow ef coolant (see Flgure 1) argon. = The degree of

ionization of Argon is less than 1%. The bulk of the



energy applied to the plasma is dissipated by heatiﬁg the
coolant [21)}. The next largest part is dlss1pated within
the load coil and some 1is used to heat the‘aerosol carrier
gas. Heating of the gases is accomplished by collisions
with e -ons which, bi virtue of their mass, receive
,.energy preferentlally from the RF field. | |
Once a given volume of plasma flows Out of the c01l
‘reglon, Phe electrons within it no longer feel the' '
1nfluence of the RF field and the plasma beg1ns to
'recomblne. The recombination process is slow as shown by
electron density measurement@)[22—24h the electron density
remalns ‘high well above the plasma. ‘An interesting
,observatlon regardlng the electron den51ty (ne) is tﬁat if
the carrler flowrate is not too high, the ne.ln the
}central channel is comparable to the value in the annular
plasma-(3 x 10*5 cm~3 on average). This is presumed to be
,due to ambipolar diﬁfusion {251, the (inward)vdiffusion'of
:electron/ion pairs. | |
The fact that Ng. is hlgh and reasonably uniform
'.throughout the plasma makes the local thermal equilibrium
(LTE) scheme in the sense defln@@rby Alkemade [26]
“attractlve as a framework with which to model the
'plasma.- Accordlngly then, a single local temperature has

appllcablllty in all ‘the various equlllbrlum distribution

laws such as the Boltzmann Or Saha equations with the



exception that it cannot be used in the Planck law to
describe thepspectral volume density of radiant energy.
Verification‘of the suitability of the LTE approach is
conceptually simple. It entails the measurement of
-various spat1ally resolved temperatures (e.g. excitation,
1on12at10n, translatlonal) which can be derlved from
”relatlve emlssxon 1nten51t1es and llnew1dths. |

Much ev1dence has been prov1ded by spatlal
temperature measurement demonstratlng that an LTE
frameWork is not approprlate to explain many phenomena
1observed in’ the ce (8, 10,11,13, 16, 27-29). The LTE model
-need not be abandoned however. The contept of comparlng
‘observed ‘emission . 1nten51ty ratlos or degrees of
1on12ation to those expected from a "hypothetlcal"-LTE
plasma [24] der1ved from electron den51ty measurements has
proved very effective for quantifylng the extent_of |
‘deviation from;LTE_in a given region [23,24]). o

Deviation from LTE can be assessed not only by
1on/atom emission intensity ratios but also by a
measurement of the ratio of ground state ion density to
grognd state atom density (or a quantity proport10nal to
tnis ratio). |
| Equationf(l) is an LTE formulation for this density
ratio, ignoring the lowering of the ionization potentialf

by electric field effects.

0

—
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_% _-4.823 x 10 ‘%,T3/2 exp (=E /KT) (1)
ng N 95 ‘
where né, ng = the density of ground state‘ion and atom
. levels (em‘3)‘
Ne = electron'deueity (om‘3)k
gé, g5 = the statistical weights of the ground
state ion and atom levels
E;, o= iouizatiou energy in ev
kK =8.6 x 1075 ev/K |
T ’%ntemperature (K)

Measurement of ng and calculation of T as in
references [16 23 24,27,30, 31] and as outllned in Appendlx
A would. allow an LTE value for no/no to_be calculated, and
this could be compared to the observed value. It would be
.lnterestingvto See if deviatioos revealed by this method

exhibit the same trends as those found by emission

‘i

5 a"and ne,'an

studles. Also, using measured values of n
effect1ve 1onlzatlon temperature could be calculated [16].

If the populatlon den51t1es of ground state atom and
ion levels‘as well as densities of the lowest lying
excited atoﬁic and-lonio levels are measured, the degree
of iohizatiOn'could be estimated without requiring that
the analyte be cloée to‘LTE as in [24].

Measurement of both ground state and excited state

10
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level densities will also be necessary as the kinetic
approach to ICP modelling gains acceptance. This approach
is outlined in references [26] and [32] and has been
applied to the ICP in several instances [33435} although
its use - is not yet widespread.

Overall, it has been shown that the study_of g;ound

is useful both in a

s;qf&manalyte species in the 1CP
'ptaéf?;al sense and_also from the standpoint of im§f0§ing .
our_fundémental undefstanding of the ICP. The next |
section'disCusses methods available for studyiné ground

states ané reviews work-ﬁhich has been done in' this area.

B. . Atomic Absorption/Fluorescence Overview

GroundVState speéies, both étoms and idns, méy ih
general be probed by either absorption or fluofescence.
For indepth~discu$siohs'of thé theory. of atomic absorption
and fluorescence, including caiculation of absolute '
déﬁsities from absorbancé énd fluoréscence meaéUrements,
see reférences [26;36,37].

These processes are‘sqhemaéically illustrated in
Figure 4(a) and (b). The solid arrows denote transitidn,
between electronic enérgy levels ahd tﬁe>"Squigglés" |
;fepreéent phbtons. |

Absorptidn is self;explanatofy.‘ Fluorescence

con;ists of absorption of a photon followed by spontaheOUS
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Figure 4. Schematic illustration of: (a) absorption, .(b)
fluorescence. :
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emission of a photon (denoted F). In both cases the lower

‘level (denoted L) is not restricted to the ground level

but can also be an excited level. For simplicity, only
resonance fluorescence, in thch the absorbed and emitted
photons are of the same frequency, is shown. Many other
types of fluorescence are possibie [38].

In absorption, the atom reservoir can be thought of

"as a filter inserted into the path of the probe beam,

Fluorescence is generally observed at ‘an angle of 90° to
the probe beam although it radiates unlformly from the
reservoir in all dirqéiions;

Under the condition of high irradiance (generally

achievable eonly with a laser) a phenomenon called

'saturation occurs in which every absorption is balanced by

stimulated emission of a photon (stimulated emission

occurs in the same direction and with the same phase as an

‘incident photon). The populations of the upper and lower

level of interest become approximately equal.

In absorption this has the effect of "burnlng ‘a hole”

v

¢ :
in the atom reservoir; the reservoir appears Lransparent

to the probe beam at the wavelength of ‘interest.

Obviously this situation is to be avoided for reliable
absorbance measurements. However, when attempting
fluorescence, saturation is a desirable state of affalrs

for several reasons, For example,- fluctuations in laser

13
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power will not affect fluorescence intensity if they are
not too large. The depend;nce.of saturation on various
experimental characteristics such as laser pulse width,
pulse power and the characteristics of the level system
under considerarion have been discussed'in detail in
references [37] and [39].

At this point, a process characteristic to
fluoreséencegknown as quenching sheuld be discussed.
.OQuenching of fluorescence occurs when some non-radiative
.process, e.g. collisional excitation or de;excitation,is
fast-enough to compete with radihriVe depopulation of tﬁe
upper level of the transition. This results in a
reduction of fluorescence from that ievel and an increase
in fluorescence from nearby levels_kthermally assisted
fluorescence).

Several possible quehching schemes are illustrated in
Figure 5. _Broken arrows indicate transitions induced by
collisions and thermally aéSisted fluorescence photons are
marked by Frpe Note that under saturated or near-
saturated conditions raciatiée processes become so fasr
that the effect~of collisions is negiigible in soﬁe cases,

The extent of quenching can be quantified by the
guantum efficiency which, for a given excited level, 1is

the ratio of the radiative depopulation rate to the total '

~rate of depopulation (both collisional and radiative



Figure 5.

Thermaelly Assisted Fluorescehce

photon
. collisionelly
i . induced
' trensition

Schematic illustration of thermally assisted fluorescence.
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processes). The guantum efficienéy can be assessed by
stu‘fing the fluorescence lifetime, i.e. the decay of

flgggiscence following q.temporally narrow excitation

pulse [40]. '

"% ¥inally, a point must be made regarding spatially
resolved absorbance or fluorescence measurements.
Absorbance, as generally measured, is a line of §ight
average, and radially.resolved'absorbances must be dericed
by Abel inversion [41]. However, the spatialuresolution
of a fluorescence measurement is determined by the
overlap, in‘theyétom reservoir, of the probe beam and the
cone of acceptance of the measurement optics (42].
Fluorescence, then, has an advantage over absorption in
that spatially resolved measurements can be obtained
without Abel inversion (43). This allows asymmetrical
profiles to be accurately mapped, as well as reducing the ‘
computational overhead of the measurement. Both
techniques have been used to study ground state species 1in

the ICP, and a review of this work follows.

C. Atomic Absorption Literature Review

Almost 20 years ago, Veillon and Margoshes [44]
evaluated an elliptical plasma (one having no central
channel) for its possible use as an atom reservoir for

—~

atomic absorption. This type of plasma was quickly



supplanted by the toroidal plasma in use today, hence
their study 1is of limited relevance.

In reference [27] Kornblum and DeGalan reported the
measurement of excitation temperatures 5y the so-called
emiésionvabsorption method and also calculated ground
state caléium atom densities from Abel inverted absorbance
heasurements. They employed a standard toroidal plasma
and made measurements at two aerosol carrier flowrates. .
Herver, the lower of the two flowrates was still
comparatively higher than that commonly used todays

The same authors [19] also studied the effect of
cesium and phosphate on radial density profileg of Ca and
My atoms and 1ons, employing the higher of the two carrier
flowrates also used in rgference [27]. The fact that the
app;oxiﬁate'degree of ionization of Ca at 15 mm ALC was
less than 50% 1is evidence of the ébnormality of their
plasma.

Magyar and Aeschpbach [45] investigated the possible
use of the ICPp for analytical atomic absorption
measurements and also looked a£ the effect of power on Cd
and Cr atom absorbance. They concluded that the ICP
afforded poorer sensitivity and detection limits than the
flame. Blades [lB]'meas;red Mg atom absorbance in an
effort to detect possible ionization equilibrium shifts

following the addition of an easily ionizable element

v



(EIE). (Both these last two examples were not spatial
studies.) Rybarczyk et al. [15] measured radial emission
and absorbance profiles for several elements (Ca, Mg), in
each case doing so for both ion and atom. The plasma was
operated at 1.25 kW and 1.1 lpm carrier flow, Besides
comparing emission and absorbance profiles they also
studied the effect of sample aerosol desolvatiaon and
addition of EIE's. However, the zone they studied (d'to
15 mm ALC) is not an analytically useful region of the ICP
for emission spectroscopy;

Radiai ground state calcium ion and atom absorbance
profiles at heights of 7.5, 15 and 25 mm ALC have been
reported by Nojiri et al. [16]. They too.looked at the
effect of an EIE on these profiles. Radial density
profilés for ground state Ca atom and ioﬁ at a height of

15 mm ALC were also shown and these were used in
s

i

conjunction with measured n, values to calculate effective
Ca ionization temperatures.

Details of a technique called saturated absorption
spectroscopy have recently been reported by Walters
[42]. The relative concentration of ground state species
in a small volume can be determined without Abel
inversion. Spatial resolution results from the
intersection of the probe beam and a modulated éaturating

beam. They obtained sets of radial ground state Sr atoms
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at observation heights ranging from 25 t0v90 mm in plasmas
optlmlzed for analytlcal atomlc fluorescence (extended
torch, low power and high carrier. flowrate). Ground state
Ba ion. profiles at 4 ditferent heights (7, 15, 25 and 40
mm ALC) 'in a‘standard 1.25 kW plasma were also shown.

hd

D. Atomlc Fluorescence Literature Review

t

The ICP has been more w1dely used’ as an atomlzer for

analytical atomic fluorescenCe than for atomlc

_absorption. A commercial ICP-AFS system is marketed by
hthe Bairdvcorporationf Papers have appeared on the use of
' nitrogenv[ll] and excimer [46] pumped tunable dye 1asers
and  a second ICP [47] as sources for analyt1cal atomlc
‘fluorescence.: Ionic fluorescence is also 1ncluded 1n the

general technlque of atomlc fluorescence.

oo

ICP-LEAFS (Laser Exc1ted Atomlc Fluorescence

Spectroscopy) compares unfavorably W1th ICP-0OES (OES-

'optlcal em1551on spectroscopy) in that it 1s a single -

element technlque, although detectlon limits are
comparable (46] .

Some §haracterlzat10n of the ICP has been done u51ng

»gLEAFs. Vertlcal fluorescence profiles of" ground mtate Ca

]
atom and ion at two flowrates in a 1 kW plasma have been -

_published [17].' Radial ground state Ba ion, fluorescence,,

~profiles have also'appeared [43]. In this latter,
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'proflles were taken as power was varled at a 51ngle a
observatlon helght, and for -a 51ngle power, profiles at 3
observatlon helghts were taken, )

Finally, radial absolute density proflles of ground
state CalClUm atom at varlous helghts for a single
{unstated) power appear in reference {33]. These were

, used to test ‘a Kinetic model of Ca jion emission. behav1or.

From the above review, it 1s seen that spatlal

studles of analyte ground state Spec1es have- not been
overlooked hese studies, however, were done atﬁa 51ngle
power settlng with one eXCeptlon (43] which’ was not
extensive in Spat1a1 terms, Several of the stud1es have
llmlted appllcablllty to analytlcal opt1ca1 emission
spectroscopy e1ther because the plasma was probed out51de
the. normal observatlon region for QES [rS 42] Or the
plasma was run with unusual operatlng condltlons [19 27]
.The effect of a variation in flowrate over more or

less normal values has only been looked at once [17] and
“here study was restrlcted to the central channel. In
short'then, no Systemat1c € ial mapplng of ground state p
analyte ions and atoms has been done for a varlety of
operating conditions in one ICP.’ (The d1ff1cu1ty of ,

‘piecing together sets of data from varlous laboratorles is

B

well recognlzed {481.) As well, ahalyte ground state

density measurements have not figured promlnently in the



bverall attempt to rationalize analyte behavior on the

basis of a theoretical model.
Thus it was decided to develop an experimental system
for both the acquisition of comprehensive spatial maps of

grodnd state analyte species "and ultimately, the

" measurement of.their densities. The cOnstructioh of both
\ \ - . -

hollow cathode lamp and pulsed dye laser based systems for

in this thesis. Experimental results obtained with both

.'systems are presented, discussed in detail, and compared

to the results. of some of the studies discussed in the

literature review.,

Fy

"'.ff

pursuing these ground state studies in the ICP is detailed.



CHAPTER 2

ATOMIC‘ABSORPTION'STUDX

A. Introduction

-Results of an étteﬁpt to develop an experiﬁental
System‘fcr characterization of analytedground s;ate atom
and ion species in the ICP via hollow cathode lamp. based
atomic and ionic absorptlon are presented and discussed’ in
this chapter.

Before attempting an-atomicsabsorptiop experrmept
decisicns must be made regardihgdthe type of sodrce_and”‘
the cptical configdration in which it.will be used.
Choices‘for a‘source ipcldde t he hollowvcathode,lamp,'a
laser, a continuum source (e,q} Xevlamp) TDallirie source

'such as an ICP. o _ ﬂgﬁ
. . S

Utlllzatlon of the plasma as a source‘gave llttle
success when . attempted by seto [49]. Prellmlnary
experlments 1nd1cated thQF a continuum source gave poor
sensitivity,. Slnce a laser was not ava1lable at the time,
hollow cathode lamps became the only viable option.

In reference [27] Kornblum mentloned that, based ‘on
unpubllshed work, a hollow cathode lamp’ pulsed at hlgh

current was an effectlve source for 1CP- AAS, when combined

22
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with a borcar integrator. Cordos and Malmstadt [50,51]
.succéssfully operated standard commercial hollow cathode
" lamps in the so-called "intermittent high current mode"
for atomic fluorescence spectroscopy -in flames. It was
decided to 1mplement their approach for pulsing the hollow
icathode lamps, utilizing boxcar integration-type 51gnal
4processing as suggested by Kornblum.

It then remained to. choose the optical
configuration. The configuration of choice for flame AA
has consisted of imaging the source onto the flame, then
imaging both source and flame onto the monochromator o
entrance slit. The 1mp1ementation of this scheme - .
utilizing an ICP 1nstead ‘of 'a flame is 1llustrated 1n
Figure ‘6. A second approach would be to probe ‘the flame
with a cdllimated beam of light,‘in’Mhich case neither the
‘source nor ‘flame (or plasma) would be‘imaged onto'the.
entrance slit. | | |

However, ‘since emisSion, partieularly ion emission, is
-much stronger in the ICP, a basic difficulty occurs 1in
' that excessive noise cani be introduced if the ICP is
imaged onto the entrance slitvof a monochromator, even
with adlock—in amplifier. This noise is due to random
fluctuations in em1551on 1nten51ty hav1ng the same-
frequency as that of the chopper (typically <500 Hz).

"particularly strOng non-random emission noise components
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of:frequencies tanging fromv200 to 400 Hz are also present
in the ICP due to its rotation [52].

lndeed, utilizing the configufation seen in Figure 6,
Kornblum [19,27] was able to measure Ca ion and atom
absorbance in an ICP only when 1t was’ operated with high
‘ cartier flowrate. Em1551on is drastlcallywreduced under
this condition. To avoid intense em1551on, the 1on‘and
atom absorbance studies of Rybarczyk et al. [15] were
restricted to the region of the plasma close to the load
ccoil although the plasma was operated under normal
cond1t10nsa This is not the analytically useful region of
' the.ICP.._Nojiti et al. [16] reported Ca ion and atom
absorbance measurements in the analytical observation zone
of a plasma ronnino with normal operating conditions.
However, instead of a hollow cathode lamp, another ICP was
’used as the source for 1on absorbance measurements.
lAgain, th1s was necessary to overcome the strong emission
from the cell" plasma.l ‘ <

In llght of the above observations, the second
'Optlcal conflguratlon mentloned, in conjunctlon with
pulsed hollow cathode‘lamps, was selected for this work.
This approach repfesented'a complete departure from
established methods.

In the(following sections, the details of

construction and operation of the system are presented.
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- To demonstrate its capabllltles, some absorbance A !

measurements obtalned for a plasma operated over-a wide
range of powers and aerosol carrler flowrates will be

shown. Discussion of these results however, w1ll-be'

deferred until Chapter 4. -

B. Experimental

B.l’ Optical configuration

:The system employedifor this work is'illu5trated in .
Figure 7. Collimated light from a hollow cathode lamp is
allowed to pass through a c1rcular aperture, the plasma,
andvanother_aperture, pefore being focussed on the
entrance slit of the monochromator. |

gince the plasma is not imaged onto the entrance
slit, considerable discrimination agalnst emission from’
the plasma is achleved.

In»addition, the use of the second aperture, coupled
.with theulong path length from the plasma to- lens 2 tends
to passively collimate the em1551on.. Thus both absorbance

and emission measured thh thls set up are values averaged

over a cylindrical section of the plasma perpendlcular to
its long axis, the diameter of»the'cylinder being 8 mm 1n

this case.
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B.2 Construction and Operation of Controller/Lamp Driver

To increase the intensity and improve the stability
of the lamps, they were operated in. the “high current
intermittent mode" [50,51) as mentloned. In this-mode, a
single measurement cycle con51sts of a ”burst" of twenty,
10 msec wide, lamp pulses spaced 70 msec apart, fo;lowed
by a wait of 10 to 20 seconds before the next burst

(Flgure 8).
| A controller c1rcu1t generates the approprlate
sequence of TTL pulses which are fed to a lamp driver
(hoditied.Heath EU—703f70 Hollow Cathode Power Supply).
The drlver outputs current pulses (variable from 15 ma to
240 iﬂ% having the same phase, frequency and width as the
TTL pulses. Details of the operation of the driver can be
-found in reference [50]‘

As diagrammed in Flgure 7 current pulses from the
photomultiplier tube are converted to voltage pulses by a
current follower. Any gioen voltage pulse is converted to
a ontagevpulse treingwhose frequency is proportional  to
sthe intensity ‘of the HCL source-plus any plasma’
emission. These pulse trainsvare gated through to a
mlcroprocessor controlled frequency meter [53] which
count; the pulses and gives the total from 20 pulse'

trains. ' . T ' -
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A

-——— 16 sec ——--—-—— 10-15 sec —

LT

pulse "burst’”

Figure 8.

Timing of 1lamp pqlses in "intermittent mode".
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In Figure 9 it can be seen that pulses ﬁfﬂm a free-
running 12.5 Hz square.wave clock are narrowed by
monostable 2 and applied to the clock input “of fiip flop 2
where, under control of the Enable line, they can be gated
thfough to the driver and the clock input of the modulo-20
counter.

