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ARSTRACT

The wmicrowave-induced helium plasma gencerated at atmospheric
pressure in the T”O}O resonant cavity is attractive as an ex-
citation source for cmission spectrometry. The efficiency of
the cavity produces an extremely high energy-density plasma
and its short longitudinal dimension permits closc spatial

and photomctric monitoring system proximity between the plasma
and different types of sampling devices. Examination of the
electron density, excitation temperature and rotational tem-'

pecrature in this microwave plasma reveals its unusual char-

acter and suggests certain mechanisms of oneration.
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INTRODUCTYON

Microwave-induced plasmas (MIP) have been of continuing

interest as atonic emission excitation sources for spectro-
chemical analysis(1,2). In accord with increased interest in
induction plusmas in general, undoubtedly spurred by advance-
ments with RF ICP's, the MIP has recently received more attention
than it has had in the past. However, the rcsurgence of interest
has been more directly the result of two independent. factors.

As the popularity of microwave ovens has incrcased, the avail-

ability of high quality, high power magnetrons to supply cw
microwave power at 2450 MHz has become wider. Thus, laboratory : ;
and rescarch versions of microwave power supplies are inex-
pensive and more readily obtainable. 7The second factor was the ‘ o
introduction of the TMOlO resonant cavity to analytical specc- i

troscopists by Beenakker in 1976(3). IJTn that and following .
publications(2-8) the TMO]O cavity was described in detail and i
shown to possess some very uscful operational characteristics

and to have thc capability to excite most nonnictals and all of

the halogens(9-14).

The features of the TM cavity which make it advantagcous

010
for use jin atomic emission experiments are numerous. The
dimensions of the cavity are such that the discharge is con-
straincd to a very small volume. It is within this volume that
all of the input power is concentrated. The result is that the
encrgy density in the location of the discharge is greatly in-
crcased relative to other cavity types. This allows the sclf-
ignition and strui;ﬂgﬁbrward~opcrﬂti0n of an atmospheric pressure 77
discharge in helium,  The advantages accruing from the use of

helijum as the support pas arc lower overall backgrournd spectrum,
higher metastable species encergy, and a more diffusc plasma

which is less prone to erratic movements and dislocations during

sample injection. The confipguration of the TH™ cavity is such

010
that the MIP is within a few millimeters of cither end of the
cavity, which permits siupler and more direct access to the dis-

4 charge. This arrangement climinates a multitude of sample trans -

port problems and improves the efficicucy of yadiation collection

\

from the plaswma.  The MIP iz more casily viewed in the axial
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direction, climinnting signal depgradation which is v|1c<;u11l(-r0(l
as the chamber wall, throupgh which radial obuervation must be
made, crodes with use.  The TMO10 cavity scems to allow more
efficient transfer of power to the discharge as cvidenced by
the lack of required cavity cooling apparatus. Finally, the
MJIP operates with support gas flow ratces which are economical
of Hle usage.

In the present studies excitation and kinetic temperatures
and the electron density were spatially profiled tosdefine some
of the principal opcrating characteristics of the helium MIP
at atmospheric pressure. Previously reported portions of this
work have indicated possible flow rate/power level trade-offs
for optimal signal generation, various éigna] gradients in the
MIP, and svugpgested reduction of the MIP cexcitation capability
by material injected into the plasmé from wall erosion(15-17).
More extensive reports have appeared which addressed the char-
acter of various low and high pressure microwave discharges (18-
24). In a number of cascs attempts to elucidate cxcitation
mechanisms and pathways in MIP's were presented. The material
presented here is meant to further characterize the atmospheric
pressure helium MIP without, at this time, proposing such mech-

anistic schecumes.