For the following explanation, the waveforms can be
seen in Figure 10. When the start count line (f:om the
SDK-BO) goes low, mono 1 is triggered and the counter is
cleared. On the falling edge of mono 1 (Q output) flip
flop 1 toggles, puttimg the enable line high. " The
combination of flip flop 2 plus G2 and G3 form an

)
asynchronous waveform gate. If the enable 0+l transition
occurs during a clock pulse, the gate Qill not open until
. the next rising ed@q&of‘the clock. The enable line then
remains high until 20 clock pulées have'been gated- through
and counted. The output of the counter is- now 10100 which
is decoded to a zero by‘é4, thereby clearing flip flop 1
and disabling the asynchronous waveform gate before the
next pulse appears.

Boxcar integration is effected by inserting G5
between the V to F and the frequency meter, and
controlling it by the same TTL signal fed to the lamp

driver. Thus any emission between lamp pulses is not

measured although the total count obtained still reflects

30
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Start Count

(from SDK-80) LJ

FF 1

Q  I—
(Enable) 10 msecC 70 msec

—

MONO 2
(Clock)

rr2 I

(Control)

Il

e W

Freq. Meter

Figure 10. Electronic waveforms relevant to Figure 9.



,Q +
~ emission present during the lamp pulses. The count

‘obtained by disconnecting thevlamp driver and applying the
sameAsequence of 20 TTL pulses to GS is "a measure of~ ' ‘;;
emission only and can be subtracted from the flrst count
to obtain-a baCkground subtracted value for.IO and Ig.

Absorbance is calculated as logig(Tg/I)-

B.3 Experlmental Outline '

A summary of the equipment is presented in Table 1.
' W1th the optlcal system centered at 17 mm ALC,.the

'absoabance and emission of aqueous solutlons of Ca 2nd Mg
¥ e

were measured for 20 comblnatlons of power and carrier
flowrate as summarlzed in Table 2. It should be noted

- here that ‘the torch was. p051t10ned so that the tip of the

N

aerosol injector tube- was somewhat lower than is normally
the case (=l cm below the bottom“of the. load coil).‘.This'

was the conflguratlon whlch had been employed .by the last

=)

experimenter to usefthe*system and it -was simply left

untouched for thls work

A large dlameter aperture was chosgn because no means

;;

of translatlng the plasma through the probe beam was ¥
available at the time these measurements were carried out.
Ca101um absorbance was also measured w1th OpthS

centered at 10 mm and 23_mm ALC. That data willgbe

presented_in'Chapter 4, B o ‘ﬁa



Table 1.

Hollow Cathode Lamps:

Power Supply:
Pulse Current:

Lenses:

Apertures: -

'I_CP:, a
Monochromator:

.Grating:
Phétdmultiplier:
Current Amplifiér;
y to F Converter

Freguency Meter:

Details of experimental set-up.

Cathodeon

34

Heath EU-703-70 modified as

outlined

Ca 240 ma
Mg 170 ma

L1 Spherical OQuartz, 15
length ‘

L2 Spherical Quartz, 10

length

8 mm diameter, circular

Plasma-Therm 27.12 MHz

(operating conditions:
Table 2)

1 meter, Czerny Turner-
{(minuteman SMP.310), 50
entrance and.exit slits

1200 lines/mm

.1p28

Keithley Model 427

Analog Devices 537 .,

cm focal

cm focal

see

Microcomputer-based [53]:



Table 2.

35

Plasma operating conditions, wavelength of

observation and analyte concentrations for

absorbance and emission measurements.

Power (kw):
Aerosol Carrier Flow (lpm):

“Auxiliary Gas Flow (lpm):
Conlant Gas Flow (lpm):

Sample uptaxke (mlL/min):

0.5, 0.75, 1.0, 1.5/, 2.0
1.0, 1.15; 1.3, 1.45

only. for ignition

15 |

2.5 (1.0 lpm acrnsol), 4.0

(1.45 lpm aerosnl carrier)

}(nr)__
Element Atom Imn
100 ppm Ca 422.7 333.3
Q
S 307 ppm M 2R5.2 279.5
1

- B
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atom and ion (Mgl 2852, MgII 2795 A). A D, hollow cathod:

'lamp and a monochromator bandpass of 2 A were used for

B.4 Test of the System

Without lighting'the plasma, e series of filters
having decreasing transmlttance were inserted into'fhe
beam and their transmittances were measered A-cbmparison
of the measured transmittances ta their nominal values is

seen ianable 3. These results‘simply illustrate that

basic absorbance mea&qrﬂmgnts can be made with the

.u.‘

complete opto—eledruf:lu” ystemL

To test -for broadband>background absorbance, several
concentratlons of Mg solutions ranging up to 2500 ppm were

aspirated into the plasma while an attempt was made to

. measure the absorbance at wavelengths corresponding to the

.

these measurements. NO ébsorbance could be measured
1nd1cat1ng that broadband background absorbance is not
important.. Th15 test could not be done for Ca since the
Dy lamp ourput was too low at 4000 R.

At a fopward power settlng of 75 kw and an aeroscl
carrier flowrate of 1 lpm, a set of absorbance calibration ~
curves were prepared for each element at high and low
pulse currehts (high current see Table 1, low current 20-
30 ma) The curves are shown in Figures 11 and 12. The

relative standard dev1atlon of an absorbance measurement

was typically less. than 5%.




—

Table 3.

v
Comparison of measured and nomihal trans-

‘mittances of neutral density filters.

[

Transmittance (8)°
Nominal Measured
) "&
50 . 44.6
20 . 18.3
12 v 12,1

*422.7 nm .

37
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Calcium Absorbance

Oohoo 300 1000 _ |
K Calcium Concentration (mg/¢) -

Figure 11. Calcium absorbance working curves. *H" and "L" denote
high and low current levels. Solid curves are for the
ion; dashed curves are for the atom.
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0

Magnesium Absorbance

ol 1 L p f_’ )

0l 100 300 - 1000 : 2500
B Magnesium Concentration (mg/?)

Figure 12. Maqﬁesium absorbanc: « r¥ing-curves. Léqend as for

Figure 11.



In genéral, both the atom and ion curves‘roll off at
high concentratibn (for example solid line ‘H" and dashed
line "H" in Figufe 11).

W&SOme curvature may arise if £he beam is not absorbea
:overwlts entire cross—-section, i.,e. if the absorbing
region does not fill the beam. However, the majorlty of
the curvature is due to the fact that the source 119éw1dth
is not small relative to the linewidth of the absorptlon
profile [54,55], becoming still broader when the lamp is
bpulsed at’high current t56]; Bettgr‘sansitivity and less
roll off are observed at the lower pulse current. Again,
in, Figure 11 compare solid curve "L" with solid curva "H",
and dashed curve "p" with dashed curve "H". Thése trends
are also seen in-Pigure 12.

Howe?er, in cases where emission 1is strong,‘one”gains
by pulsing at higher current and trad1ng a loss'of
. 4 .
sensitivity for ap‘gncrease in 51gna1 -to-noise ratio. For
example, thé ion absdrbance of‘300 ppm Ca at 1.5 kw/1 lpm
carrier flow was measured with a S/N of 5 when the lamp

was pulsed at 240 ma, but no absorbance above the noise

jevel “could be measured when pulsing at 20 ma.



'Cc. Results and Discussion

AResults’for Ca and Mg are seen in Figures 13 and
14. The format is explained in the captioh for FigUre
132 In both Figures 13(a) and 14(a) atom absorbance
decreases as power increases whereas ion absorbance
(F1gures-13(b) and 14(b)) generally peaks at .75 kw. The
falleff of Mg ion absorbance as power increases above .75
kW'is less. noticeable.

From the 1on/atom emission intensity ratlos at high
,pdwer (generally >10) it is reasonable to assume that the
' degree of ionization becomes hlgh as power increases.

This explains the loss of ground state atoms as power
increases (nbéé that if the levels from which 393.3 and -
422.,7 nm emission originate‘ate equally populated, an'
ion/atom emission intensity ratio of 1.5 will-be seen on
the basis of 'gA values). |

An explanation of the decrease in ion absorbance seen
as power increases above .75 kW would have toeconsider
increased excitation of ground Sfate ions and formation of
doubly chargedhione. Recomeination does not egpear to be
significant.

W.A‘change in,flowrate‘is also seen to exert a large
effect upon ground state atom and ion absorbance. In
general, dropping the flowrate (curve 4 to curve 1) causes

the solid curves for Figures 13:énd 14 to contract back



Figure 13.

‘Absorbance of Calcium Atom

Absorbance of Calcium lon

m
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Ef fect of power and flowrate on calcium atom and ion -
absorbance and emission. FPower increases from left to

right in each frame. Absorbance curves are solid and are

referred to the axes -at the left side of the figure.
Emission curves are dashed and are referred to the axes
on the right side of the figure. The numbers 1, 2, 3, 4
refer to aerosol carrier ‘flowrates of 1.0, 1.15, 1.3 and
1.45 lpm in any frame. (a) Ca atom, (b) Ca 1on.
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Emission of Magnesium Atom 3&:52 units)
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Mg 1on.
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Mg atom,
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toward the baseline. This 1is possibly the result of a
decrease in overall analyte density and/or a
redistribution of analyte amongst its various energy
levels due to a change in excitation conditions.

The large increase in cat emission iﬁtenéity as power
increases can be modelled with the éoltzmann equation by
assuming that the témperaturé increases from ~4000 K at:
.75 kW to ~6000 K at 1.5 kW. (These temperatures are not
consistent with those derived from electron densities, as
in Appendix A, but are actual ﬁeasured excitation
temperathres.) .However,-the decrease in Ca ion absorbance
seen as power increases is too large to be explained using
these same temperatures. (The intensity of emission at
393.3 nm is predicted to increase by a : s+ or of 15 to 20
whereas thé ground state 1on populatior. > expected to
drop by only 10 to 15%.)‘ .

Be fore attaching much significance to the
implications of this back-of-the envelope caiculation, one
has to remember that the absorbance and-emission
measurements are values averaged over a large spatial
region. In light of this, further discussion of the

effect of power and flowrate is not warranted until the L

spatial behavior of the ground state analyte specieé 1s

known.

44




D. Conclusion

1t has been demonstrated that this particular
experimental configuration is capable of measuring both
atom and ion absorbance over a wide raqge of Operatlng
conditions in the analytically useful region of the ILP.

rRadial absorbance profiles could be obtained b; Abel
inverting lateral absorhance profiles measured using

smaller apertures, perhaps 1n conjunction with boosted

ou&eyf)hollow cathode lamps [57] available commercially.

For elements which can be investigated by AFS with a

standard dye laser (non frequency doubled) this systém'
does not offer any advantages.

For investigatioa of other elements such as Mg or Cd
it is a cheaper alternative to a system baseé around a
frequency doubled, amp;ified,dye laser or a two plasma

configuration. ‘ ' .

. '~-‘ ‘- o
« . 4 Q' »

The results presented 1n this chapter haue not been

discussed extensively primarily because of thé lagK ¢

spatial resolution of the measurements.hwv’

trends in the response of ground state atoms ﬁhd
changes 1in plasma operatlng parameters have bgen

e

revealed. These results, together wgth absorbance'
; L

measurements made at other observati'n;

plasma, will be useful 1in dlscu551ng
' : b

3
measurements in Chapter 4.
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CHAPTER 3

AFS EXPERIMENTAL SYSTEM -

o

A. Introduction

bFollowing the acquisition of a nitrogen-pumped
tunable dye laser it was decided to abandon hollow cathode
lamp - based absorbance measurements iﬁ favor of attempting
photodiode érray—based absorbance.profiling (analogous to
the emission profiling discussed previously).

Toward this. enq; a one-meter monochromator was
modified so that it could be used as a diode array
spectrometéﬂ, Details of its constrdction, and operation
of the array electronics, can be found in Aépendix B.

However, absorbanc; measurements Sgde with tbe
instrument suffered from poor sensitivity and pulse-to-
pulse variation in laser power was also a problem. As a

.
4
result, absorbance measugaments were shelved and
: S .
characteritkation of ground state analyte species continued
via atomic fluorescence. The experimental set-up used is

detailed in the remainder of this chapter.

B. System Overview

A schematic diagram of the overall measurement system

46
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is seen in Flgure 15. The Optical components are mounted

on an optical railbed similar to that described by Walters
‘[58]ﬂ\ Details of the equipment can‘be‘found.in Table 4. T

e

he pulsed dye laser beam (pulse width <1 ns) is

bd by lens 1, passes through the plasma and into the

-

1ode array spectrometer mentioned prev1ously. This
ts the output of the laser to be centered on the
Avelength of interest. A fraction of the b&am is

o

diverted to a-photodiode and generates a‘trigger 51gnal.

The Optical portion of the detection system con51sts
‘of a second lens which images the- plasma onto. the ‘entrance
slit of a .35 m. monochromator with a magnification of
1.75%

The fluorescence signal after amplification, has a

oy S :

fwhm of = 10 ns, (the PMT and amplifier were not optimized
,.for high;speed response) hence itﬂ:sznecessary to_use a ‘
gatedvintegrator detector. o A

The_focussed laser be am diameter and characteristics
of the deﬂectionloptics definewa small scattering volume
positioned-at thezintersection of the two optical axes.

Taking the path of least resistance, it was decided
to measure profiles by trepping the plasma through this
E‘attering volume, rather than v1ce versa. To make this

, . ,
procedure as painless as possible, the torch is capable of -

[
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Table 4.
Nitrogen Laser:
Tunable Dye

Laser Dyes:
Photodiode:

Lenses:

Torch:

-
2

Nebulizer:
Plasma:
Ph@todiode
Array 5
Spectrometer
L %
M&nochromator:
Photomultiplier

Tube:

amplifier:

Gated - Inteyrator:

Analo; to Digital
{

Converter: |

Tonrch Translation

System:

Laser:

RCA 1P28,

“461A,

4 e

petails of fluorescence‘ewperimental system,

Photophemicalfﬁésearch Associates Model
LN 1000 '

Photochemical Research Associates Model

LN 102

photochemical Research Associates

2

" hewlett-packard 4220

50 cm focal length
10. cm fgpal length

L1 sbherical jquartz,
L2 spherical quartz,

Standard Fassel Type
MAK

(Chapter 4)
(Chapter 5) 7 PR .

Meinhardt, glass concentric
pPlasma Therm,. 27 MHz
Modified 1

(Minuteman
photodinde

meter Czerny Turner
SMp 310) Reticon RL 256EC
array ‘

Heath, .35 m Czerny Turher, stopped by
a- 3 mm aperture. ‘ K

|

‘wired for standard response

&% )
Hewlett Packard ‘Model ®

40 db gain

Kelthley Model 427

Flunrescence:
Emission:

Stanford Research System& Model SR- 250,
10 ns gate ‘ e

Interactive Structures model AIl3 .
Jack, Oriel #1636

Translator, Oriel #1625

Stepper Motors, ‘pulsemotor PH42Cl,

440 ma/phase o .”
Controlling Electronlcs,'Rogers Labs
A6T/D, R2D23 E 2

Apple 11+

49



being moved both vertically and horizontally under
computer control. The oomputer, an Apple II+, ‘is
respon51ble for firing the laser, counting pulses,
. positioning the torch? acqu1ring the data and outputtlng
it to a printer and plotterp
c.' - optics L -

To obtain fluorescence‘profiles, the plasma (in this

. N '

case) can be translated along the observation aiis or the
excitation axis (i.e. paralleldto the'laser beam) . Since
the ‘mount required to position‘lens 2 interfered with

motion of the torch: aloﬂg the observation axis, profiles .

were acqulred along the exc1tation axis. This is

”illustratedﬂin Figure 16; the positioning of the plasma to

acquire a 3-point profile for example, 1is seen at the
- bottom of the figure.

When profiling along the excitation axis, it is

)

desirable to maintain a uniformiprobe.beam diameter oven a
distance at least equal to, the width of the plasma. Thisw

1s reallzed by bringing the laser through the plasma with'

a long focal length lens. (Note however, thag this
vreduces t he power density (w/cmz) in the focussed beam )
usf-n .
USing such an 1llum1na ’ﬁgbheme, other researchers [59}
,'.ﬁ ra

have acquired one- shog fluorescence proflles of a flame

with a gated, senS1t1v1ty enhanced photodiode array.'

ﬁ?, )

The format of Figure 16 also useful for poxnting

‘_5};':; i

iy
&

50
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‘out pdssible‘COncentration or filtering effects”which
include preﬁllterlng (absorption. of incoming radlatlon)
and sttfiltering (absorption of fluorescence). Referrlng
to Figure 16(a), it is seen that_thé 1ikelih00d.of |
observ1ng either of these effects is small | With
reference to frame (b) there is some opportunity for
prefiltering, and the péth‘length_for postfiltering is
maximal. The path length for prefiltering is longest in
frame (c), but postfiltering is again minimal.
prefiltering can be avoided by working under saturated
conditions‘where the laser burns a "hole" in the plasma.

'As mentioned earlier, the spatiSX resolution of the”
measurement isﬂdetermined by the beam diameter and the
colleztion oétics. This 1is 0ut11ned qulte well in
_references {28} and [60). . with a 1000 u entrance slit the
scattering volume was estimated to be approx1mate1y 1 mm3
ani 0.12 mm3 when a 120 4 slit was employed. In the case
~f a 1000 u slit, light was collected from a region
extending'.3‘mm on either side of the optical ;xis
txegattwrlnj length = .6 mh)‘ “

The OptlL% were éllgned as follows: ' Thevlaser and -
- lens 1 were positioned so that the beam waist was 12
1nches above the top of the raiLbéd. The .35 m°
monochromator was then set sé;that ihe'centep of idﬁ%@

wntrance slit too was 12 inches above the top of the

-
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railbed. It was backlit with a HeNe laser and the .35 m

monochromator was then shifted until the HeNe laser

intersected the.desired region of the dye beam. The tip

~of an optic fibrelwas'positioned at this intersection

: poxnt wlth its face p01nt1ng toward the .35 m

monochromator. The other end of the fibre was made to
intercept the dye laser which was centered on the purple

393,.3 nm transition of calcium ion. Lens 2 was then

"51tuated so that the end of the fibre was imaged onto the

through its central channel, and the image of the plaSmam

entrance slit of the .35 m monochromator. (A small purple
dot would come ‘into sharp focus when the lens was set
properly,) Since tne range of wavelengths used in these
stndieswwas not'large, the lens was not repositidned at
any time to compensate fdr chromatic aberration. Finally,

the plasma was positibned so that the dye beam passed .

was centered on the entrance slit of the .35 m

monoc hromator. ' 3

a
The .35 m monochromator was set on the wavelength of

interest by observing emission from the plasma.

.Similarly, a high concentration of the element of 1nterest

was asgxrated so that the same line appeared on the diode

array owtput wh1ch was dlsplayed on an oscilloscope. - The

scope was adjusteggﬁo that the Jine fell 1in the center of

‘the grar;cule. enge “the- scope had 1n this sense be

L T "‘.h‘ . R ! "‘_ . . T

Uy,
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"calibrated", the laser‘_s then adjusted so that the

maximum of 1its spectrum also fell on-the center of the

graticule. Since the laser output was some 50 A.wide this

was not an overly critical procedure.

Do Lasers .

<
ol
Ve

/' The lasers were used as received from the
manufacturer withWLGé exception that a switch and inverter
were installed within the N, lase;, allowing it to accept
both pbsitiVe and negatiQe‘gbing trigger signals.

Some problehs with the N, laser were éxperienced
after several{ﬁ;nths of operation. An elecﬁrbde in the
main spark gap had to be rebored and readjusted.

Following th:s, the laser operated guite reliably for the
duration of thé experiments.

Degradation of the dyes was not foundvto be a
problem fhe condition of ﬁhe dye could be monitored with
"t he photod1ode ‘array although an energy metef would be
preferable. The dyes used together with the wavelen th of
Interest ,are listed in Table 5. The numbers 1in brackets
are the suppliers codes.

—

E. Torch Translation System

fe

The commercially built ICP systems used 1n our
laboratories consist of two components: a large power

sapply and .a. smaller combinati@n'impedahte

54



Table 5. Wavelengths and laser dyes employed for atomic

fluorescence.

Species wéveleng;h (nm) DyeT

Ca 422.7 BIS-MSB (LN6-2)
ca” 593.3 BBO (LN3-2)
cca*t 373.7. PBD (LN2-2)

CaOH 554 .3 €-540 A (LN15-2)
Sr 460.7 C-460 (LN10-2)
Sr* 407.8 DPS (LN5-2)

Mo BBQ (LN3-2)

YAverage eneryy per pulse:

390.3

40 wJ

Supplier: Photochem}cal Research Associates, 45

Meg Drive,

N6E 2V2

London, Ontario, Canada,

55
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matching/torchng uhit weighing aboutlls kg. Thé torchbox
is firmiy attached to the side of the impedance matching ‘
unit, so that translation of the plasma torch in that case®
‘éﬁdunts to translation of the entire assembly {see Figure
17(a)). This is routinely done for spatial work. A
milling table [28] for example has 5een used as a torchbox
stitioner.

Other researchers have taken a different approach
[61]), that of separating the torchbox f;om the impedance
matching unit, allowing indepeﬁdent motion of the
torchbox, as in Figure 17(b). That approach was adOpteﬁ
tor this work.

The load coil, its mounting blocks, and the torch
guide were removed from the side of ﬁhe matching unit and
mounted oﬁ an L-shaped Plexiglas platform. To shield the
torch, a small box was constructed of 1/4" x 1/4" aluminum
barsvand cbppér sheeting. The spray chamber was suspended
outside this box. Connection back to the matchbox was
made via tinned copper braids (3/4" wide);

In order to get the plaéma to light a 50 pf capa-
citor, which was connected in parallel with the tunable
vacuum capacitors, had to be removed from the matching
unit. (The 50 pf capécitor actually consisted of two 100

pt, 15 kv capacitbrs in series.) When this was done, the

plasma was actually easier to light than 1t had been
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(b)
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> -
previnusly, the reason beiny that the three-turn load coil
had been taxin; the capabilities of the automatic matching
network (it was designed for a twn-turn lonad coll).
v

The plattorm’torchbox was mounted on a micrometer
driven jack ‘translatnr combination, the micrometers beilnj
;eared to small stepper motors. The overall arrangement

' , 2

1s depicted 1n Figure 18 where the stepper motors and
jearing have been omitted for simpli ity

The entire assembly sat on a plattorm slung beneath
tne raitls and was capable ot beiny manually raised °r
lowered via a 3-point suspension system., Thls was
necessary only during 1nitial set-up -of the experiment.

Tne stepper motors were controllad from the Apple I~

e e . A . . . .

in RASIC using the Rogers Laboratories commerclal package
1mncluding machine code scttware, a timer ‘driver »oard and
a motor 1riwer hoard housing the power transistors. Twe

exrernal power supplles wer

@

regquired. Further details of
the wirinj, and other points can he found in Appendix .

B Flectronizcs and Measurement Procedure

A more detailed 1nterconnection 41 ram for the
various electronic components  is seen 1n Figure 19.
Points A, B and C correspond between Figures 19 and 15,
The AIl3 15 a multichannel anaIOg-to—dlgital‘converter._
. ,
The time relationship bgtween the 1lnput and trigger
signafs tor the lasgr and gated ;nﬁegratnr are 1llustrated

g

. ""(

5H
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c01nc1dence ‘of the 51gnals. Alternately, the “1ast

(.

Ls)

in Figure-20. Since lasing jitters'by roughlyda

microSecond from the laser trigger signal, the photodiode'

provides a rellable trlgger fér the’ gated 1ntegrator, 1 e.

the'fluorescence 51gnal always arrives at the 1ntegrator

L%

at avfixed time td after‘the arrival of the trigger signal

-

from the photodlode (typ1cally 50 ns).

“v

. The gated 1ntegrator, when it 1is properly set, walts

ca tlmé tg after it has recelved a trlgger 51gna1 ﬂhen

'samples 1ts sxgnal 1nput llne. The "last sample output

is proportlonal to the average value of the input voltage

-

over the t1me that the,sampling w1ndow is open, 1in this

‘case lO ns. N -‘ .}
There are several waya/to adjust the gated 1ntegrator

B -To that the sampllng w1ndow and the fluorescence signal

c01nc1de. Oﬁe is to observe both the "Slgnal out and

- T

gate out" l&nes on an OSCLllOSCOpe (trlggerlng from thev

"Busyﬂ line) and adjust the bu1lt in delay for v15ual

v M x

e

"sample" output can be dlsplayed on a chart recorder and

-
Lt

“with the laser pulslng, the delay 1s slowly 1ncxeased

Y "‘- ?

vuntLl the chart recorder’ output ﬁs maxlmlzed :Prov151on'

is. bullt 1nto the un1t to’ take an exponentlal ‘moving

1

“faverage of a series of sampllng events. Thls averaged

value is. avallable -at- the’"averaged output"'

- In thls work,tay"scan conslsted of the iesuance‘of a

.61

#
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The "averaged
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- 4
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‘.
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]
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several mm é@art (horizontally) was_subtracted from the

64
0

analyte solution.
In the followlng chapters, fluoreécence and/or
emission maps of the plasma for a varlety of operatlng
condlt:qns will be présented{ For a given set of
Oper;ting conditions; the'plasma was mapped by measuring
fluorescence or emission of each of the: 75 locations shown
n 4 .

in"Frgure 21. A map,then, is comprisec of a stack of 5

. o : : ) : Lo , ‘ ¥,
racial fiuorescence profiles (or 5 lateral emission \ ﬁ~/

’pfﬁfiles as the cTase may'be) taken at heights of 9, 13,

o

. A.profile consists of nmeasurements

1 mm apait. N _ e
; - 9 .

w'ﬁ . y .
a comgponent ~f. the measured signal was

due te guattor1n4 from S ch co¥lar and from

&

m1oroscaplc water droplets } (central channel

~nlyi.  Tne raw profiles.at 9 mm ALC were corrected for

ccattering and DC offset via point—=by-point sub%récpion'of
Lo S . )

A C@mplete‘uack rouno proflle (HZO only). At other . ¢

Heilghts the average of background measarements spaced

raw profiles to remove DC of fset. . .
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CHAPTER, 47

FLUORESCENCE RESULTS: FASSEL TORCH

S

A. Introduction

This chapter details an 1nvest1gat10n’of the effect

nt power and aer~5$1 carrler flowrate: {1 1 rth

tlowrate) on tluotescence mags of ot O °} te=analyte

‘ G’? oy - . Jos - M
g

Latomg and ions. ) o
. @ . '- ) e N - .
The basic stu BN - a Eower stu vy, consisted of

1]

‘scence maps at powers nf .5, .75,

«

. T S
profiles as outlined-ip Chapter 3). °Flowrate was held

constant. Each power study then, entailed the acquisition

21

of 25 radial fluoreSCence prof1les. : ‘ ’

- . N
it

Power studles were done ir gr0und state Ca ,atom, and .. ¢ .-

. ) & . ‘
ion at tlowrates of .65, 85 and 1 lpm._ The same , o
proc@dure was repeatedﬁfor'ground state Sr atom and ion.

‘ The wavelengtns emnlnyed c#n be- found in Table 5. f>
see e < . -

R .o -~

- *Molecular flunrescence proflles of CaOH were also taken.

v

Addltlonal work 5uch as the effect of COncentratlon tests

K
for saturation and em1551on measurements were,curtalled by

e . . o
9acc1dental damaglng of mhe ‘torch. I : Lo



. ’) : S

L

A summary of experlmental condlt}ons is given -in: “fy .

Table 6. The torch used in Chapter 2 waé also employed
here, however 'the nebullzer was replaced by another of the
n.,‘ .

same type, 1i.e. Meinhardt‘glass concentrlc. oLy,

» v

‘B. Effect of Power at 1 lpm Flowrate

B.1 Overview of Ca Ion Fluorescence
: = -

The results of.a power study for ground state Ca™
.fluoreSLence at 1 lpm are prespnmed 1n Figure 22, ‘Powerﬁ
N .
increases from: left to rlght g% 1nd1cated at the bottom of

t he flgure. The observatYOn héight in mm for a '\given row

is labelled at the left side of the flgure and 1ncrease9

=

from'bottom to top. All proflles are on &he same §ka1e,

o If one ﬁg“ntally superimposgs a picture of%e‘plas-n* on-
;}9 any given profile, t#e probe beam engers from the right.
As power 1is increased,'a peakang in either profx}e

area or maximum profile helght is seen, regardless of g

'obseryarion height. This can more easily beﬁfeen in

- Figure 23 where fluoreéeence intensity in" the centra{{ .

channel is plorted”ag@% function . of power for the 5
T ] v e ‘ ,
observation heights. In this figore, nptentnat low in the,
v

plasma a peak appears;at .75 kW, shiftingﬁ}o 1 kW higher
in the plasma. S ,_v ‘! 3 - ;\4_; iw

A

- Another point- to note regardlng Flgure 22 1s that “at

.5 kw, a broad, unlform column of 1oﬁk is seen whereas at

L]

I N
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Table 6. Experimental conditions for fluorescence

studies.

g
-

Power (kW):f

LAoolant
LN

«

(lpm):
Auxiliary:
AerOSBi,Qarf%Er (slpm) :

“sample Uptake (hL(mln):

3
, \ ‘o ‘
- B analyte Concentration:
’ R o
&
’ «
; Do
* ’ g

S1it width:

" %er atom (20 ppm)

(only for ignition)
.65, .85, 1.0

2.0 0,65 lpm) <
2.3 70,85 lpm). o
2.5 (1.0 lpm)

ca isn (4 ppm)
Caqudm (40 ppm)
St ion (2uppm) S e

e s -
Y & w

L d

CaOH (400 ppm) !

1000 u
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. O<5kw 075kw - 1.0kw 1. 25kw 1.5kw
Figure 22. 393.3 nm ca’ fluoreScence power study results, ¥ lpm. .

“t'gee text for explanatlon of format.
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channel as a function of power (1 1pm)+ The numbers in ®
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" broadening out as height increases.

- 71

other powers the profiles are narrow at 9 mm ALC,
’ [ )
N }
The curious asymmetry of the (75 kW protiles at 25
and 31 mm ALC should be pointed out. It s - this asymmetry

which is responsible for the slight dip at .75 kW

appearin; in the corresponding curves in Figure 23.

B.2 Ca Atom Fluorescence Overview

‘

Before trying to rationalize changes in the si‘k and
shape ~f the ion profiles, it is iqftructive to look at

rgsuits ot @4 power study mf'ground state Ca atom

fluorpescence at | lpm: This 1s presented 1in Figure 24,

"although all profiles in F jure 24 are on the same scale,

no comparison can be made between 22 ani 24 on the

masis of 1ntensity. - s

‘)

As shown by the data presented 1n Figure 24, a * ‘ +

T

general dJdisappearance of ground state atoms lswseen dgl = e o
i . &

powég is increased. As for the ions, this is best seen if

£

the height of the profile in the central channel 1is

-

plotted as a function of power for the various observation
Y N

L 4

heights. This is presented’in Figure 25. A loss of

ground state atoms as power increases is consistent with a
-, -

general temperature increase, the atoms becoming excited
- . 4 .

and ionizéd.,>)

The atom fluorescence pEinleé1at .5 kW are uniform

like their, ion :ounterpérfs but—differ noticeably from the

Vs



70
+ P
+H .
o~ e
1ihy -
.

31ALC

9ALC

1.5kw ¥

0.5kw 0.75kw 1.0kw - 1.25kw

X [} . o - SR o~ p, AR “‘, B ] ) ‘
422,7¢Ca atom fluorescence - power study,’ results, ¥.ilpm, R R o
. . ' - ' . L e ‘-'A‘;P_.r,- At ey /" B - : ,"- .

‘Q“:.
add
Y#"

b
¥
)

Pigure 24.

b



39
3
i 30
u
¢ AS
§
(R0 € O
S
C
!
&
r
NS (e
B
o<
‘.,
e
Ty ror

Rl

Fiqure 25,

Ca Fluorescencs
centrs' channel i

‘T//g N \ ‘

~. B Iejte
- ) \‘\
. TT— [ ™~
\ 'J\»\\ l\
i \\ R AN
\\\ ~ h ~
\ AN ~
tl \\\\ \\ N
l \\ 19 N .
. \ \ T
4 \~:\3. \l\\\ “\\\
\ 2: Y-M‘:‘A-— \\—h_, \"\—_.V
| Y — ‘:ﬂ
o c7e 1 0C 12T BN
Powe  hw)

{ . ,,
L ' j

Intensity of 422. 7 nm Ca atom fluorescenhp in the central
channel as a function of power (1 lpm).  The number -~
attached to eﬁch curve is observation helqht as in Figure
*23, ¢

L)

73



N

-

atom profﬂ&eq at hlgher powers. At powérs above 5 kW,
1obes appear at theméﬁges of the plasma at and above the
observation helght of 25 mm. Note.that the presence of
these lobes is not refé&&ted by ﬂ%e.éurves in Figure 25.
The general distribution of ground state atoms 1is not
‘unlike a thick-walled wine goblet. The stem of the goblet
then, is eaten away as power increases. .

Another way of portréying phis is to plot Ca atom
profile area as a function of height for the various
powers as 1n Figure-é6. At powers above .5 kW, at 19 mm
ALC, a zone forms in which the degree of ionizqtion
appears to be high; _thils zone evxpands downwards a.power‘
increases. Of course the degree of ioni#at™M®n cannot"be
deduced f;om these profiles alone, bnt ion/atom emigsion
intensity ratios in this region on the order of 100 to'200‘
[24] are a good indicator.

As.discussed in Chapter 1, electrons enter the
central stream of injected gas by ambipolar_diffusion, ‘-
thus establishing a more Or less unifofm electron_density‘
even quite low in the channel. As the electrons diffuse
inward they lose engrgy Dby collisions with the injectéd

atom& and molqﬁﬁgas. An electron is much fore likely to

”
encounter an atom or molecule with which it coulo comblne,

hence a situation can be env151oned where the electron

J
i

density is high, but the electrons are cooler tha@ they K\

: ©



/

o~ _
Floorescehes Profite

Figure 26.

Cs Flwerescence
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a

Area 6f Ca atom fluorescence.profile as a fgnction of
height at various powers (1 1lpm). The numbers attached
to the curves are plasma power in KW. o
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VOuLd be if the channel was in LTE.( This would result in ﬁf

LA
a degree of ionization of analyte lower ‘than the LTE :

v

: value. :

s .
; 4

At any given height, the dfsequilibrium between the
electron densxty and the electron temperature in the
central channel should be lessened as power is increased; -

the annular electrons then start their Journey into the\v

3

channel in greater numbers and thh;more kxnetlc energy,

Ry

*yet the same amount of g&s is being heated. The average
electron then, reta1ns more energy at hxgher powers, -and

the degree. —of analyte 1on12at10n should be closer to the

7

- / . i
LTE value of 100%. /

II\/}
s P
.

.3 Comparison to Strontium Data

Profiles very 51m11ar to those seen in Figures 22 and

23 eere also obtalned for ground state Sr ion and atom.
Figure 27, ‘a power study of Sr ion fluorescence at 1 lpm,
can be compared to Figure R2. Apart from a sllght scale’
‘difference, the tuo figures ane almost ldentical, down to
the asymmetry in‘the protiles ag_.VS kW hlgh in the | )
' plasm;;- N ’ ‘ - . |

/Scrutlny of Flgure 28 (power study of ground state Sr
atom fluorescence at 1 lpm) and Flgure 24 reﬁeals that the

simllarlty extends to the atom fluorescence proflles as

‘}well, Agreement between the response of Sr’ and Ca was

Y
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' 407.8 nm Sr'

Figure 27.
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0.75kw | 1.0kw - 1.25kw = 1.5kw

fluorescence power study tesuits, 1‘1pm.
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Figure 28. ‘460.7 nm Sr ato
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m fluorescence power study results, 1 lpm.
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,alsa observed at ‘other flowrates.

\

Strontxum. being in the same column as Ca, has

similar ibnization%potent1als and its atomic. and ionlc

”resonanqe'lihés have similar eXcitation‘bqtentials_ds

shown in Table 7. It should not.come as any surprise

thgﬁ, that the behavior of Sr resembles that of Ca.

B.4 Discussion

Returning now to discuss the Ca results in more

detail,‘it is obvious that the }5 kW plasha»is an unusual

»

case, It consxsts of a unxfbrm, stable jet of ions and

atoms. Since the visibde 5 kW. plasma does not extend out
of the coil region, the .injected gas receives little

energy input once it leaves this region, and expansion is

k'l1m1ted. Note that-althbugh no visible plasma extends

) from the Ioad coil, the electron density above the coil

should still be rglat1ve1y high thus- sopme ionization can
take place. |

The lobes of ground stateuatoms/appeafing in Figure
24 ire most likely formed by recomb1nat10n from ions. Re-
combination does not, however, appear to be reséon51b1e

for the overall disappearance»gf ions from high 1n‘the

plasma as pawer increases, since the atom lobes also -

- e o . » . ¥
disappear as power 1ncreases. Recombination is certainly

not respoﬁsxble for the loss of ions seen low in the
plasma as power increases. Atom fluorescence has

disappeéfed'at 1.5 KkW.

\



Table 7. Comparison of excitation and ionization energies

)

§or sr and Ca.

7
First . second Atom “Ion
Ionization Ionization Excitation Excitationr
Potential Potential . Energy* Energy*
gng (ev) (ev) jgv)

Cca 6.11 11.9 . S 2.9 . 3,13
St 5.7 11 2.1 3.05

*
Resonance .line,



»

8l

4
©

Several . points remain to be discussed lncluding the
broadening of the profiles as one goes up from the. load
cqft’at powers above .5 kw, the general peaking behavior .
seen in Figure 23 as power increases, amd the asymmetry. in
the profiles at .75 kWw. This latter will be considered

next.

B.4.1 Filtering Effects

Bgcall that possible concentration effects were
discussed in Chapter 3 wlth the aid of Figure 16. Tne
host likely explanation of the asymmetricalhprofiles is a
prefiltering efffct such as might occur in Fxgure 16(c).

By the time the probe beam has reached the far side of the
plaéma, it has been attenuated, hence . fluorescence is
attenuated also. Note that the' observed asymmetry is
consistent with entry‘of the probe beam at the right hand
side of the density profile.

Evidently saturated‘fluorescence is not being
observed although .it is difficult to say if this is due to
the optics or the shortness of the laser pulse. ‘Had‘the
flporescence been saturated, this stlll would not have
removed any postfiltéring effects. Those' can only be
removed by work1ng at a lower concentration.

Support for ;\quh\ground state ion density hxgh in
the plasma at .75 kw (and thus for a prefiltering effect)

comes from absorbance measurements made with the system in
-

\
\



82

Chapter 2. - Absorbance as ‘a function of power‘with the
optics centered at 3 different observatioﬁ heights is
‘shown in Figcré 29. Large absorbancoé ‘are registered at
.75 kW' and average observation heights of 17 and 23 mm,
Absorbance; at 1 kW are also high.
In retcgspect, fluorescence calibration curves at

powers‘cf .75 kW and probably 1 kw should have been
obtaxned at observation helghte above . A8 5f%

T
B.4.2 Effect of Power at F1xed obs

(9 and 13 mm ALC)

Had profires free Of concentration effects been
obtained at .75 kW and ?\§w, all the curves in Figure 23
would ‘likely have peaked at .75 kW. A simple explanaiion
for a large increase 16 idn‘fluorescence at all
observation heights as power increases is that the degree

4

of ionization of the analyte is increasing from say 20% to
| .
J

g0s. If this were the case, then the corresponding atom
fluorescence curves should drop markedly as power is
increased. This is not what is observed, at least low in
the plasma. In Figure 23, the ion fluorescence 1nten51ty
at 9 mm ALC climbs markedly as power increases whereas 'in .
Figure 25, the atom fluorescence intensity at this same
height hardly varies At all as power increases.

Invariance of atom fluorescence and an increase in

ion fluorescence could be explained by an increase in the



~Absorbance
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Figure 29. Ca ion absorbance as a function of power at 3 obgervation
heights (heights in mm above the load coil.
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¥

dissociation of a molecular sbec%es as power increases. A
cohsiderable amount of analyte however, could be tied up v
iq the form ot,%fO* or Ca0 at .5 kW. The ﬁrend from mass
spectroscopic studies [5] éertainly reveals that oxide
formagion (Md*) grows worse as power droés. Presence of
the uncharged oxidel(CaO) might be verified by
fluorescence at any one of numerous near-IR waveleﬁgths.

Although the increase of ground state ion
fluoréscence as power increases to .75 kW has a simple
,explsnation, the saﬁé is not true concerning the decrease
of fluoresceﬁce seen at any height as power increases
above .75 kW, of\the changes in the width of the profiles
at perrs above .5 kW,

In. order to explain these effects the balance betweenA
gro&nd state cat, excited Ca* and cal* as well as any
oxide species has to be considered (recombination to atoms -
is ;ot signi'ficant).

h\“Fér example, in Figure 22 at 9 mm ALC, the ion

fluorescence profile at 1.5 kW could be narrower than that
at .5 kW because: analyte is still present of f axis, but in
forms other than ground state Ca*,dfor example excited ca*
(Ca*‘) or Cal*. These ideas are discussed 1n the

‘following sections.