EXPERIMENTAL

The ™40 microwave resonant cavity, its tuning churac-
teristics, and our inert pas manifold system have been described
in detail) clawhere (8,15 17).  The optical systew imaged the
axially-viewed plasma, without magnification, on the e¢ntrance
s1it of an echelle monochromator(SpectraMetrics, Inc., Andover,
MA)Y which had been modificd for wavelength modulation aud wvas
motorized for scanuing. IEntrance and exil apertures were 50n
wide and 2004 high, The wonochromator was used in the single
channel mode with an EML 62568 photomultiplicr tube(EMI Gencom,
Plaipvicew, NY) with an 5-13% presponse.  The photoanodic current
was input to a microvolt amecter(Model 150, Keithley, Co.,

Cleveland, 0H) and recoyrded on a strip chart vecorder(lleath, Co.,




Eenton Harbor, MI). Condition:s employed here were similar -oam

rery-arlose to those routinely used for MIP-AES.  The chamber

used to contain the MIP was an approximately 3cm long scction
of quartz tubing of 3mm i.d. and S5um o.d. The tubing did not
extend outside the body of the cavity.

Applied power levels which are reported were taken as the
difference between readings of the forward and reflected vower,
both indicated on the generator nower meter. Clearly, ‘this
value is not necessarily the actual power dissipated in the
discharge; some is lost through radiation and impedance mis-
matching between the transmission lince and the changing reac-
tance of the plasma. However, the determination of thekpowcr
expended in the discharge would require substantially more
complex cxperimentation. An examination of recent litcerature
showed that no rceports thus far have attcmpted to define the
pover transferred solely to the MIP.

Data were taken at power levels from 60W to 350W. Previous
reports have examined the effect of applied power level on MIP
tenperatures and densities(]S—]?{) ‘ﬁata reported here are for
100W plasmos only. The paramerric profiles and treads at this
pever level arc typical of data at other power levels up to
about 2501W. It should be noted that since the TMOIO cavity
affords such high energy density in the MIP that the 100W level
reported here is cquivalent to much higher levels in other
types of cavities. Morcover, preliminary studies indicate
that applied power above 300W does not lecad to increased analyte
emission intensity, makes the MIP more difficult to control,
and sccevercely shortens the lifetime of replaceable components (15).

The cavity was wounted on a two-dimensional positioning

5/4

stand which allewed focussing of any point on the MIP face on N\

s .

the monochrowmatoy entrance apergture.  The spatial resolution S

. . " e C . . . o il

vas approximately 200pu.  Relative emission line intensities and n\//
A

Tine profile scans weve obtained across the fuce of the axially-
viewed plasma.  Only at lower power levels (below about 70W) is

the MIP ceylindrically symactrical with the plasma chawmber. In

all other cases the plasma does not reside in the center of the
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chamber along the axial dimencion, and is rudjully'nsymmctric
~in intensity. Although the plasma is relatively short com-

parcd to other types of MIP's it is not so short as to assumc
homogeneity in temperature and electron density along the

longitudinal coordinate. Since this study did not address

the nore difficult task of accurately wmeasuring intensitics —
“in—the-radialk.direction,~so-as..to._obtatn longitudinal profiles,
it must be kept in mind that the axially measured intensities
are averaged readings along the line of sight. The excitu-
tion temperatures were obtained from two thermometric species:

Fe analyte atoms and He support pgas atoms. Mcasuremcnts of '
the relative intensitics of well-documented lines of these
specics afforded tcﬁg%ruture determinations by the slope method. ‘6’
The thermometric specics used for rotational temperature
determinations was the C, molecule, obtained from injection of
a continuous flow of acectonc vapor. The electron density was
calculated from the width of the Stark-broadened 486.1nm ”B
line. Hydrogen is present in the MIP {rom organic impurity
components of the high purity He used, {rom cntrained atmos-
piteric water vapor, and {rom meterial croded from the chamber
walls, V
For tempcrature measurements it is clear that the values

obtained can only be as reliable as the values of the atomic
transition probabilitics which are used in the determinations.
These values arce reliably known only to about 20-25%. It
should be kept in mind that when working in plasmas suspected
to be far from thermodynamic cquilibrium, as this MIP is,
relative line intensity temperaturce determinations are at best
approximate. Conscquently, the absolute values of the tem-
peratures reported are of less significance than the profiles

and trends of these variables.