B.4.2.a Excitation. The annular plasma at 9 mm ALC

still bears the imprint of the coil region, i.e. it is



hqt, relatively dense and may be closg to LTE‘J3}] as far
as electrons, Afgon ions and Ar atoms are concerned.

From an eguilibrium calculation using the saha and
Boltzmann equations, it can be shown that anal}te entering
this region would exist almost entirely as'singly charged
ions with 1e§s than 5% in the form of Ca?* (assuming an
LTE temperature and electron density of 8350 K and 2.5 x|
1015 cm~3 for a power of 1.5 kW). of the ions, roughly
0% would remain in the éround state (of the excited ions,
élmoét all would be in a pair of levels at ~1.7 ev above
ground (see Figure 30)). The same would be true for
strontium. The net result is that from an LTE standpoint,
the ground state Ca ion profile at 1.5 kw, for example,
should be broader than it appears if indeed analyte is
present in the annular region at 9 mm ALC.

I1f Sr is present of f-axis, loQ in the plasma, it too
will be highly iohized in an LTE framework. . However, due
to its differing énergy level structure (strontium excited
ion levels are closer to ground than their Ca
counterparts) a laxger fraction of the ions will be iﬁ the
excited states. " One would still expect to see some ground
stéte sr ions off-axis, but not as many as in the case of
Ca.

Recent Thomson scattering experiménts {64) measured

an electron temperature of 1 ev 3 mm off-axis at 10 mm ALC

85
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in a 1 kW plasma whereas an electron temperature ot =~.75
eV is predicted from the meSgured electron density by LTE
reasoning. If the electrons off-axis are hotter than
their density implies, excited states .may be more densely
populated than sugg}sted above, particularly so for $r.
This would make the evident lack of ground state ions of f-
axis low in the plasma‘less puzzling (but still
puzzling!), .

Disregarding for tﬁe moment the change in the width
of the ground state ion profiles at 9 mm ALC as power
increases, the possibility remains that increased
excitation as power increases is responsible for a
decrease in the fluorescence intensity in the central
channel.

A set of vertical ion emission pgofiles (intensity of
ion emiss}én in the central channel) at various powers was
ébtained just prior to melting down the torch. Thes% are

shown together with corresponding vertigaltground state

ion fluorescence profiles in Figure 31.

e

There is a correlation in that as power increases 1on
emission increases in Figure 31 (a) whereas ground state
ion fluorescence decreases in Figure 31(b). However, the

magnitudes‘bf the changes do not correlate well. At 13 mm

o '—4\__/‘m\
ALC for example, large changes in both emission and

fluorescence are seen. At 25 mm ALC large changes in

i
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‘realistic). ‘ S /

o

fluorescnece are still seen but emission has almost '-
disappeared.

Also, by LTE considerations, usingjtemperatures,
calculated from electron densities [23] and assumlng
constant total analyte dens1ty, it is predlcted that at

.75 kw 75% of the Ca jons in a given regioh of the

central channel will be in the ground state and at 1.5 kW,

65% of the ions will remaxn in the ground state. A change

in fluorescence profile helght of no more than 10% could

be ékpected on the basis of increased ex01tatlon in an LTE

" framework (of course the assumpt1on of constant total f

analyte ﬁen51ty necessary for the calculat1on may not be
/

/‘
/

) Overally the extent to whlch 1ncreased exc1tatlon
/

¢+

__contributes to the changes in size and shape of/the ground

/
state ion fluorescence prof1les low in the plasma can

really only be determlned by measurement oﬁ,the actual
densitles of the levels involved, the 1. 7 ‘ev levels 11kely

/
being more' important than the 3.1 ev levels dn the case of

¥

Ca.
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B.4.2.b Formatlon of doubly charged jons. Some idea

of the exhent of p0551b1e 1nvolvement of doubly charged

ions in the disappearance of ground state Ca or Sr ions as

power 1ncreases can be had from I1CP-MS studxes. (Note
that 1CP-MS is the only method ava11ab1e to - probe most

ground state doubly ionized Spec1es )

Exlstence of M2+ in the plasma has been’ dlscussed

beforé [15 62] Doubly lonlzed La has been obsenwed 1n.
St

emlssxon [28] and ICP-MS studles have detected M2+ as well

(4,5,63).

i

In refetence {5}, the ratlo [coun“s sz*/cgunts Sr ]

at 1 lpm flowrate was 4.03'at 9 kw,
1. 5 kW. This was measured wlth a tall torch at 31 mm ALC
observatlon helght. The Sr+ count 1ncl des exclted 1ons

< !

as well as grourd states whereas “the Sr2+ count cons1sts

.af ground statei only. The ratlo [“Sr2+ ground state/nsr

(ground state)] could be larger than .15 "depend1ng on the
fractlon of 51ng%y charged ion population which 1S@F
excited. Not§>tﬂat this ratio 'is not consistent witf

LTE framework which, as mentioned, predicts a5, ©ON the

‘order of 5% *or less:

From the abov it.is_difficult_to predict what the

'situation might beNQ mm ALC for a standard -torch. Any
~ over population of “r2+-seen 31 mm ALC. with a long torch

might well be even li:ger at 9 mm ALC with a short .

torch.
\\ .
\
|
\\

Ln reasxng to. ~.15 aE
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1f the electron temperature off—aris close to the
load coil is higher than, expected, as 1svsuggested by the
Thomson scatterlng measurements mentloned earller, this
might be the cause of the overpopulat1on of Sr 10ns.
,Calcium could be expected to behave s1m11arly although'no
~direct ‘experimental evxdence on Ca2+ has been collected by

ICP-MS.

k)
3

Photoionization of ground state‘Ca+ close to the load

coil is a mechanism whereby Caz*bmight'be formed in number

over and above that expected in LTE.

with reference again to Figure 30, 11.85 eV Ar atom o

resonance photons could promote ground state ca' to within
.02 ev of the second 1on1zat1on llmlt. The 11365 ev
photon could no doubt also be absorbed since the energy
levels are still densely packed within .22 ev of theA‘
second ionization l1m1t. This scheme does notpdepend on
~any. sort of trapplng [65,661~méchanism,,i;e. it would only
. apply close to the load coil.
| Photoionization of Sr atoms within .85 eV of the
tirst'ioniaation’limit (by 11.85 and 1165 eV Ar resonance
photons) might-possibly.be an important process’ whereby
_ground state Sr+/could be bled away. (High lying excited
1evels are generally.thought to be collisionally
equ111brated with the ground levél of the next ionization

stage even 1f LTE does not preva11 )

91
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Further investigation of the Sr2+ and Ca?* species
via ICP-MS is certainly warranted. A definitive study
would include measurement of the ratio sr2*/srt as a
function of pqﬁer and flowrate at various observation
heights both on and of f axis (using a short gorch).
Ground state Srt* distributions with the same torch could
then be studied via fluorescence and eompared,to the mass

' spectroscopic studies. - T

B.4.2.c Quenching effects. The possibility that the

N
N

size and shape of the ion fluofescence profiles low in the
plesma do ébt reflec; the actual distribu;io@’of ground
state Ca‘ due to’quenching collisions Vithlelectrons must
also be considered. | |

In the ICP, the importance of this effect decreases
rapidly as thelspacing of energy levels in the vicinity eﬁ
the pumped level incréasee beyond 61 evV. (This is due to
the relatively low (<1 eV) éverage energy of the electrons
in the ICP.) |

For example, Na atom (589 nm) resonance fluorescence
in the central channel of the ICP at 10 mm ALC had a
qﬁantum efficiency of .99. This was seen to be invariént
when both power and flowrate (and hence electron
temperature and density) were chdnged over a wide renge

[40]. The nearest neighbors to the level of 1nterest in

this case were ~1.1 ev and 1.5 eV away.
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However, of f axis low in the plasma, the electron
density is high and the electrohs are fast. The
possibility. of electggn quenching in this region should be
investigated, either by lifetime measurements of
fluoresceéce at various powers, or by looking for
thermally assxsted fluereecence. Certainly inereased
‘quenching as power increases would conveniently explaih
" the changes in size and shape of bhoth Ca and Sr ion
fluorescence profiles lew in the plasma as power is
"increased. |

with reference age;n to Figure 30, one might envision
that if resonance fluorescence at 373.7 nm were to be
attempted, the possibility of electron quenching would be
higher due to the closer spacing of the energy levels in
the vicinity of the pumped level.

InspeCtion of the Grotrian diagram for Ca atom (not
shown) reveals that there are several elose-byllevels to
which the 2.94 eV excited level (422.7 nm) could be.
collisionally coupled. The possible effect of quenchiné

on Ca atom fluorescence was not considered. In cases

ight tend to be important, Ca atom tends

-

where qqenching

a smail fraction of the total analyte

N

to comprlse onl
population anyw Y, SO fluorescence signals are small to
start with. Further reduction by quenchlng will not make
on overall trends observed for ground state-

a major impac

Ca atom,
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overall, from these profiles alone, there is not
enough information to determine the extenﬁ to which the
mechanisms discussed (excitatian, queﬁching and M2*
formation) contribute to the decrease in ground state ion
population as power increases at 9 and 13 mm ALC.

B.4.3 Effect of Power at Fixed Observation Height

1

(>13 mm ALC)

Higher in the plasma, the decrease in area of the
profiles and the increase in their FWHM as power increases
is mos£ likely due.to simple dilution. An increase in
oxide formation might be proposed to explgin the decrease,
howver this would run contrary to the trehag\EEEn for ICP-
MS [5). Uncharged oxide again might be present ahd near-

IR fluorescence could be used'to explore this possibility.

B.4.4 Effect of Height at Fixed Power

The apparent broadening. of the profiles as
observation he1ght increases must be considered in the
light of what was dlscussed prev1ously. At .5 KW the
ground state Ca profile at 9 mm ALC in Flgure 22 is
1ikely representatlve of the total analyte dlstrlbutlon.
At higher powers, the total analyte density d1str;but1on
at 9 mm ALC may still be-broad, but ca* profiles no longer
reflect this for a variety of reasons (excitation, ca?t,
guenching). Once a given volume of plasma haé travelled

far enough away ffom the load coil,howeVer, the



temperature and electron density gradients as one goes of
axis revefse direction. Dépending on how the situation is
viewéd then, éxcited jons would revert to the ground
st?te, doubly charged ions would recombine (or the photoﬁ
flux responsible for theif existence would decrease), and
quenching would be reduced. The net result would be a
"réappearaﬁce’ of ground state ca*t. Again, from this
study alone there is not enough information to determine

the exact situation.

Cc. Effect of Elowrate

C.1] Overview: Ca Ion and Atom Fluorescence

The results of a power study of Ca+ fluorescence at
.85 lpm can be seen in Figure 32. Overall no major

changes are seen relative to Figure 22. Most of the
profiles st111 exh1b1t a central maximum although the
proflles are somewhat broader overall. A stable jet of
jons still appears at .5 kW, however comparing the
léftmost columns of Figures 32 and 22 it is seen that
ihefe are more ions at .5 kW fork.as.lpm. The area of the
profiles no-longer’peSks;as power increases, decreasing
.insgead. |

High in the plasma at .75 kW, the profiles are agaln
vasymmetrﬁc as in Figure 22, hav1ng a b1moda1 shape. A

study of the effect of concentration on. profile shape was

o
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later carried out and this:Bame Simodal pattern could be
generated from an initially Gaussian shaped profile by
increasing the concentration. This is shogn in Figure
33. Both profiles were taken at 13 mm ALC ,in a 1 kW
plasma operating with .65 lpm flowrate. 'f;“

is for a concentration of 400 ppm, the dasQ~d cut&é 40

ppm. (The fact that these profiles were';ﬂfen in a

.

different reg1on of the plasma under d1ff=37“

conditions is not 1mportant, the effei§£?~iznqgntration

is what is of interest. )

at .65 lpm is summarized in Figure 34. Continuing the
trend from .85 lpm, the profiles are now generally broad
and flat. Overall, dropping the flowrate.haé apparently
resulted in a dramatic loss of ground state ions.
Profiles taken‘19 mm ALC at 1 kw for ihe.th}eé flowrates’

" are shown together in Figure 35 to illuétrate these
points. The appearance of a 1argé.c;;?¥a1 depression in
the profiles at low power is also evident. This is seen
ih‘éigure.36. |

The results of the power étudy of the fluoréscence of
Ca atoms at‘.85 lpm flowfate are preéented-in Figure 37.
Figure 37 is basically similar to its counterpart_aﬂ 1 lpm

(Figure 24) as was the case for the ions.



Figure 33.

&
Effect of concentration on Ca
mm ALC, 1 kW, .65 lpm. Solid

curve 40 ppm.

* fluorescence profile at 13
curve 400 ppm Ca. Dotted
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Figure 34. 393.3 nm ca’ fluorescence power study results, .65 lpm.
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Figure 35.

Effect of-flowrate on ca’ fluorescence profile at fixed
power (19 mm ALC/ 1 kW).
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At powers above %akw, ground state atoms have more
orwzess disappeared from the lowest two rows of the
figure; However at 19 mm ALC lobes are present in F1gure
37 whereas they were not; presentmlﬂ Flgure 24. This 1s
probably a reflection of the fact that the 1on proflles
overall are broader at .85 1lpm as pointed out. ”

qually, the Ca atom fluorescence power study at ;65 y
1pm 1s represented in Fléure 38, Droppi the owrate
has removed virtually all the atoms from_the plasma at 9
mm ALC, ncludlng those at ;5 kwf

Small lobes now appear at the edges of the plasma at
13 mm ALC again due to.the broadenlng of the ion o
'distribution. Adcentral depression a}so appeaES'in‘the-
fprofileSVat 5 kw as was seen for the ions. *

iAn overall summary of the data presented thus far can

be seen in‘Figure 39, ‘In a given frame the fluorescence
intensity (ion or at®m) in the central channel'is plOtted
as a functlon of power for each of the 5 observation |
heights.‘ Flowrate decreases from top to bottom. Again;
note that.no_comparison can be made‘between ion and'atom-d
fluorescence "intensity. - - . e

Areas where f11ter1ng effects distort the ion *
xfluorescence can be clearly seen in frames (a) and (b) as
dips in the curves. The downward turn of the curves in

frame (c) for observation helghts above 9 mm ALC is due to

the central depression at .5 kw.
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Takiné these points into consideration, the shift
from a peaking'of fluorescence at 1 lpm as power is
increased to a decrease at .65 lpm is clearly seen in
'.frames‘(a) through (c). A gepgral decreaée in
~fluorescence intensity as flowrate drgpsvis also evident.

Regardless of flowrate, atom fluorescence always
diéappears as power increases. More noticeable is the
disappearance of atoms as flowrate decreases. Again,
‘recombination to»atoms'evidently éannot;explain the. l
disaépearance of ions as power increases Or flowfate
decreases. | |

It is seea then, from Figure 39, that cafrier
flerate,exefts as marked an influence on the analyte as

-

does power.

. C.2 Discussion'

One result’of'a drop in. flerate is a drop in sample
-thake rate (from 2. 5 mL/mln to 2.0 mL/min). It might |
. well be imagined that this results ;n a drop in signal
intensity on the basis of a deéneasé in mass transport.
Without knowing how the éctual analyﬁe,transfer efficiency.
is changing as flowfate changes, it is hard to tell
exactly what éffectla"change in flbwfate will have. (The
: analyte transfer efficiehéy 1is not équal to the nebulizer
ffac1ency because some desolvation might occur in the

'spray chamber.) If the analyte transfer efficiency stays

’
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.
constant,. then one could expect a 20% decrease in overall
signal intensity as flowrate drops from 1 lpm to‘;65.'

A drop in flowratelalso affects botih the argom plasma
as a Qholé, aﬁd how the ‘analyte intizp‘ s with the
plasma. As flowrate drops, the entire plasma becomes
hotter. Less gas and water are injected and so less heat
is carried out of the plasma by convection.

Support for a tempefature increase comes from

measurements of electron density [24] at 1.25 kW for 3

4

flowrates. The tehpeféthfé calculated from ne (assuming
'LTE) 8 mm ALC and 3 mm off axis is seen to increase from
8350vK to 8600 K. The magnitude of this change is in
agreement with the fact that the ratio [carriér gas
flow/total gas flow] drops firom 6.25% to 4%. In this *
work, as flowraFe dropped, a decrease in both scattering
from microscopic water droplets and ¢aOH molecular |
fluorescence at 554.3 nm was seen in the centrél

channel. Ihese observations also point to a hotter plasma
at the lower flowrate.

From the viewpoint 6f the analyte, faster entry of
electrons into the central channel is facilitated by a
drop in flowrate as pointed out in réference [24].. The
analyte channel at’a‘givén height becomes hotter as
flowrate drops because the injected gas  mixes more

efficiently with an overall hotter annular gas.



‘From the above then, it is reasonable to expect that
as flowrate dropsr the degree of qiséociation of molecular
species should increase, and the degree of ionization of
:the analyte should increasé, particularly low in the
plaéma. Analyte dilution will also become mﬁre
significant. The interplay between these effects has to
be considered when looking at Figure 39.

At .65 lpm, the channel is hottest, so the degreé of
ionization,is high even at low power; relatively few atoms
are seen in frame (f). An inérease in power results in
rapid dilutioh of the analyte as it leaves the coil
region, hence‘the ion population too is relatively low as,
seen in frame (c).l |

At an intermediate flowrate'(.Bg lpm) and at low
power the channel is not as hot as it was at .65 lpm, nor
is diiution as eitensivé,'henée there are more atoms in
frame (e), and iéng do not disappear as fast yith
increasing power or height in frame (b). N
The'temperatufe of the central channel continﬁes to
~drop as flowrate increases to 1 lpm sogthé trend toward
decreasing degree of jonization low ih'the plasma and at
low power contiﬁue;.‘ This is accompanied by bxideA
formation. | |

Higﬁ in the plasma, dilution. is still responsible for
the drop-off of the curveé in'frahe (a)vas_gowef

increases, although it is slower 1in onset.

v
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The appearance of a central minimum in the ion
profile at .5 kW when flowrate drops.was seen earlier.
That the proflles are symmetric tends to rule out a
possible inner fxltering effect. 4

It was ment1oned earlxer that the . plasma is
macroscoplcally rotating at a frequency of several hundred
Hz. -Presumably thlS origxnates due to the tangentlally
introdueed coolant gas although it is not known if spin is
imparted to the plasma only close to the coal or if the
plasma'is surrounded by an actual vortex of gas extendlng‘
several eentimetres out ©of the torch. Thlsvlatter is more
likely at low power. ’ : , ' : v |

I1f an actual vortex exists.at ldw’pdwer'it may be
able to entrain analyte once the flowrate drops low
enough, for several reasons. Flrstly, ‘the analyte would
have more tendency to dlsperse rather than remain as a
jet. ‘Also, since the temperature ‘of the plasma increases
as flowrate drops, the plasma probably splns faster.

Rotatlon frequency Wwas observed to be directly

vproportlonal to power (and hence temperature) in reference
C[52).- Partlcle ‘track photographs of the plasma at .5 kW
running with different flowrates may prove usefdl to
resolve this point. |

Quenchlng effects have not been considered in

explaining.:some of the changes seen as flowrate drops.
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One type of quenching not considered earlier which might
be important high in the plasma arises from eollisions
with entrained air molecules.‘ This was postulated to
exert a large effect on the quantum efficiency of Na
fluorescence 1% the ICP at observation heights above 10 or
15 mm ALC“[38].

However, cofisiderable support tnat fluorescence has
given an un@istorted (except by inner filtering) picture
of the’behavior of ground state Ca species comes from
.absorbance mea;urements. |

: ' —
D. Comparison of Fluorescence and Absorbance Measurements

Average absorbance measurements at 3 different
heights (mentioned in CLapter 2) are presented in FigUre
40 along w1th fluorescence results from comparable
helghts. To fac111tate comparlson, the area of the
floorescenoe profiles is plotted. In any frame abso;bance
or area of fluorescence profile is plotted as a function
of power for 3 different flowrates denoted L, I, and H

(low, 1ntermed1ate, and‘hlgh). Observation height
lncreases from the bottom of the figore.‘

‘The dotted lines in frames (a) and (b) are an attempt~
to remove filperlng effects, When this -is done, good
agreement is seen beﬁween the curves in the two columns in

terms of their general shape and ordering with respect to
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flowrate. This is despite the fact that -although ﬁhe
‘nebulizer backpressures were comparable in both studies,
the sample uptake rates and derosol -carrier volume
flowrates differed somewhat. |

The absorbance measurements in Figure 40 include
contributions from regions up to 4 mm above and below the\
" stated oﬁsenvation height. It is kﬁown from other
absorbance profiles in the literature [15] that ca*
abéorbance‘drppé;off rapidly below 10 mm ALC. Perhaps
then, the absorbances. at .Svkw in frame (F) are somewhat
low rélative to their tluorescence counterbarts because of
the 1arger (empty) spatial reéion being yiéwed for
ébsorbance. |

A cohparison of ground séate atom absorbance ‘and
fluorescence }s¢bresented in Figure 41.v The format of the
figure is'identical'to Figure 40. 1In frame- (b), the
curves at .85 and .65 lpm level off above the baseline
whereas the curves in frame (e) do not. This is most

_ likely due to the fact that the fluorescence curves are

~

"

more sentitivq,to contributions beyond a radius of 4 mm.
overall however, the same reasonably good agreement

between sets of measurements is seen,.

»
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E. Comparison to Other Ground State Studies

Another means of cross checking the fluorescence'data
is to compare it to the results of some of the opher
ground state studies mentioned in the introductory
chapter.

Rybarczyk [15] et al. looked at Ca atom and ion
absorbance profiles in the region below 14 mm ALC in a
1.25 kW plasma operated with 1.1 lpm flowrate. From 10 to
12 mm ALC, his ion absorbance profiles appear constant in
height. The profiles in Figure 22 also exhibit this
constancy although over a slightly exﬁFnded range. His
atom absorbance profiles dwindlé in the same fashion as
those in Figure 24 going from 9 to 13 mm ALC. .

tchida [17] and.co—workers measured vertical atom.and
ion fluorescence and emission profiles at two different
flowrates in a 1 kWw plasma.

Their figures, at face value, sﬁow ion emission
peaking below 5 mm ALC and atom emisgion peaking at 10 mm-
ALC. This ié c0n£;ary to every §et of vertical emission
profiles ever published. Also, atom emission and
fluoréscenéeJappear to be a factor éf 10 more intense than
ion emiséioniénd.fluorescence.‘ They have evidently
mislabelled their figures. |

1f the labels are reversed, very good agreement ‘with

this thesis work is seen. Ground state atoms die out with

114



a height increase. If the flowrate is increased a gain of
atoms low in the plasma is seen. Ion fluorescence peaks
about 20 mm ALC and an increase in flowrate results in a
large increase in the population of ground state ions high
in the plasma, with less cf fect lower down,

Nojiri [16] et al. report radially resolved Ca atom
and ion absorbance profiles for 3 heights ALC at 1.6 KW
and a flowrate of .65 lpm. The atoms are concehtrated in
the central channel low in the plasma, but the
distribution evolves into a bimodal pattern, i.e. lobes
are present at the edges of the plasma, at 25 mm ALC
exactly as seen in Figure 24. It is somewhat surprising
that Nojiri stili seés atom absorbance 15 mm ALC at 1.6
kW. This ma§1indicate possible guenching of atom
fluorescence in my case. |

His ion profiles evolve from a narrow central feature
at 7 mm ALC to a broad, flat distribution it 25 mm ALC.
Ion density is greétest at 7.5 mm_in his case which 1is
different from what is observed both in this work and by
Rybarczyk [15]. The discrepancy could be eiplained‘by
quenching low in the plasma in a fluorescence measurement,
but absorbance is not subject to any such effect. Recall
that the torch dsed for the work dicussed in this ch%ﬁﬁe;
(and in Chapter 2) was positioned somewhat lower with

respect to load coil than is normal. It will be seen that
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cNojirl's.lon‘resuLts correlate much better with the, MAK
. torch plasma profiles (Chapter 5). ‘Perhaps the difference
.then, lies in torch design or torch positioning within-the
load coil. : o |
Kornblum [27] reported Ca atom density proflles at
two flowrates. Even at the~* loyer flowrat% his Ca atom L
proflles retain a s1ngle centraL feature at an observatlon

7N )
height of 30 mm. This is contrary to both my results and

in reference [16] and perhaps is sxfptomatlc of the 3~”'
high £ owrate employed. | |

’ Overall then, nothing-in “the llterature>Seriously
contradicts the results of this work although no other

‘ comparable studies of the effect of. flowrate ex1st.

-

[

At 1 lpm, a clear p1cture of a spatlally extensive,'
'slowly recomblnlng analyte plasma can be palnted from the.
data presented in Flgure5'22 and 24. Ground state ions
are prevaleﬁt under a wide‘ranoe of,Operating conditions
and observa{ion heights compared to ground state atoms.

' The same 1is true‘for'both Ca and Sr‘although given thelr
similar -energy level structures this iswnog,too |
'surprising.
From these fluorescence proflles alone it is

diffi b deduce the s1tuat1on on and off ax1s close to
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the load coil (i.e: 9 and 13 mm ALC) regarding the
distribution of analyte among its various energy states.,
There is a possibility that electron quenching colors the'

fluorescence results in this. region, as power ‘increases.

‘Studies necessary to clarify the plcture lower in the
-plasma 1nclude various dens1ty measurements, ICP MS

' investigatlon and fluorescence 11fet1me/therma11y asyted

fluorescence studies.

In any event, higher in the plasma a broad cloud of
ground state ions is present at all powers. Ground state
atoms, having disappeared close to the load c011, slowly
make a comeback higher above the coil, at the edges of the_
ion cloud. The notion springs.to mind that the ICP would
be a good ion source. for mass spectrometry!'

As thedflowrate is dropped, the ma)or effect appears
to be increased. dilution of'the analyte (absorbance
measurements offer conflrmatory ev1dence that the decreasei
of fluorescence 1nten51ty as flowrate decreases is-a real

effect). The injected gas expands and mixes with the

~coolant gas in a mo. .efficient fashion due to an overall

increase in the temperature of'the plasma and a reduction
of the veloc1ty with which aerosol enters the plasma,
\\Ev1dently saturated fluorescence wasgﬁot belng

observed as 1llﬁstrated by the presence of prefllterlng

effects. Future profiling work should be prefaced by an
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o

attempt to saturate the transitions of interest (it may
not be possible with tﬁe current laser); 1f density
‘measurements are undertaken, saturatedrfluorescence is a
necesSary prerequisite.

| As mentioned earlier, further studies with the
‘Fassei—typé torch were accidentally cu;tailed. To as;eSs
what if any effeéts torEh dééignﬁand positioning hggﬁpn
the profiles seen‘thus far, a replacement torch of‘é
differeﬁE design Qaé chosen as a successOr. Résults
obtained with "this secpnd torch are presented and

discussed in the following chapter.

T



CHAPTER 5

IFLUORESCENCE RESULTS: MAK TORCH

{
\

A. Introduction .-

Following the_demise of the Fassel-type torch,
fluorescence studies were continued with the widely used
Meddlngs Anderson Kaiser (MAK) torch. with’this torch the
plasma can be sustained at a lower coolant flowrate (4-12
’lpm) and hence is less costly to operate. Improved
analytical prec151on is another benefit afforded by use of
the "MAK" plasma for emission Spectroscopy.

The MAK'torch is shown along with-a Fassei torch in
Figure 42. There is less spac ween the quartz tubes
-marked 1 and 2 in the case of the MAK torch and the
1n3ector tube (*) fe:iures a stralght bore. The torch was
set in the load coil in normal fashion such that the tip
of the injector tube was =3 mm below the bottom of the
load coil. |

The'plasma‘was unstable at powers below .7 kW, hence
any power studies done ranged only from .75 to 1.5 kw;(in

.25 kw increments as before). The same nebuliZervwas.used

in both this work and in that detailed in Chapter 4. The

range of flowrates remained the same. At an observation
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Figure 42.

(o)
MAK

ICP torches:

(a) MAK,

(b)
FASSEL

(b) FASSEL.
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height of 9 mm ALC, a strong scattered signal was detected

_across the width of the-torch, even when the plasma was

- not. lit. ThiS'was due to reflections off the top of the

glass collar used to center the torch w1th1n the coil. As:
a result, the lowest observatlon helght in thls work was

10 mm ALC. All other observatlon helghts were the same as.
in the studies reported in Chapter 4. These and other

. )
exper1mental,deta1ls are summarlzed in Table 8.

B. - Ca Ion and Atom Fluorescence

B.l1 Overview

B.l1.1 1 lpm.

‘The results of a power study of Ca ion fluorescence
at 1 lpm are shown in Figure 43._ These proflles on the
whole are seen to be narrower than their counterparts
shoanlln Figure 22 (ion fluorescence at 1 lpm, Fassel
torch), partlcularly higher in the plasma. This is
illustrated by the.plots in Figure 44 where normalized ion
fluorescence profiles for the two torches at 19 mm
ALC/1.25 kw‘are.presented; Referring back_to Figure'43,,
low in the plasma (ldland 13 mm ALC) at .lS»kw,‘thefions
appear to have a toroldal distribution. As power is
increased; this "ion doughnut” fills in. This observation
was also noted by Rybarczyk in reference [15]. The "

profiles at 10 ‘and 13 mm ALC grow in s\ize as power
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Table 8. Experimen£a1 details for Chapter 5.

Plasma
Coolant (lpm): ' 12
auxiliary (1 ipm): .5
Aerosol Carriér (lpm): .65) .85, 1
power (kW): , .75, 1, 1.25, 1¢5

Observation Height (mm ALC): 10, 13, 19, 25, 31

_Analyte Concentrations (ppm)

Fluorescence
Ca Atom: 4
Ca 1Ion: 4 4

Sr Ion: 2
Ca Excited Ion: 1600
Emission ) ' _ ‘

Ca lon, Atom: 40 * : | ‘ f\\

Mo Atom: 100
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0.75kw 1.0kw’  1.25kw 1.5kw

Figure 435 393.3 nm cat fluorescence power studykresults, 1 lpm -

MAK pqrch.
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lpm/19 mm

f luorescence profiles, 1.25 kW/1
Fassel Torch. Dotted curve: MAK

Figure 44. Normalized ca®
ALC. Solid curve:

Torch.
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increases, in contrast to the trend in behavior exhibited
by the correspondxng ion profiles taken with the Fassel
torch (Flgure 22). However, h1gher in the plasma the,
,profileé.decrease'in intensity and broaden as power
increases, as was seen for the Fassel torch profiles.
Finally,'hlgh above the load coil, no asymmetry 1nd1cat1ve
of a possible inner filtering effect is ‘seen at .75 kw. |
Freedom from inner filtering was verified by de;ermihing
that fluorescence inténsity was linearly dependent on:
concentration for all the conditions of the 20 frames of
Figure 43. o

pata from the atom fluorescence power study at 1 1pm
is summarlzed in Flgure 45. vadently the centre of the
ion doughnut (.75 kw, 10 ‘and 13 mm ALC, Figure 43) is
filled with atoms. A cen;{al atom.fluorescence feature
persisﬁs even at 19 mm ALC. The. atom lobes which appear.
h1gher in the plasma ‘using the Fassel torch (Figure>24)
seem. to be absent\from the data shown in Figure 45. A
five—times—magnified view of a portion of the data from
Figure 45 appeafs'in Figure 46. As‘can be seen in this-
figure, lobes are just appearing at 31 m ALC. In Chapter
4, the size of the atom lobes was'correlatea tb the‘ﬁidth
of the corresponding ion profiles. .Here as weli, the
overall’ narrower ion profiles observed with the MAK torch

are most l;kely responsible for the absence of atom
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A

lobes. The fact that the profiles are all roughly the
came size at 10 mm ALC (in Figure '45) could be an
indication of inner filtering. However, repeat sets of
profiles at this height,'as well as profiles at a
concentration of 1 ppm indicated that while the profile at
1f25 kWw should probably be‘slightly larger than it
appears, inner filtering does not appear to be a
significant factor. |

B.1.2 .85 1lpm. ",

The ion fluorescence profiles above 13 mm ALC brbéden
and shrink noticeably when the fiowrate drops to .85
: 1pm.’ This is seen when the data in Figure 47 (ion
. fluorescence at .85 lpm) is compared back to Figure 43
(ion fluorescencé at lhlpm).~ The distribution of ions at
.75 kW is no longer toroidal. A trend established low 1in
the plasma at 1 lpm reverses itself at .85 lpm, i.e. ions
now tend to diséppear as ﬁower increases.

Nojiri's [16] cat absorbance reéults are d&plicated
quite closely by the column of ca‘’ fluorescence profiles
at '1.25 kW in Figure 47 (.85 lpm). (Recall that he had
seen a narrow ion absorbance profile low in the plasma
(7.5 mm ALC) broaden and shrink 'in height as the
obserQation height increased to 25 mm ALC.) This same .
type of behavior was alsousxhiﬁited by Int radial profiles‘

obtained by ICP-MS [4]. H@Rce these MAK torch profiles
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Figure 47. 393.3 nm Ca+ fluorescence power study results, .85 lpm -
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agree wél&\with what little other data is in the:
1i£erature. ' | o
An experlment done at .85 lpm to assess the extent of
saturation of fluorescence at 393 3 Am should be discussed
at'this point. The variationy with laser power, of
fluOrescence‘intensity_fh t he centrel cnannel,lB mm ALC at
a power of ‘1..25 kw was observed The laser power was
~varied by increa31ng ‘the potentlal dlfference across the
laSLng channel. As shown by the plot.1n Figure 48,
fluorescence 1ntens1ty\var1es llnearly over the range of
powers used, 1nd1cat1ng that the fluorescence is not
'saturated under these conditions (1f,one assumes. that
laser power is a'llnear function of electrode voltage).
‘The same is probably true overall sinceoplasma condltlons
have less effectlon thewphenomenon than the physical and
temporal prOperties of tne laser pulse. g
- I1f at sometpoint the optlcal‘conflguration is changed
so that the dye beam is more tightly focussed, thereby.
1mprov1ng the chances of saturétlan, a measurement of the
incident lagser power as a function of channelyelectrode
rvoltage should be made. 1f this function 1s,llnear and .
the 1nten51ty of fluorescence is observed to roll off as
channel voltage is ‘increased, one %@Pld‘&e more certain

that saturatlon is occurrlng. Alternately, a series of

filters coutd be employed to vary the beam power.

.
1 v
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Moving on, the effict of a drop in flowrate (to .85
lpm) on Ca atom.floorescence is illustrated in-Figure
49. The atom profiles retain the basic shape shown in
Figure 450(Ca atom fluorescence 1 1lpm) although the plasma
above 10-mh ALC apoears almost devoid of atoms at all
powers. A 400’ppm Ca solution gave the profileswshown in
Figure 50. The lobes are tﬁere, they are just very much
smaller in the MA? torch plasma.- Note that at 31 mm ALC

increasing .the power spreads the lobes farther apart.

¥

B.1.3 .65 lpm.

The ion fluorescence power study results at .65 1pm
are‘suﬁmarized in Figure. 51. For-the most part ground
étate ions have disappeared from the plasma reletive to 1
lpm. Cur1ously, the ion profiles hxgher 1n the plasma
exhibit faint lobes mugch as d1d the other atom profiles
when magnified. ‘ .

: ,, ) )

A single map of atom fluorescence is shown in Figure ..
52, conta%hlng profxles at .75 kw for a .65 lpm carrier
flowrate.y Atom fluorescence has” virtually dlsappeared
.even at t%ls poaer settlng. However, Ca atom fluorescence
g&oflles for ;a- 405 pm Ca solution and a 1000 4 Sllt show

2/ el o
'lﬂzghat lobes are present (Figure 53).

o
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B.2 Discussion

i Thé data pfesented thus far is éummariied in Figure
54, In a diven frame, ion or atom fluorescence as a -
function of power for the 5 obsefvatioﬁ heights 1is
plotted. Flowrate decreases as oné goes -down the
ﬁigure. ion fluorescence is seen on the left side, atom
fluOreséence on the right. This‘figure is direcgly
 comparable to Figure 39, which summarizes thé results
obtained with the Fassel torch. Although the two_figures
are dissiﬁilar at 1 lpm (compare frames (a) and (4) 1in
each of Figures 39 and 54) they become moré similér as
flowrate drops. A large decrease in the inten;ity of both
ion and éfom fluoreséence is seen (relative_to 1 lpm) as
the flowraté droés. ‘

Focussing on 1 lpm, it is seen théﬁ at the lowest
ébée:vation héights} the atbm fluorescence signals gor the
MAK torch plasma (frame>(d) in Figure 54) are ﬁuch less
responsive to an increaée in power than the corresponding
'signals for the Fassel torch plasma Eframe (d), Figure
39),. Comparing frame (q)‘in the two figurés, the ion
fluorescence Siénal'at low observation heights is seen to
.increase muchwmore sl@wly as power inc?eases for the MAK
torch plésma. | |

Evidently the lower region of MAK torch plasma at 1

lpm is much cooler than in the other plasma. This is

138
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supported by the additional observation that the
scattering signal obtained from HpO 1in this region at low
power was much‘strohger in the case of the MAK torch
plasma.‘ In fac; it could be detected at 1.5 kW.

‘Although there was somé difference in the way the
torches were positioned within the load coil, the main
cause of theédiffe:ent behavior seen with the MAKvtgrch at
1 lpm can likely be ascribed to the straight-bore injectdr
tube. The sample aerosol presumably is injected into the
plasma in a collimated stream whereas a more conical gdpray
pattern couldvbe expected to issue from the injector tube
on the Fassel torch; pPresumably there is less interaction
of the injected gas'with Ehe interior of the energy
addition zone (within the load coil) in the MAK torch
p%asmé, so the overall process of getting the analyte into
a "useful" form is delayed.

The MAK torch profiles at 1 lpm are probably narrower
because the aﬁalyte is still confined in a tight stream,
not because of any explanation such as guenching or
formation of doubly'chafged species. Of course eventually
the injected gas has to expand and soO the‘profiles higher
in the plasma become broaders:

As the flowrate drops, the heating of the injected
gas must be rapid enough to override any difference

between the sample streams for the two torches, so the
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same dilution and’ resultant loss of ién fiuoreséence
occurs. A general loss of ground state ion fluore#cence
as flowrate drops was independently confirmed by
absorbance meastirements for the Fa§sei torch. Absorbahc?
data was not available for thé MAK torch, but an *’
experiment was per formed whereby a reasonably direct

comparison of fluorescence results and mass spectroscopic

results could be made.

B.3 Comparison to ICP-MS Results

The SCIEX-ELAN® ICP-mass spectfometer'in.our
laboratory has limited capability to sample off-axis
regions of the discharge, hence the same ;ort 6f radial
profiling as for”fluorescence c ; not bé done with the

instrument. Instead, at 19 mm - , the Sr* count rate was

measured as a functlon of power and carrier flowr“r

(40ca* cannot be measured due to a 40prt overlap) d@%ng a
MAK torch. The sr* fluorescence intensity in the central
cnannel as a function of power and flowrate was theh
measured for observation heights bracketing 19 mm ALC.
The results of the two studies are represented in Figure
55 where fluorescence (a) or ion count (b) as a function
of flowrate is plotted for 4 powers. The flowrate éxes,
t hough Hominally comparable,'are not exactly
superimposable. It is necessary to sliae one plot

relative to the other, Ddut the same trends are evident in
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both cases. This tends to rule out an apparent loss of
ground state cat due to fluorescence quenching. Either
both techqiques are yielding accurate infogpation, or both
techniques are i@ error. 1f ‘both are in error, it is .
unlikely that they would err in exaqtly.the same fashion
under the wide range of conditions employed. 1f one
supposes that the fluorescence data is accurate (this
being backed up by absorbance results) then from the mass
;pec;rometrist's side of the fence, it appears that a

representative sample of the plasma is being taken.

Cc. Lateral Fmission Profiles

. Once it was realiied that the gated integrator could
also be used to measure emission (as outlined in Chapter
3), sets of 1a§éral emissioq profiles were acquired,
although it was seen in Chapter 4 that 393.3 resonance

fluorescence did not correlate very well with 393.3 nm

emission (Ca ion)ﬁ> However®the effect of power and 3.
"vi‘i » ’ v .

s

fiowrate on radﬁaf (br lateral) emission profiles has only

-

been looked at in two rather limited studies {11,41) so

these results may be useful in»their own right.
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Cc.1 Overview of Emission Results L '

c.1.1 1Ion Emission (l 1pm) .