RESULTS ARD DISCUSST0N
Tt was observed in all experiments that as the flow rate

increcasced the center of the plasma moved closer to the chambea

wall. The chamber, which is continually ceroding at all power
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levels and flow rates, ‘apparently und011uyf increased crosion

at higher He input rates, cjecting more material into the MIP,
This effcect is suspected to occur because of ru]ntivbﬂw great- .- ;
er power absorption by the chamber wall at incicased {low rates.
Power absorption by the wall generally incrcases as the cavity
becomes detuned, so that a tuning dependence on input flow rate
might be inferred. Tt is suggested that this would be due to
an adversc change in the recactive load nature of the MID as
the flow rate rises, for cxample, through increcased {flow tur-
bulence. In any casc, the material ejected into the plasma
is transported out of the chamber through the MIP. The es-
tablishment of a route for the {low of material may then be
the causc of MIP stabilization on the wall. Alternatively,
the crosion of the chamber wall may lead not{to j—ﬁ‘s—;nlnaterial
injection into the MIP; but to increased production of charge-
carrying specics, the entrance of which into the MIP causes it
to stabilize at the region of their production. The obscrva-
tion of the attachment of the MIP ends to the wall, as evi-
denced by distortion of the normally symmetrical plasma, re- .
quires that species which are extractable from the chamber wall,
for cxample, Si, O/, H, 0, Al, B, N(depending upon the chamber
material used) always be considered in the characterization
of the M1P, '
In Figure 1 arc plotied the He excitation temperature

* profiles, TC(”C), at different flow rates of support gas for
a 100w He MIP.  The T (He) profiles at all flow rates cxhibit
the same overall shape. Tt is clcar that the lowest tempera-
tures arce at the MIP center.  (The MIP center is deflfined as
the visibly brightest spot of the plasma; its location is noted
on cach figurc.) There is a region external to the core of
the MIP at which TC(HC) is highest. The valucs of Te(Ho) at
the MIP center compare well with previously reported values.
The Jower TC(”C) at the plasma center might be the result of
cnergy loss to the crosion species in the plasma, or de-exci- :
tation of the He by thesc same species.  Further studics to

characterizc the specices present are necessary to support this
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view. The high values of TC(Hn) external to the MIP core tend T

to indicate that analyte excitation might be optimum outside

. . |

the MIP, lc(Hc) at all points drops as the {flow rote increasces., N

This trend may be due to a decrcase in species residence time

in the excitation volume as the flow rate incrcases. AL% 1his
W YTEA

occurs at the same time the plasma becomes more clongated a —_—
higher flows. The elongation of the plasma teads to support
the view that excitation species are being swept out of the
chamber. The total plasma volume remains approximately un-
changed. ,
In Figure 2 are plotted the excitatjon temperatures at
different flow rates, determined using Ye as the thermemetric
species, Te(Fc). The profiles arc hcarly flat across the
visible plasma core. Te(Fc) is lowesl cxternal to the core,
different in character to Te(He). As the flow rate riscs
the profiles rise at 21l points, also opposite the behavior
of Te(He). The temperaturce closest to the wall rises most
rapidly. There may be somec correclation of this risc with the
increasc wall crosion observed, but it is unclear at this timé] j‘
what it might be. These profiles would tend to indicate that
analyte excitation might be optimum at the plasma center.
Elcctren density profiles across the plasma face were
observed to be essentially flat. The values of the clectron
density obtained were between 1.0 x ]0]4cm'3 and 1.6 x 1014cm-3.
. A qualitative assessment of the ionization temperature
through the use of the Saha equation indicated T, valuus were
also esscntially unchanged across. the MIP.  The values estimated
werce rceasonably close to other reported values(25). VYurther
study is warranted for a quantitative asscessment of the ioni-
zation temperature.
" In Figure 3 are plotted the relative line intensity pro-
files for the Fe 371.99%nm ground state Jine aud the 287.234nm
nonresonance line (levels 42532.76cm—1 to 7728.071cm_]). The :