The results of a power study,of Ca+ emisslon at 393.3_
nm are portrayed in Figure756e Any giwen'profileyconsists
of a set of lateral or line—of—sight\average‘walues of
emission 1nten51ty. Abel inversion of.these profiles to.
convert them +to radlal em1551on proflles was deemed to be
unnecessary for the purposes of ~this study. ‘

what is most strlklng about the data shown in Figure
56 1s the restriction of ion em1551on to a- rather llmlted
" set of conditions whereas ground state ions are prevalent
_over a much wlder range of cond1t1ons as shown in Flguré'

43 (power study of ion fluorescence) This is
partlcularly true hlgher 1n>the plasma. For example, at
or. above 19 mm -ALC little or no emission is seen at .75 kW
and 1 kW 'in Flgure 56 but*Zorrespondlng ion fluorescence
profiles’ (Flgure 43) are 1arge. -The lack of correlatlon
beg:een'the two figuresplllustrates the point maoe in
reference‘[él that attempts should not be made - to draw
analogies between optical emission and mass spectrometrlc
'studies of the 1-P.
The ion emisslon‘and fluorescence data shown in
‘ . )
Figures 56 and 43 is summarized'by presenting vertical ion

‘em1551on and fluorescence proflles at dlfferent powers in

*Figure 57. ‘The dlfferlng power dependenc1es of the ground

@

e
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state .and excited ions are emphasized by these plots.
fhen power is changed,‘the~same fluorescence signal (or
close to it) can be,recovered by loqking in'a different
zone of the plasma ‘(frame (a)), while emission &s simply
directly dependent;on bower at all observation he;ghts
(frame (b)).

Some 1dea ef_the relative population of the 3.1 ev
Cca’ level and the,ngund‘state ion 1eve1:can be had from
comparing emission and f1uorescence profiles as a function
of power at an observation height of ]9 mn ALC,E‘These
profiles are pzésented 1in Figufe 58. Although a decrease”
in»fluorescencé ls linkedxﬁé an incfease iﬁ em{ssion, the
1ntegrated emission 1lncreases by severdl orders of
magnitude ‘as power increases whereas the decrease in
integrateé fluorescence is on the order.of a fac;of of
2;"Hehce the 3.1 eV excited 10n levei population is
likely small with respect to‘grOund state;ibﬁxéepuiet}éﬁ.

C.1.2 Atom Emission (1 1lpm) o s

N

ol

The results of a power study of Ca atom emission. at

N . - . -

422.7 nm are presented in Figure 59. “ﬁhé‘flat;topped
profile ét«.75 kw/lﬁ‘ﬁm ALC would exhibit a central
u&‘da . .

depre551on el %%verted These profiles can be

compared to th¥ ground state atom fluorescence proflles in -

bl(urc 45. At .75 kw sthe emission profiles are somewhat

uroaoer than their fLa escence counterparts, but overaly




148

19 Alc

—_—

| Ca*
Fluorescence ' : : /\

@ Cat . | . ~ |
"Emission o _/\ N
- r o ' : %
’ .75kw Tkw 1.25kw  1.5kw

m for.¢317

Figure -58. ca’ fluorescence and emlssion profiles at 393.3 n
powers at an observation height of 19 mm ALC (1 1lpm) - .,

MAY. torch.
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both atom emission and fluorescence are restricted to thed
central channel low in the plasma. However, Ca atom
emission proflles do not seem to ”track" ground state Ca.
atom fluorescence profiles at.all in, terms of changes in
‘the peak hEIthS as power changes. As\will be seen later,
the atom em1551on profxles follow the ground state- ion
fluorescencehprofiles more closely. |

C.1.3 1lon Emission (.65 1pm)

3

The flowrate'éas dropped to .65 lpm and a power study
of Cat emission was done. The results are depicted in
Figure76d. Al though no emission has appeared for the
observation heights represented in the upper part of the
figure, for'the other conditions (power, observationl'
height) dev01d of emission in Figure 56 (1 lpm power

’

study) the em1551on has shown an increase as -the flowrate

Bl

was. decreased (compare the bottom 3 rows of blgures 56 and‘

60) . A puzzllng ‘aspect regardlng the ion- em1551on is .

shown 1n Figure 61. Herg‘the effect of flowrate on C

: 0

emission and fluerescence at 19 mm ALC is seen (at‘the 4
‘powers). Calcium ion'fluorescemce at all powers is seen
to vanish when the flowrate drOps to .65 . lpm whereas ion
'-em1551on drops by only a’ factor of 2 One might expect to

" see a larger decrease in ion emission if the ion ground

' state poakbatlon is dropping drastlcally.\

Y

-

150
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152

“Ce ion Fluorescence i9mm ALC

A

t 4
t ) t 4 c
75kW- kW | 25kW 1 5kwW

lpm e
t 14 t c
651pm T — —_— N ———//’\\\== : —-‘//’\\§==
3 [ : [} c
T5kwW 1kw } 25kW 1 SkwW
§&§& 3

e ana emission to a decrease

Response of Ca* f luorescen
4 powers - MAK torche.

Figure 61.
i flowrate at 19 mm ALC,




c.1.4 Atom Emission (.65) lpm

Finally, data from a Ca atom emission power study at

.65 lpm is summarized in Flgure 62. Heré t he profiIes are
‘somewhat broader with a lower maximum height th;n the
cbrresbonding Ca é£om emission profiles at i lpm (F&gu;e
59),p;rticular1y higher in the plasma. Both these
préfiles and the set of ion emission pfbfiles in Figure 60
are now much more uniform, i.e. they do not respond as
dramatically to changes in power and observation height.
For example, as one goes across (a) in either Figure 62 Or
60, changes are no greater than a factor of 2 and 1n many

cases no change is observed.

C.2 Discussion

Recall the observation that while Ca* emission at 1
ipm was restricted to a small range of conditions (see
Flgure 26), large fluorescence signals were observed for
most exper1mental conditions as shown 1n Figure 43. TO
.glve some insight 1nto these observatlons, it 1is useful to
rafer to the energy level diagram in Figure 30 for the
following discussion.

wi&h referehce to that figure, attention is drawn toO
the tightly packed energy levels immediately beneath the
f;réc iohizaéion limit (i.e. the-high lying excited atomic
levels). In an env1ronment where energetic electrons

exist (for example in the icp), it is qu1te likely that a

153 .
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- ‘
ground state 1ion will be taken down into the closely
spaced levels beneath it by collision with electrons as in

Equation (2).
MY + 227 + M + e / | (2)

However the chances are alsg good that some other excited

atom will take its place via Equation (3).

Y
* _ .
MY+ e” + Mt

+ 2e” | (3)
This 1s true even if'the average électron energy is low,
say on the order of .2 ev. A high population of ground
state ions can be maintained under these conditions since
a jiven ion can Dbe thought of as making a series of short
"trips" into and out of the excited atom levels, none of
which require that much energy be gained or lost.

- With this same low electron energy, collisidns which
successfully excité ground state ioqs ar;'not frequent due

.

tn» the large energy g3ap involved, so excited ion levels

will remain sparsely populated. Hence a large ground

state ion population can be maintained under conditions

where ion emission is very weak.

Even if the average electron energy is higher, the

population of 2 low-lying excited level (ion or atom)

7‘&
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which 1is strongly coupled to its gfbund S@até @%{é:§¢h"
radiative transition can be depleted if“thé e1eéprom7 s s

- e 4
. fw 0 @

density 1is not high. Normally a species 1in the‘ﬁlasmafds

S P L L . * R e R TRy
more 1likely to suffer a collision wltq an electronwwﬁfg?é .,
! oW
(28

either absorbing or emitting a photon,f Howe&ggyas 'f%
electron deqsity drops, the collision rate and the rétes‘

of these radiative processes become more comparable.

Hence radiative effects can theﬁ influence the overall

" steady state population of an excited level. In other

words, the steady state population of the excited level is
determined by the balance of populating and depopulaéing
collisions and by the balance of emission and absorption ‘
of photons when the electron density:is low. In the ICP,
photons hgve a good chance 5f escaping from the plasma

(into the jaws nf walting monochromators) since the

emitring region 1s physically small, so the fadtative
processes do not Halance. AN underpopulation of the

excited level dué‘t“ this effect can result at lower

electron densities.

In light of thelforegoing discussion then, Dy
consideration of how theueleétron density and electron
temperaturé (averayge electron enerygy ) might vary as power
and observation helght vary, some understanding of the
,behaviorAseén in Figure 56 (1ion emission power study, 1

lpm) can be gainea. -For example, as mentioned in the
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introductory chapter, once a volume of plasma flows away

_from the coil, it starts to depay or lose energy. The

electggps lose energyy to the heavy particles although the
A o

g

electrons do not recombine very fast. Thus the low

intensity of emission high in the plasma might be due to a

T

" low electron temperature,.although the electron density is

still high., It was just discussed tgftva large ground ~
state ion population could still be mainpained under ‘these
conditions.

Close to the load coil emission';ntensity may be
linked to a lower degree of dissociation of analyte-
containing species at 1 lpm. Also as discussed earlier,

the electrons are cooled as they penetrate the central

i channel so weak emission intensity 1is again expected on

the basis of low electron temperature. At .75 kw, the
electron density ﬁay be low enough so that radiative

depletiOn of the 3.1 eV excited ion level also becomes:

significaﬁﬁ. ' -
’
When the flowrate was dropped there were several

1nterest1ng observatlons. One was that ion emlgplgn

1nten51ty increased markedly ‘for powers and observation

.heights where it was previously low. Another was that
there did not seem to be a correlat1on between the large

drop in fluorescence intensity and the response of the

emission profiles (Figure 61).

hot

@
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1t is“known-that’as flowrate drOps; the electron

density in the central channel 1ncreases {247.

\

‘The central channel is. also observed to be hotter}
'partlcularly 1ow in the plasma. In this reglon then, ‘an.
lncrease 1n emission 1nten51ty might be understood on the
dba51s of 1ess radlatlve depletlon (due to the 1ncrease‘ln

'electron den51ty) and-an 1ncrease in electron

temperature. The behavior in Flgure 61 mlght be

Bl

rationalized on the ba51s of an 1ncrease 1n temperature.

If we assume the total ion pOpulatlon den51ty in the

”centralehannelvat 19 mm ALC/l.: kW drops from 1012 cm™3

' d g L
to 1011 em™3 as flowrate drops, due to dilution, then the.

v

percentage of total }ion populatlon in the 3.1 eV level

need only change gfom 0. 3% to 1.5% to yleld an overall

~factor of 2 decrease in the den51ty of’ the 3.1 eV level

(The values . 3% and l 5% were chosen because they are 1n'

R

'the range of reasonable close ~to- LTF values.)

)

: *Overall though 1t is frultless to LRy to correlate

PR

'th% behav1or of‘the em1§51on and ground state proflles

- >
v . . . -

.?w1thout measurement of actual den51t1es and o
. ¢

4,{’

K

;,~temperatures. The frac%xon of ions or atoms éxc1ted could

’(

g»change drastlcally wlth no apparent change in ground state

N

populatlon. Th1s fractlon is very sen51t1ve to
,temperature whereas the ground state populatlon 1s less-

sens1trve ? One soon gets hOpelessly confused lookfng from‘

158
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figﬁd&‘to'éigmre, trying to discern trends;

«2

inconsistencies abound.
. o
For example; the"population of excited levels is
closely . tied to the'ground state ion population by -7 - ,

frequent colllslons with electrons. . One might‘expect

-

then, that the behavior of tne 422.7 nm em1551on proflles s
S

as power and observation helght aré~;9r13$ w0uld correlate

-

w1th the behav1or of the ground state 1d£&ﬁrg%lles.' P a
‘Indeed this is seen at 1 Ipm. Compare the bottom 2 rows é
of éigures 43 and 59, these belng power studies of ground'

state Ca ion fluorescence and Ca atom emission at 1 lpm..

4

The proflles behave qu1te slm1larly in terms. of response‘

te

to power, (The atom em1591on proflle at .75 kW/10 mm ALC

Coa 1n Flgure Sgiwould exhlblt a central %}p if Abel

&{rted“)§k§%%s correlathﬁ however, breifs down above 13

&m ALC.} The correlatlon ‘also ; breaks down as flowrate 1s

dropped 'In Figure 63 for example, ground state ion

fluorescence and exc1ted 1on em1551on are shown as a
¥ K [
function of power for an observatlon height- of 10 m%

S

Le. The atom em1551on proflles. are broad whereas t he

, : i
n fluorescence proflles , are narrow. Also, the '

emlssfon/proflles malntaln rougﬁly the‘same héight whéreafi
h N;
the ground state- ion proflles dw1ndle dramaolcally as \

power 1ncreases.“ Thls apparently 1ncon51ste§&;%ehaylor

does. not necessarlly lndlcate that’ there h‘yﬁpythlqg ﬁ%
&
"wrong" w1th the fluorescence proflhgs.’ - f “54'2/"f .
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The fact that both ion and atom emission profiles are

broad and much more stable in their response to a change
' i
in power might be construed as an indication that the ‘

plasma moves, closer t~ 'LTE when flowrate dropss Combined

Saha-Boltzmann calculations of level densities of excited
4-a 1ons and atoms indicate that the population of excited
levels ;ncreases only slowly as electron density increases

3 (\\‘}? 4
Hy  an order of magnitude (this 51mulates t he effect of an” !

increase in power).

f;nallj,»a “brief compa51s9n to g@he other radial

.{oflles ig in order here{ At .75 kW, with a1

Ipmflowiziiijthg/ rofiles at 10 mm ALC (emiésion and
v ’indichat excited ions, ground state

isns .and excited atoms all have a toroidal distribution"'

-

fluoresceng

" whereas the ground state -atom is concem%Fated in the
’ 3 v8
centralt channel. This was seen by Rybarczyk [15] - the

¢

zone 3 to 6 mm ALC in a 1.25 KW plasma. Furuta [8],

»

hoﬁever, sees'Ca ion and atom radial emlsSLOn profiles
w1th a central dip at 10 mm ALCL1n a 1.8 kW plasma. . This

is surprising‘since the flowrate is repd%ted to be .9
\ . S
lpm. No evidence of this was seen above .75 kW at 1 lpm -~
J

in thisowork. These'examples bespeak the need of a *
standard IC% system (torch, 1oad coil, nebullzernand spray

i

chamber) for fundamental Studles, such as outllned in

reference [48]. o - ‘ ? ‘ T e ‘
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when concentrat1on€&as varled aQQut this poxnt) The

.prof1les to an 1ncrea3e 4n power at observatlon helghts of
. N » - oot

D. Excited State Fluorescence

[t was mentioned in Chapter 4 that it is also
possible €o monitor the pOpulation of an excited state
species Dy fluorescence as Opposed to em1551on. The

. w7 ) . . . .
advantage of this technigue is that levels that might emit
; ) - T

only weakly are more gessible in some cases.

K when resonance fluorescence at the 373.7 nm Cz}l line
1s attempted, the lower level of the transition is the
£

leve#fﬁrom whlch the 393 3 Ccall line or191nat%s. "In order
% '

to get Ge%ent signals .in this exper1ment, & concentration

(]
E)

of 1%9@ ppm. was used Zﬁ%sponse was observed toube linear *
‘ A

-9

large cqpeentratlon needed glves anotheﬁilndlcanlon of %Qewﬁ

reiative population of the ground apd 3. 1 ev Ca ion' 1evels

sipce the'ground ﬂevel Ca ion could be prgbed'u51ng?a 4

LS D R iR Sa X u\n_

ppm solutlon. . Coe A . _— 3
. . ) ; . '-4é”‘

The results of power studles of Ca * ‘esonance. ’

o

fluorescence at - 373._nm for flowrates of 1 and .65 lpm afe

presented in Figures 64 and 65 In”?igure 64, some‘of,the

]

56 (1on em1551on power study, 1 lpm) are apparent. For

example, as -one’ goes up the column’ at 1.5 kw-a peaK in
g f £y

162

«

4

19

same trends seen for the emission profiles shown in Figure

f}uorescence is seen at 13 mm ALC.. The response of these»~

7%

v o

A . S -
- : . . o
. o

&



.n' ' /.

163

; . o
"TSKW. . AW

Figure 64.

] 177 0 w
1.25kW ° 1.5kw °

N - !

e

N ’ :
! 373.7§nm.ca+'f1iiore59ence power study results, 1 lpm’ -
MAK torch. o N ,,-  ’




B st g B [
R T

. 164

o
o

13mm ‘ LT - " B
: 2 ‘ . . : '
, » 2 @ S\ ,.
e e e 2T g (S P wears]
o o

Lo

¢ ) - - . ‘ ’
-~ X 33
10mm /f o ' | %
: ) \’ o
&

75kw ’W o wﬂﬁ

~

fl ) . o ey c.
Figure 65. 373.7 nm Ca+ f luorescence power study resi}ts, +65 1pm
) MAK"® tOl‘Ch. . . . 0

E " . .
- g : . »

S

-



165

‘ ‘ a ‘
19 and 25 mm ALC is also the same as it was in Figure

56., Lacking from Figure 56, however, are the apparently

-

intense fluorescence profiles seen at 10 mm ALC, .75 and 1

87

kw and 13 mm ALC, .75 ;ﬁaix.nm‘ in Figure 64. These i
sxgnals were seen to vanish when water only is

asP1rated | The most likely explanatlon of these proflles'
is that dfe to the high concentratlon of analyte,'the

g  \p1asma is belng too heav11y loaded at low power so’ that
%?, sxgnlflcant amounts of unvaporlzed salt partlcles may
persist at 10 and 13 mm ALC.
, . At ) S 1pm,‘a'peget1ve corbalatlon eglstsabetweenuthe %;:J"_%@

proflles obaﬁlned by 373.7.nm resonance fluorescence o
(Figureﬁﬁs) and those obtalned by 393. 3 nm emlssxon
(Figure 60). .Fluorescence intensity‘et‘all-heighté‘
decreases as power increases. The figures are rough
imirror images; ' | ' 3
Aithougw ~s+cited state fluorescence appears to‘york

remarkably well at 1. lpm (apart from the scabtering
i b RN
_effect), evidently’ ™t is not accur}te at .65 &pm. The

hot&er environment at ,65 lpm increases the 1liklihood of

collisional as opposed to radlatlve/depopdlation of the

1

pumped 1eve1. It was‘pointed out in Chapter 4 that

resonance fluorescence at 373 7 nm. might not work because

1’ -

‘ of the existence of states within .6 eV of "the pumped

1

level. Yet if }73 .7 . nm resonance fluorescence works well

L:d
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at 1 lpm, it is quite likely that resonance fluorescence
at 393.3 nm is not subject to any quenching effects, due

to the greater isolation of the upper level.
Even though 373.7 nm resonance fluorescence did nc?g
d

work well at .65 lpm, 1t cannot automatically be conclu

that resonance fluorescence at 393.3 nm fails at .65 lpm,

again due to the more isolated nature of the upper level.

s

‘a F
4

T—

The selection of elements whose ground state 1ion . £5f
species can be probed without frequency doubling of our

dye laser is fairly limited. A much wider choice exists, -

" if grdund state atom species are investigated. Molybdenum

-~ T

was selected for study because it had a higher first °
ionization potential (7.1 eV) than Ca (6.1 eV) and because
its ground Jevel can be probed via resonance fluorescence

at’ 390.3 nm. Frdm-the information available, this 3.18 eV

lgvel appeared to be the lowest lying exX pted level
.. . y

although there are seven otbenﬂlevelﬁ withif .8 eV of the

0 3.18 eV levely = ' , . \

v - -

The results of a power study ofrlwlpm‘of Mo atom
resonance fluorescence at 390.3 nm are summarized in
Flgure 66.. The concentrat1on used was 1000 ppm.,;Under

xthe operatlng COndltlons for which the'largest ‘profiles

appeared, concentrathn{was,vgrled by a factor?%f 10 and
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linear response was seen. Similarly, profiles nollow at
1000 ppm were also hollow at100 ppm although the symmetry
of the hollow proflles speaks agal?@t concentration
effects.

These profiles (Figure 66) are markedly different
from the corresponding Ca atom fluorescence profiles shown
in Figure «45. Central minimafare prevalent and tend to
bersist higher in the plasma. AAplagSible explanation for
the observed differences is that Mo forms a more stable
oxide than Ca and hence Eofmation of its"apomic vaoour is

de§gyed (the dissociation energy of MoO is 5 eV and that

of Ca0 =4 eV).
Vertical atcem fluorescence proflles for Ca and Mo at

various powers are shown ure 67. The peak in atom

he point .at which

»

fluoreScencewlikely%indic
'ionizat10n~bé§ins to comneée with excitatioﬁ, - For Mo,

this point is not reached until highegm}nwhneﬁplaQQQJat
low power possibly due to the higher dissociation energy

of MoO. | ' .' _ Q‘ ‘ Fk

A power study of lateral Mo emission at 390.3 nm for

a flowrate of 1 1lpm is summarized by the pfofiles

presented in Figure 68. Recall that Ca atom emission at

»
-,

no time was seen to track Ca atom fluorescence proflles,

»1nste9d follow1ng more closely the. behav1or of the ground
¢

stfte Cca* fluorescence profiles. However, wheh comparlng
¢ ‘ ‘

1

L%
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theﬁbottom twofrows of Figure5"66‘and 68, it is seen that
Mo atom pmlqsméh, on the" other hand, tracks Mo atom
fluore;cence extremely well, both in terms of profile
hexght and predgﬁce or absence of a central minimum in the
profile. This correlat1on breaks down at 19 mm ALC
however, |

At or below 13 mm ALc, ionization may not be*

4 Iy
efficient so atom emlssion and atom fluorescence are ¢

.closely linked and may depend on the dissociation rate of

the oxide [14]. Between 13 and 19 mm ALC, the degree of
ionization probably 1ncreases so that excited Mo atoms
equilibrate with the ground state ion, dl"001at10n belng
1arge1y complete, et e
Lastly, 390.3 nm resonance fluorescence and emission
power studies at .65 1pm are summarized in Figures»69 and
70. ‘These are shown for comparison to Ca, although
nothing stértling is revealed by them, Also shown in
Figure- 69, the Mo atoms visible at .75 kw‘disgppeér as

power is increased. The now—-familiar lobes appear higher

“in the plasma at powers above .75 kWw. The broad Mo atdém

Vemission profiles in Figure 70 resemble their Ca

-

-

; coun&q@ﬁatts (Flgure 62) with the exception that the Mo

proflles retaln a notlceable central* hump at 19 mm.ALC

whereas the Ca profiles do not.

.
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F. ‘Sumhary and Conclusions
, ' g

"N

,Plasmas sustaxned with the two torches (MAK ‘and
Fassel) dxffered most. at: a flowrate of 1 lpm. At 1 lpm
the MAK torch profxles were narrower, probably iedicatjng
greater conf inement of analyte within the channel. ‘The
lower part of “the channel was also cooler in t:7 case of
the MAK torch at 1 lpm; ground state atom fluofescence was
more evident. 'fhese differeﬁces most likely arise from:
the st/exght -bore injectdr tube on-theqMAK torce. The
dlfﬁeremces however , were iroqed out as the flowrate was.
‘ 1oweréd.‘~At”.6é ‘pm the saﬁe loss of anelyte due to -
increased gas expaﬁeionfcccurs in the MAK torch piasha;

Changes in the size and“shape of the MAK torch

profiles at incfeesing distances_ffomvthe load coil (with

~

fixed power) compared quite well with other Sﬁofiies in
t he iitérature._ | | | | ’

Ip'ene observation zone (17¥i9 mm  ALC) ihe reeponse
6f sr* fluorescence as pqwer'and flowrate varied was .
compered to the‘response of sr¥ count rete by IC?;MS as
power dhd flowrate were varied. vVery similar results were
obtained, indicating that fluo;escence quenchlng of
various types is not 1mportant in this tone.

A‘linear variatlon of cat fluorescence intensity -at
393, 3 nm seen as laser power was increased indicates, as  -

was surmlsed in Chapter 4, that fluorescence 15 not being

saturated.
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sets of leteral«emlesxon profxles were alse>;cquired
fer the same range of cond1t10ns " (power, flowrate and
‘ob$ervatxon hexght) as the fluorescence proflles. The
‘ground ‘state and excited state species exhxbxted markedly
-different patterns in their response to chanyes in power,
observatlon helght and flowrate. Conventional wisdom
gathered from 1CP-OES does not carry over to ICP- Ms. In ’
barr, the lack of correlation is due to the great
difference in the size of the populations being

¢

observed. A syetematic analysis of the changes in \
emission patterns cannot be given without some kind of\\
'temperature framework as in references [23] and [24] and
knowledge of the actual densities of the levels involved
(acquisition of these densities is no simple‘task).

The spatialwdistribution oflexcited analwte species
was also probed by resonance fluorescence. -At 1 1lpm,
apart fromrscatter1ng at low power . (due to the hxgh
concentration‘employed) the technique ylelded the: same
information ae\did_direct observatlon of emission. At.a
‘lower flowrate nbwever, the. fluorescence was most likely
quenched by collisions with electrons, as was e#pected.
I1f the densitles of exc1ted state levels are to be
determ;ned‘bi the absolute intensity of saturated

fluorescénCe, strictest attention will have to be paid to

guenching effecrs.
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GrOund state Mo’ atom fluorescence exhlbxted some

1nterest1ng dxtferences with respect to Ca, 1nclud1ng

(

Y

"correlatxon between the behavior of the ground state

i

<ind the éxc1ted atoT low in the’ plasma at 1 lpm. At

flow ate, t he attainment of a sxtuatxon with excated

in equilibrium with ground state ions may be delayed

the more refractory nature of MoO relative to Cao.
One basic conclus1on regardxng ICP-MS can be dra

from comparison of vertical fluorescence and emission
by ' ”
profiles. ICP-mass spectrometry should be more

o
"forgiving" than optical emission spectroscopy on the

basis of response of 51gna1 to changes in power and
observation»height. For example, in the central chan
"a large signal can be obtained at .75 kw or 1.5 kW by

varying the observation height. The same is not true

v

P
emission. .Bear in mind, however, that overall analyt

per formance depends on the baCkground level and freed

from interelement effects as well as the raw signal

°

Y
strength.
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CHRPTER 6

EASILY IONIZARLE FLEMENT INTERFERENCE STUDY: - MAK TORCH
( ,

A. Introduction

N »

One area tnatvhas.received a lot of attention‘from
ICp researchers is the effeet of addition-of an easily
ionizable element (?)L) on the behavior of the analyte.
Trace elements are quite often determxned by ICP emission
spectroscopy in matvfcee thh a high salt content
including seawater, biological fluids and/or tissue, and
geological samples,-i,e, rocks. An understanding of the
mechanism of the inteeference might 1eadito ways in which
it can be reducedNor removed.

of tne ways 1 whxch the EIE might exert an effect,
the f;ve th0ught. o be important 1nc1ude a Shlft in the .

analyte ionization equilibrium, enhanced collijsional

excitation, delayed volatlllzatlon, increase ambipolar

Y~ -

diffusion and varlous 1nterferences at the nebullzat1on

.,'_

‘step. A thorough discussion of these effects appearsgjin

[ 3

Q

reference [18]. No single one of these mechanlsms is all—

1nc1u51ve. For example, it has been shown _that ‘in a
plasma operated under normal cond{txons (i.e. 1.5 kw/1°

l1pm) rncreased collisional excitation can explain. changes

177



in emxssion behavior low in the plasma following addition

of an EIE whereas qmbipolar dxffusion "may be important
s
higher én the plasma (18} . This was determined by

studying the response of vertxcal and radxal emission
profileg to addxtlon‘of an EIE. By studying ground state

o

species; an agsessment'canlbeﬁmade‘of the extent to which

‘analyte ionization equilibrium shifts are important under

a variety of Operatxng condxtxons.

This type of study ‘is of practxcal interest eue to
the advent of ICPoMs. Researchers_are just beginning to
unravel how thé ma]orfvarxables, i.e. power, flowrate and
observatlon hexgnt, affect ion count rates. It wilf be
advantageous to have an understandxng of how EIE'S affect’
the ground state ion population as well, in order to make

1ntellxgent decisions on compromxse operating

cond1t1ons. (COmpromlse operating condltlons afford good

-

————

P
a

. for a wide range of .elements. )

analyt1ca1 response, 1nclud1ng freedom from interferences,

'
3 v N

A brief summary of ground state studxes 1nvolv1ng
EIE'Ss whxch have appeared in the 11terature follows.

Kornblum (191 showed rad1a1 ground state atom density -

profxles at various helghts in the _presence. and absence of

an excess of cesxum, and stud;53\1$mg\€£ect of excess
cesium on Mg 1on and atom vertlcal absorbance profxles.

As mentioned ear11er, this plasma was operated with an
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ryunusually high flpﬁrata; Biades [iB] measured My atom
absorbance as a fun%}xon of the amount of EIB added; this
was done at one spatxal 1ocation in the plasma with a
.fxxed power and‘flowrate. Rybarczyk et al.\(lS]-pbtaxned
;radial profiles of ground state Ca and Mg ions and atoms

in the regxon below 14 mm ALC as dxscussed earller. They

also studied the effect of an EIE on these profiles. !

Finally, Nojiri and co-workers (16] studied ﬁﬁ#%gfwy

i S
addition of an EIE on radial Ca ion and atom aﬁsdtgance

profiles at 3 obseryation heights for a fixed set of
conditions. |
, v

1t is seen then, that spatial study of the response
of ground state species to addxtxon of an FIE has been
limited, although thefe }s'justxfxcatlon for purfu;ng such
work. Hence ion and atom C; fluorescence profiles with ‘
and without an excess of Na were measured for a variety of
operating conditions. Corresponding emission prof}les
were also acquired. These profiles are presenéed and -
difbussed"in the following sections.

a

B. Experiméntal

Few details need explaihing'hefe.* The same sYsteﬁ
and_methods discussed in~Chaptérs 4 and;S were used in

this study. The same MAK torch was used. 1In most cases a

100-fold molar excess of Na was usedbw}thwa calcium
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»

concentration of 4 ppm.

4

C. Discussion

c.l 1 lpm

At a flowrate of 1 lpm, power studies of ground state
Ca ion fluorescence were done {after the fashion of
Chapters 4 and 5) both with and without the EIE. The
results are presented in Figure 71, Dotted lines denote
the'pfésence of tﬁe EIE. I£ is obvious after a quick

)
1

“glance at the figure, that the general effect of addition
Lo

of the EIE is to depress ground state Ca jion

fluorescénce. The effect lessens as power increases and
also as one draws away from the load coil (except at .75
’kw). ]
At 1.6 kW, small central depressions in ground ététe
ion absorbance profiles were seen at 7.5 mm and 15 mm ALC
by’Nojiri as is the case in Figure 71. A large central
suppression of ion absorbance in the presence of excess Li
was seen by Rybarczyk [(15] at 10 mm ALC in a 1.25 kW
plasma. This too is seen in Figure 71. Hence these
results are in good agreement with existgng ground state
studies such as they are.

For the combinhtions of power and observation height

for which suppressions are seen, one would like to know

the underlying mechanism invol?ed, and whether or not it



181

Effect of 'EIE on Ca - Fluorescence
. 3933 nm | Ipm
SIalc - o

/\/\/\/\

25Alc

J\J\/\_/\_

inﬁJL

Figure 71. Effect of EIE (100-fold molar excess of Na) on 393.3 nm
) ca' fluorescence profiles as a function of power and
observation height (1 1lpm - MAK torch). Profiles
obtained in the presence of Na are represented by dashed

curves.



182

~varies t hroughout Figure 71, To ge¥ a héndle on ﬁhxs,
corresponding power?E[E studies were done for other
species, including ground state Ca atom, excited Ca 1on
and excited Ca atom (via 422.7 nm resonance fluoresceéce,
and by emissioﬁ at 393.3 and 422.7 nm).

In yeneral, the results éf these studies'indicate
that regardless of power, the decrease of grouﬁd state 1on
fluorescence at and below 13 mm ALC coincides with
increases in ion and atom emission, but little or no
increase 1n the ground state atom populatioﬁ is seen,
Ryhérczyk also ob§eéved this at 10 mm ALC [15] but only
. for one power. A typical set of normalized profiles (1.25
kW/10 mm ALC: ion and atom emission, 1on and atom
fluorescence) is shown in Figure 72 to illustratg,the
above point. Sets of _rofiles at other powers,'and at 13
mm ALC, are similar. ades [18] already showed that
additidn—of an EIE caused an increase in thé population of
Lhe excited Ca ion and atom levels however he did not
verify if these enhancements were accompanied by a loss of
ground state ions. It 1is interesting to speculate whether
or not the decrease seen in ground state ion populations
is due solely to increased collisional e;citation of
ions.. If it 1is, then'addiﬁion of Na would iikely,have to
increase tﬁe electron temperature by several t housand

degrees.

Another point to note is that the broadening of the
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-

Figure 72. Norma lized fluorescence and emission profiles with and
without EIE at 'O mm ALC/1.25 kW/1 lpm. Dashed curves
denste the presence of the EIE - Mak torch. '
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prof ile at .75 kW/10 mm ALC in Figure 71 is probably due
to ambipolar diffusion of analyte ion/electron pairs into

*

the surrounding channel.

Looking elsewhere in Figure 71, no evidence of an
jonization equilibrium shift appears until 19 mm ALC at |
kWw. As seen in Figure 73 both ion emission (frame (a))

-
and ground state atom fluorescence {frame (b)) increase

wheh Na is added, indicéting that at this power, there may
be competition between ; buffering effect and increased
collisional excitation as one draws away from the load
coil., At .75 kW, the Ca atom fluorescence profile at 25
mm ALC can be made to grow dramaticalfy as the
concentration’ of EIE is increased from a 100-fold to a
1000-fold molar excess (Figure 74). No ion emission
enhancement however takes place at this height and

power. Note that the profile with 2400 ppm Na in Figure \
74 now resembles the corresponding ground state ion |
fluorescence profile in Figure 71.

Highér in thé plasma at powers above .75 kW; the atom
fluorescence profiles are not visible when put on the same
scale as atom fluorescence profiles from lower regions ‘of
the plasma. At higher magnification however, the profiles
at 31 mm ALC are seen to exhibit lobes and these lobes are

lenhanced when an EIE is added. This can be seen in Figure

75. This exact behavior was also exhibited by Nojiri's

184



185"

#luorescence (b) profiles at 19 mm ALC/1 kW/1
‘presence of an .EIE.

[

lpm to

\
.
A
S \J —
b ~ : :
Atom Fluorescence .
\x.‘ &
1Y
AR
.
,o-.'..l;l.-o-‘.--‘-o-‘l-l--‘-nn--u;-’ nollu"’nt"'lI'.lIOOI‘I%l ----- :-_n1
| REEE T L]
- o
Figure 73. Response of: - Ca ion emission (a) and Ca atom
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N . . po ¥
Fiqure 74« ['Effect of increased concentration of EIE on cat »
: 'fluorescence at 25 mm ALC/.75 kW/t lpm - MAK torch. (1)
4 ppm Ca, (2) 4 ppm Ca/240 ppm Na, (3) 4 ppn Ca/2400 ppm
Na. J : )
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Ca atom ftiyrescence profiles at 31 mm ALC,
~1pm, MAK
curve) excess Na.

.

1.25 KW,

fch with (dashed curve) 'and without (solid
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{16} atomvabsorbance profile at 25 mm ALC.

Evfdently, as might have been surmised, the analyte

jonization equilibrium can be made to shift if one can
introduce enough electrons (via an EIE) to significantly

alter the "ambient” n,. This is most easily achieved at

low power but also occurs at the edges of the plasma high

above the load 0011 for hlgher powers. Why a collisional
excitation enhancement mechanism is favored lower in the

AN

plasma:is not apparent.

c.2 .85 and .65 lpm

The effect of flowrate on the response of the ground

state ion fluorescence profiles can be seen in ﬂigure

[
76 . Each gr1d in the figure represents the res&lts of an

. !

ion fluorescence power study at the indicated flowrate,
done with and without 100-fold molar excess of Na. The
presence of a plus, minus .or plus/minus in any square
‘within a grid indicates either an enhancement, suppression

12

or mlxed effect on the groUnd state ion fluorescence

proflle which would be observed (the corresponding set of

conditions ‘can be read off the side and bottom of the

' /
grid}.

As flowrate drops, zeroes denoting no effect
gradually invade the grlds (this same behav1or is also
seen for ion emission as well, i.e. an EIE has no effect

~on ion emission profiles at .65 lpm). Electron density 1is

4
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seen to increase sharply in the central channel as the
.flowrate is dropped from-1.2 lpm to .65 lpm [24] hence one
“would have to add more EIE to significantly elevate the
ambient electron density at .65 lpm. Any céllisional‘
enhancement effects are ev1dently also overridden’ by the
general temperature increase in the central channel as
flowrate drcps.

The mixed effect denoted by the "+/-" sympol in
Figure 76 is illustrated in Figure 75 where the response

. .

of the cat fluorescence profile at 31 mm ALC/.75 kW to
addition of 100- and 1000—fold;molar excesses of Na ie
seen. IWhen'increasing amounts of EIE are added, the
profile is seen to ccntracﬁ. The decrease at the edges
was seen to'be accompanied 5y a large jumb in ground state
atom fluorescence (not shown) at the edges of the plasma,
but the increase in ;he middle is puzzling. Possibly if
the Ca2? pec1es is present at that height, an increase in -
the electron density (due to added EIE) may force it backl.
to the singly charged form much the same as the singly
charged ion recombines at the edges cf the plaema nnder

the influence of an EIE.

\
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Ef fect of increasing cqncenrration of EIE on cat

Figure 77.
" fluorescence profile at 31 mm ALC, .75 kw, .65 lpm, MAK

torch. Numbering of the curves as in Figure 74.



192

D. Conclusion

)

Low in the §1asma the analyte ionization equilibrium
does not appear to shifi significantly when exceserIE is
present. The same is true higher in the plasma at powers
above llkw. In ICP-MS then, any observation‘height should
be free of EIE interference effects at high power.

Freedom from 1nter£erence effects at lower powers can be
achieved by dropping the flowrate but a penalty will be
paid in that the analjte is not contained as efficiently
within the plasma and overall count réte will drop as a

~result.
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e CHAPTER 7

CLOSING REMARKS ..

Recent studies have demonstrated that the partial LTE

"model is appropr1ate for exp1a1n1ng m?ny aspects‘of

analyte behavior in the ICP. Admittedly the work in this
thesis does not advance the current understanding of the
detailed interabtion of the analyte and the bulk plasma.
This requires spatially resolved measurements of electron
density and temperature as well as:den51t1es of ground and
excited state analyte species.

' The picture emerging from this, work, however, gives
qualitative confirmation of a ﬁartial LTE situation. Over
i wide range of operat1ng conditions and a range of

spatial locations, ground state analyte ions exist in

abundance whereas excited ions are virtually

.nonexistent. This behavior can be understood with

reference to the Boltzmann and Saha equations. Emission
intensity is seen to be exponentially dependent on
electron teméerature. The degree of ionization has a more
complex dependence on both electron,temperatureland
electron density and can be relatively insensitive to
these parameters compared to emission intensity.

The stated goal of acquiring comprehensive spatial
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maps of ground state analyte species over a wide range of
conditions has been reached. These resUlts'offer a
clearer superficial understand1ng of the ICP partlcularly

in its new role as an ion source for mass specb ometry.

For example, the ultimately fatal effect tha& 1”decrease

in flowrate exeris on ion count rates can be unuerstood as
a simple dilution’effect. (This dilution eff
compensated for in the case of emission spectf%@Gopy by

- . ~ ?' «Sew »r}.ﬂ
thé increase in temperature accompany“ln Xéicﬁy.‘*m'

flowrate.) As -another example, it 1s,p’rfec£1y%§%§@; from
this study that 30 mm ALC is an acceptable sampling height
for ICP-MS.

There is some . cause to question the validity of the
results due to the variation of guantum efficiency with
operating conditions and spatial location.in the plasma,
however the géneral agreeﬁent of the results from 3.
different techniques (absorbance, fluorescence and'mass
spectrometry) providésbreasonable assurance that the
fluorescence results are accurate. . As well, the results
are in good agreement with publlshed data on Ca ground
state species. Certainly the question of quantum
efficiency should be carefully explored in further
fluorescence work, particularly iﬁ elements having many
available excited states, e.g. transition metals are

studied.
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Anothér point should be made regarding possible
ground state studieg of elements other than alkaline
earths. Although it is true that iﬁ‘the case of the
alkaline earths, most of the ions remain in the ground
StatéleQen at temperatures of 7000 K to 8000 K, the same
is not true for other elements. For example, it can be
shown that in the case of Fe, roughly only 20% of the
total singly chérged ion population in a given region will
remain in the ground state.at 6000 K. Hence in some cases
thééamount of information to be gained from the study of
gréund state species may be limited since they will
comprise’only a small fraction of the total analyte
population. ’ |

The photodiode array spectrometer and computer
controiled torch"bositioning system developed in the

course .of this research constitute the nucleus of a

powerful system for the automated acquisition of the large

bodies of data which will be necéssary for further
characterization ,of the ICP at a fundamental level. The
work done in this thesié lays the foundation for further
studies of ground state analyte species via atomié

fluorescence which might be undertaken in this laboratory.