Fe was injected continuously into the MIP with a microarc

sampling device(8,26). 1t is observed that the profiles of .

the two lines are distinctly different in shape.  Av cach {low i

— s = et et e
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rate the maximum of the resonance line intensity is externial
to the MIP center and corresponds roughly with the peak exci-
tation temperature for He (cf. Yigure 2). 1In contrast, the
maximum of the nonresonance line intensity is approXimately ‘

at the MIP center.  The minima for cach profile are similarly

opposite in character. This behavior supgests that higher
encrgy levels of an analyte atom are hiphly populated in the
plasma core. The higher intensities of the resonance line
found external to the plasma core follow the TC(H(-), and this
fact scems to suggest diffcerent excitation mechanisms insidq
and outside the plasma core. If it is assumed, for example,’
that He metastables arc principally responsible for analyte
excitation ({from the ground state, at least), then the low
resonznce line intensity within the MIP might be duc to a
metastable gnenching by wall-erosion material; or there might
be some suprathermal mechanism in effect. This behavior is

st111l in the preliminary stages of examination. -

. Qhy Wlow

A1l of the,profiles decrease in magnitude at all points !
(

. . { TR
as the flow vate increcases. The amount of deccrease at any jlulfd"“1
spraific point is not dircectly correlated with the amount of o‘:ﬁé }J*ﬂ
flow ratce increasc. tHowever, a possible explanation for this - _)+;L

. . . . e [ fries

overall trend is a reduction of the residence time for all Lo

. . . . . - . IH T A

types of species involved in excitation as the flow rate in- < -
. .5:5&19‘“

creases, G )

| AU | i1 shev

The relative values of the line intensities at various A f

positions in the chamber and under varying conditions have not f;ﬁl)i’

v )t

been completely cexamined at this time. More extensive study i
-

7

in this direction is planncd and is expected to provide fur- .84
ther insight into the workings of this MIP, i
The wmarked differences in the values of the various tem-

peyaturce types at all points and among the profiles sugpests

strongly that the atmospheric pressure microwave discharge is
nonthernal,  The existence of a peaked TC(”C) profile with a | ]
mininum at the MIP center in contrast to the relatively feature-

less TQ(FC) profile is suspected to be due, at least in part,

to a greater effect of the chowmber wall crosion species on TC(Ho).
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This proposition is supgestive of different mechanistic paths
for cach species in the plasma.  However, {urther clucidation
of any plasmy cexcitation mechanism will require species pop-
ulation studies and ewmission line ratio studices.  Some progress
toward clarifying such a mechanism has been reported(22,23).
CONCLUSTONS

The atmospheric pressure He MIP gencrated in the TMO]O
cavity has been shown to possess rather complex temperature
and cmission intensity character in a chamber about three
times larger than the plasma volume. Wall effects on the MIP
probably quench the plasma core; however, other more complex

mechanisms may be in effect.
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FIGURE CAPTIONS

Figure 1: Excitation temperature profiles at diffcerent flow
rates.  Thermometric specices: e
AL 31.95 1/m
B. 3.00 L/m
C. 4.11 L/m
Chamber region occupied by MIP at specificd {flow rates:
a. 1.95 L/m o
b. 3.00 L/m
c. 4.11 L/m

Figurce 2: Excitotion temperature profiles at different flow rates.
Thermometric specices: Fe
A, 1,95 L/m
B. 3.00 L/m
C. 4.11 L/m
Chamber region occupied by MIP at specified flow rates:
a. 1,95 L/m
b. 3.00 L/m
c. 4.11 L/m

Figure 3%: Relative intensity profiles for Fe 1:
Al, B1, Ci1: 287.234nm

. A2, R2, C2: 371.994nm
A, 1.95% L/m
B, 3.00 L/m .

C. 4.11 L/m
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