195



10.

REFERENCES

Y. Shao and G. Horlick, Paper #482, Pittsburgh
conference on Analytical Chemistry, New Orleans, LA,
1985. |

R. Houk, V. Fassel, G: Flesch and H. Svec, Anal.
Chem. 52, 2283 (1980).

A. Date and A. Gray, Spectrochim, Acta 38B, 29~
(1983).

A. Gray and A. Date, The Analyst 108, 1033 (1983).
G. Horlick, S. Tan, M.A. Vaughan and C. Rose,
Spectrochim.rActa‘(in press) . ‘

p. Arrowsmith, A.7jBoorn and D. Douglas, Paper $335,
Pfttsburgﬁ‘Conference'on Analytical Chemistry, New
Orleans, LA, 1985.

J. Fulford, A. Boorn, D. unglas and E.‘Ouan, Paper
#338, Pittsburgh Conference oﬁﬁknalytical Chemistry,

Y

New Orleans, LA, 1985.

'N. Furuta and G.. Horlick, Spectrochim. Acta 37B, 987

(1982).

G. Larson, V. Fassel, R. Scott and K. Kniseley, Anal.

Chem. .47, 238 (1975).

——r

¥

T. Edmonds and G. Horlick, Appl. Spec. 31, 536

(1977) .

196



11.

12,

13.

14.

15.

16.

17.

i8.

19.

20.

21,

22.

N

KO

D. Kalnicky, V. Fassel and R. Kniseley, Appl. Spec.

31, 13; (1977).

H. Kawaguchi, T. Ito, K. Ota ahd A. Mizuike,

Spec%rochim. Acta 35B, 199 (19801,

M. Blades and G. Horlick, spectrochim. Acta 368, 861 L
(1981). ,. ) ,

Y

H. Kawaguchi, T. Ito and A.'Mizuike, Spectrochim.

[3

Acta 36B, 615 (1981).

J. Rybarczyk, C. Jester, D. Yates and S. Koirtyohann,
Anal., Chem. 54, 2162 {1982).

Y, Nojiri, K, Tanabe, H. thida, H. Haraguchi, K.
Fuwa and J.D. Winefordner, Spectrochim. Acta'}§§, 61
(1983). ‘ ¢

H. Uchida, M. Kosinski and J.D. winefordner,
‘spectrochim. Acta 388, 5 (1983).

M. Blades and-G. Horlick, Spectrochim. Acta 368, 881
(1981) .

G. Kornblum and L. DeGalan, Spectrochim, Acta 328,
455 (1977).

R. Wendt and V. Fassel, Anal. Chem. 37, 920 (1965)..
P. Ripson and L. DeGalan, Spectrochim, Acta 38B, 707
(1983) .~ '

E. Choot, Ph.D. Thesis, University of Alberta,

Edmonton, Alberta, 1983.



23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

198

B. Caughlin and M. Blades, spectrochim. Acta 391,
1583 (1984).

B. Caughlin and M. Blades (submitted to Spectrochim.
Acta). i

F. Ae;chbach, Spectrochim. Acta 378, 987 (1982).

C. Alkemade, T. Hollander, W. Snelleman and P.

Zeegers, "Metal Vapours in Flames", Pergamon Press:

%

“Toronto (1982).
/

G. Kornblum and L. DeGalan, Spectrochim. Acta 328, 71
(1977) . )

P. Boumans and F. DeBoer, Spectrochim. - Acta 32B, 365
(1977). ‘

J. Alder, R. Bombelra and G. Kirkbright, Spectrochim.
Acta 35B, 163 (1980)%

D. Schram, I. Raaymakers, B. vander Sijde, H.
Schenkélaérs and P. Boumans, Spectrochim. Acta 388,
1545 (1983). - |

1. Raaymakers, p. Boumans, B. Vander Sijde and D.
Schram, Spectrochim. Acta_§§§,/697 (1983).

L. DeGalan, Spectroéhim. Acta 39B, 537 (1984). .
G.”Hieftje, J. Mills, J. Carr, G. Rayson, M. Huang )
and'K. Marshall (private communication). .

R. Lovett, Spectrochim. Acta 37B, 969 (1982).

K. Li, Paper #1235, Pittsburgh Conference on

Analytical Chemistry, New Oorleans, LA, 1985.



P

M; Zemansky, “Resonance Radiation and

‘ﬁxc1ted.Atoms ' Cambrldge Unlver51ty Press- London,‘
1961, A=

37. :N.-Omenetto ana J.ﬁ. Wihefordbgf(‘frog. Knal. Atom.
Spebtrosc;‘gj 1 (1978).  5. . |

38. N. Omenetto and J.p. Winefordner, Appl. Spec. 2§,%$55

v

(1972).
39. D, Olipares and Q, Hieftje, Spectrochim. Acta §§§J’7§
(l978) | -
46. H. Uchida, M. K051nsk1, N. Omenetto and J.D.
wlnefordner, Spectrochlm. Acta 38B, 529 (1933).
41. D, Kalnicky, R. Kniseley and V. Fassel, Séectrbchim.
.Aéta 3921 511 (1975) | ~ |
42.' P. Walééfs, G. Long and ‘J.D. wlnefordner,
Spe§trochim. Acta_ggg, 69 (1984).
45.' N. omenetto, S. Nikdel, R. ReeQes; J. Bradshaw, J.

Bower and J.D. Winefordner{'SpeCtrochim. Acta 35B, -

507 (1980)
44, ] Veillon and M Margoshes, Spectrochlm. Acta 238,
“503 (1968). |
45, Magyar and F. Aeschbach Spectrochim. Acta_}égL
‘839 (1980). - o ’ :

46, H Human, N. Omenetto, P. Cavalli. and G. Rossi,
spectrochim. Acta 39B, 1345 (1984).

R “
,‘., -
sl . St

199



47-

48.

49.

50.

51.

52.

53 L]

54,

55.

56.

58 .

59.

Edmonton, Alberta,.1983..

J17 (1982).

Acta 37, 436 (1967).

X \

M. inski, H. ﬁchida &ﬁa,J.D..winefordner, Anal.
Chezdgss, 688 (1983) S

G. Rayson, paper #487, Plttsburgh Conference on
Analytlcal Chemlstry, New ‘ Orleans3’LA, 1985.

J. Seto, M.Sc. Thesis, University of Alberta,

oy

E. Cordos and H. Malmstadt, Anal. Chem, 44, 2407

?

(1972):

E. Cordos and,H.’Malmstadt, Anal. Chem. 45, 27

(1973) .

'R. Belchamber and G. Horlick, Spectrochim, Acta 378,

[
~

E

-

‘M. Blades and G. Horlick, Talanta 28, 527 (1981) .,

L. beGalan, W.McGee and J.D. winefordnér,EAnal. Chim.

H. Wagenaar, I. Novotny and L. DeGalan;ﬁSpectrochim.
Acta 29B, 301 (1974) :

E. Piepmeier and L. DeGalan, Spectrochim. Aota4§g§;.
263 (1975)1 -

D. Demers, Paper #484,\Pitteburgh Conférence on
Analytical Chemlstry, New Orleans, LA, 1985.

J.P. Walters, "Contemporary TOplCS in Analytlcal and
Clinical Chemistry", Plenum Press. New York, 1978.

M. Alden, H. Edner, G. Holmstedt, S.S. Vanberg and T.

Hogberg, Appl. Optics 21, 1236 (1982).

200



60.
61.

62.

63.

64.

65.

66.

67.

68.

N. Omenetto and H. Human, Spectrochim. Acta 39B, 1333
(1984).

j. carr, M. Blades and G. Hieftje, Appl. Spec. 36,

689 (1982).

&

P.fBoumahs, Spectrochim.'ACtalzlg, 75 (1982).
R.'Houk, H. Svec and V. Féssel, Appl.’Spgc..ggj 380

(1981).

G. Hieftje (privaté"cohmunication).

M. Blades énd G. Hieftje, Spectrochim. Acta 36B, 881
(1981). |

J. Mills and G. Hiéftje, Spectrochim. Acta_ggg,‘8$9

(1984).

w

s. Bashkin and J. Stoner,."Aéomic‘Energy level and

.Grotrian Diagrams, Volume 2", North Holland

Puﬁlishing’Company:)New York, 1978.

L. DeGalan, R. Smith and J.D. Wihefordnér,

Spectrochim. Acta 23B, 521 (1968).

201



O

-~ APPENDIX A

e
-8
v

.85,
A

202



APPENDIX A

Tﬁe iéeavof calculating .a temperature based on ng and
ghe assumption of LTE in the Saha equation for argon is
not new‘(mentidh of it was made in 1977 [27)) but it has
recently‘become more popular since it allows a.fefefénce
LTE framework‘of e.g. ion/atom emission intensity ratios
23] or degrees of ionization [24]‘to be constructed from:
measured electron densities. |

Caiculation.of.the (ng,T) pairs - involves solving a
quadratic equatibn as outlined below. The total argon
.density is'equal to the sum of the density of all argon

atom species and the density of all argon ion species:

np = Mar * Part | (1)

Using the ideal gas law written iV terms of density,

CNp 7.34 % 1021 |
ng = ®jY S T cm = - (2)

where Np is Avoyadro's number and T is the gas *temperature
(Kk), and assuming that the electron density is "equal to

the total argon ion density (ng = nAr+5Lthen
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7.34 x 102! : '

NAY = T - Pe

>
1}
=/
W

The Saha equation for argon can be written:

n

art® . Y(T) j
.___E'____‘i 5 4,823 x 1015 @ (1) 13/2 10(f5040(E1)/T)

ar | Q°(T) | TS

13

o

where Q+(T) and Q°(f) are partition functions,"f is the
ionization temperature (K) and Ei is the ionization energy
in ev. In pracﬂlce o°(T) = 1 and Q (T) can be represented
by a polynominal function of T found 1n reference [68]

Equation (4). can be Written:

n + n .
—5% € = F(T) (5)

Ar %

Letting ng = napt in Equation (5), combining.it with
' Equation‘(3) and assuming Tgag = Tionization results in:

ng2 + F(TIng = 7.34 x 1021 F(T)/T = 0 (6)

—

which can be solved for ng by assuming a value for T and

applying the,quadratiC'formula.
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APPENDIX B
P
. ’ W )
DETAILS OF CONSTRUCTION AND OPERATION OF THE
PHOTODIODE ARRAY SPECTROMETER
, o

2

Mechanical Details

 The photodlode array employed was a Reticon model RL-
256EC whxch consists of 256 dlodes each 50 p w1de. In
other words, it was the same length as a standard 512
element array with diodes sgaced on 25 p centers. Tﬁeu
array (i.e.beach element) was 150 p high. "
The Minuteman monoehtomatcr in which the array was

installed is a 1 m Czerny-Turner design, capable of

operating as a spectrograph or spectrometer (a folding

‘ ~mirror could be positioned to direét light onto a

photomultiplierltube). To facilitate spectrographic
-bperatiOn, the photographic plate holder could be snapped
into a moveable carriage and could then be manually racked
up and down.

The array came from the manufacturer mounted on a
small (l 1/2" x 3") circuit board together with the
c1rcu1try for the first video amplification stage. The

Aarray socket was modified so that a copper bar could pass
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directly beneath the érrgy. The board waé fastened‘to the
copper bar which itself yés fastened to two copper arms
projecting from the Peltier coolers. Thué the array
circuit board and feltier coolers formed an integral

unit. This cooler/holder assembly was mounted within a
light‘alumiﬁbm cage which could snap into the movaple'
carriage in exactly the same ﬁashion as the plate.

holdef. The Jnique feature of Fhe system is that the
cooler/holder assembly was affixed within the cage such
that it'could be rotated 90° wifh a small crank. The
diode array:spectrometer could bevrapidly converted - from a

spatial mode to a spectral mode and vice versa.

Electronics

Overview

A block diagram of the basic components of the

€

circuitty required to run the array is presented in Figure

78(a). When the intégration timer has counted a preset

nhumber of pulses from the system clock, an external start

~

pulse is issued. This pulse can be used for example to
indicate to a computer that the array is about to read
out. The timing circuitr& (schematic Figure 78(b)) is
responsible for generating. a two-phase clock from the
syspgm.clock and also for outputting an internal start

pulse (on the 5 line) to trigger the self-scanning circuit
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built onto the array chip. Amplification of the resulting

chain of video pulses is necessary. Modifications to each
of the -basic components of the readout electronics are

discussed below.,

System Clock

A schematic of the system clock based around a 9602
dual monostable is shqyn in Figure 79. A separate
crystal-controlled osc%llator and divider circuit was
built to permit the 9602 *o 1 .ck on to one of 3 preset
freguencies. The ftequéncy of the 9602 clock can still be
varied continuously if desired, by selecting ”VARf.with
the CLOCK SELECT switch on the front panel. " The output of
the 9602 is available externally as a narrow spike for
triggering‘purposesv;ﬁ% as a broader negative or positive
going pulse of variablg width (courtesy of 74121—1) to

indicate to a computer that a diode is reading out. These

two waveforms are depicted at the top of Figure 80.

~

Integration Timer and Timing Circuitry

Refer to Figures 80 and 81 throughout this
diséusaion. The 9602 clock connects directly to thg
integration timer which consists of a chain of cascaded
74161 counters. The maxiﬁum integration time available
was extended ﬁy inserting 3 more counters into the

series. Thatvprocedure has been standard practice in our
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Figure 80.

3

@ mounted on small board

which plugs nto orignsl
7476 socket
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Schematic of altered timing circuitry.
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laboratory and it is‘not*necessaryﬁto repeat the details -
here. | | | N
When the tlmer hae reached full count, a negative-

.going pulse one clock cycle wide-is generated; ‘This is
brought out to the front panel as the START line and is
used to tell a computer that' the array is . about to read

°By meanslof a SWltCh and monostable (74121-2),
prov191on has been made to delay the clock whlch feeds the
t1m1ng 01rcu1try This was done to allow the dlode splkes
eto be sampled by an A- to D converter. Prev1ously,mthe
t1m1ng c1rcu1try was fed d1rectly from the 9602 clock; any
glven ‘"diode would read out concurrently w1th the rlslng
edge of the splke from the 9602’clock.y With the .
monostable switched in (REAbOUT‘DELAY IN/OUT ewitch)‘the
waveforms»apbéar as in Figure 8l. A given diode reads out
a fime tp after the 9602 splke This tine can be set hy-
'the 10-turn READOUT DELAY potentlometer on- the front

panel. .

1
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As‘supplied’by the manufacturer,'the 9602‘clock could

not run below 15 kHz since the value of Cypgr in Fi@ure 79
was .001 uf. To dlgltlze the array output with the Apple
11+ computer however, the clock could not run much above

15 kHz, ‘hence CVAR was changed to 01 nf. This permitted

_the 9602 to run in the range 5 to 50 kHz. I1f the cloch is



run below;15 kHz} Reticon aduises that the two-phase clock
be coupled ‘to the 1evel converter via 1 uf capacitors
instead of .1 uf. Hence a switch. labelled ¢+PDA was
instelled to permit the clock to be cOUpled by elther set
of eapaoitors depending on the frequency; |

A curlous problem manifested itself once all the
changes outlined above had been effected. At intégration
timeszlonger than 400 msec, a false readout pulsehwould be
issued on the S line 400 msec before the end of the
vnomlnal integration period. A correspondingfbulse did not
‘appear on the START line., ' The effeet wes to reduce the
maximum 1ntegratlon time available to 375 msec. For
gexample, if the nominal integration time was 10 seconds,
the array would integrate merrily for 9.6 seconds, read
out due to the action of the false S pulse, then inbegrate
forAénothe£’375 msec (readout taking 25 msec with a 10 kHz

" clock) before reading out again at the promptingfof,the'

true S pulse. 2

Substitution of both 74s74 and 7476 chips which
comprieed the original timing c1rcu1try (Figure 78 (b)) did
not remove the problem._ Eventually it was solved by
replacing the 7476 Wlth a 74121 monostable (74121 3). The
monostable was mounted on a small board which plgfpbacked

onto the existing 7476 socket. The trimme: marked tg in

Figure 80 is also on this board. The width of the S pulse
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can be adjusted using this trimmer and is not critical as
long as the S line stays low for several clock cycles.
The START and S pulses are depicted in Figure 81l. 1f the
cldck frequency is changed appreciably from 10 kHz, the

width t, may have to be adjusted.

Vvideo Amplifier

A simple amplifier consisting of 4 operational
amblifiers (OA'S) was built and its schematic appears in
Figure 82. Both an inverter ;nd a low pass filter can be
switched in or out of the signai path. A gain of 4 1is
built in at the second‘OA. Offset can also be. added at
this point. ;fhe gaip of the fogrth OA can be varied from
1.5 to 15, thus the total gain- of ;;e amp is variable from

6 to 60. Provision has been made to switch the entire ‘amp

out of the signal path if desired.

[

Intérfac1_g

A schematlc of the array and associated electronics

1nterfaced to a computer is found in Figure 83. AS
5 ’

mentloned, the e%ectronlcigsgre mod1$1ed to permlt the

Jdiode spikes to be sampled’ by an AIlB A-to-D converter

The AIl3 can be programmed to open a 125 ns sampllng

window following the receipt of a-trigger pulse. The
i

Ww1ndow does not open until 6 us after the trlggerlng edge.

(which can be either p051t1ve or negative going).

34
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;
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No appropriate trigger signal was available from the
array electronics in itshinitiai configuratidﬁ. By
permitting the two—phase clock to be delayed :elaﬁive to
the 9602 ctlock, the 9602 ciock can then be'uéed to tpigger
the AI13. The delay (ty) is then adjusted using the
READOUT ﬁELAY potentiometer  to ensufe ghat tﬁe AIl3

samples the signal spikes correctly. . | -

Front Panel

A diagram of the front panel is seen in Figure 84.

Any components appearing on the front panel have been.

enclosed by dashed outlines.
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Front panel of unit housing array driving electronics.
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APPENDIX C

Stepper Motor Interfacing

Very little work was required to fully interface_ the
two stepper motors to the Apple. A timer/driver board
‘plugged into any available expamsion slot on the Apple and
a ribbon cable ran out to the R2D23 stepper motor.driver
board.

The R2D23, together with a regulated 5 V logic power
supply.had to be housed in a small cabineti A 15 V/6.3 A
poye? supply to run ‘the steppets themselves was housed-in
another éabinet and its output jumpered into the R2D23.

The 4 phase clock signals plus Vy lines were taken
out to the stéppers via~2 Qctal sockets (see Figure 85).
Note that the lines marked ENC, althougﬁ wired to the
sockets, are not éonneCted to the steppers. A wiring
diagram for the motors is given in Figure 86. They were
operated 1in ﬁhe half step mode. |

Motof A, which moves the torch box in a horizontal
direction,is tuned {(as outlined in the Rogers Labs manual)
SO th;t it rambs from 8 to 600 Hz in 400 msec, taking 32
ramps steps. Four hundred half steps will move the |
micrometer 1 mm, If the_load is Changed“éppreciably,-the-

tuning will have to be done again.
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Motor B, driving the jack, ramps from 8 to 75 Hz in 1
sec, using 32 ramp steps. It was geared soO thét 343 half
‘steps equal 1 mm. The same note regarding tuning applies
here.

Use of the ampersand (&) calling routines to drive
the motors from a BASIC program is clearly explained in
the Rogers manual. t

The address of the . supplier is:

Rogers Labs Inc.
2710 South Croddy Way

Ssanta Ana, CA 92704
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APPENDIX D

Pulse Counting

Each time the gated integrator recqives a triyger
signal, its BQSY line gdes low for 45 microseconds. The
BUSY line can then be used to togglé a J-K flip flop as in
Figure 87. ‘

A simple algorithm for pulse counting, easily

implemented in BASIC, is given below:

l
1. CLEAR FLIP FLOP (C040 STROBE)

%DESIRED # OF PULSES

e
i .
GGER - PULSE (ANO)

2. ss& COUNTE
3. ISSUEALASE‘
4. WAIT A FEW HOWBRED MILLISECONDS

5. IF THE FLIP FLOP ISN'T SET (PBO #1) GO BACK TO 3
6. DECREMENT COUNTER

7. CLEAR FLIP FLOP

8. 1IF COUNTER # 0, GO BACK TO 3

.9. DIGITIZE OUTPUT OF INTEGRATOR

Line 4 is the time between laser pulses, set by the user.
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