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1. Introduction.

A variety of diagnostic techniques 18 useful, perhaps essential, in studies of
plasmas -~ owing to (1) the wide range encountered in such varlables as temperature,’
particle denslty, and veloclty and (2) the deslrability of independent veriflcation
of measurements. Of many methods, we note briefly below aspects concerning spec—
troscopy, laser veloctmetry, and fnterferometry; laser fnduced fluorescence is
described (o more detafl.

Th.  Spectroscopy.

1. General Rewarks.

Classical spectroacopy (for example, through emission of line and continuum
radiation) enables the determlnation of temperatures to as low as about 9000K. With
the anaoclated assumptlon of local thermal equilibrium, particle densities become
detormined; llne broadentug methods permit independent measurements of electron density.
Where nonequilibrium exists or may be a factor, appropriate excitation temperatures may
be determined through, for example, the multithermal equilibrium model developed in
Ref. 1. At reduced temperatures the line and continuum radiation may become relatively
weak. Rotatfonal temperatures of molecular gases may be determined to the range of
6000K using Individual rotational lines (which requires a spectrograph of high resolving
power) or the integrated measurements of such lines concentrated about the band head
(Refa. 2,3). [Below about 3I500K thermocouple techniques may be employed (Ref. 4); the
time response of such (iuvasive) probes restricts thelr range of applicabflity ln
dynamlec arcs. |

pata acquisltion techniques which rapidly scan or trausverse the image of the
plasma across the entrance slits of a spectrograph, together with appropriate electronic
synchronization with respect to a base reference, permit the more or less instantanecous
determination of temperatures within dynamlc arcs (Refs. 5,6), such as are found in
clircult breakers.

fn most cases sufflcient clrcular symmetry in cross-sectlon exists so that Abel
fuverstou of the experimentally obtained integrated intensity distribution is warranted.
Procedures have been developed and applled to plasmas in which the cross-section ls unon
clreular (Refa. 7,8).

Plasma processing at high pressure, fnvolving the fateractlions of the plasma and
a flowlug medium, frequently may encounter cases in which hydrodynamic turbulence plays
an dmportant role. Local temperatures within such plasmas, incorporating the effects of
turbulence upon the radiation measurements, have been obtalned in Ref. 9.

2. Laser Induced Fluores -

Nere, a potentially ur diagnostics method for plasma chemistry is discussed -
the applleation of laser-induced-fluorescence (LIF). LIF has been applied successfully
to the study of combuation processes (Ref. 10), flames (Ref. 11), and low temperature
plasmas (Ref. 12). In each of these cages conditfons and requirements exist that are
similar to those in plasma devices: moderately high temperature Q 2000K), nonequi-
tibrium gas compositions, multitude of transient species, and a need for a probe that
doea not diaturh the dynamlcs of the process to be studied. We shall describe some
ealtent features of LIF as a diaguostic tool and then discuss some of its potential
applications {u plasma chemistry.

LIF orlginally was developed as a sensitive scheme for detecting minute amounts of
ahort -tived chemical specles 1a chemical dynamics studles (Ref. 13). It was recognized
that, In addition to lts sensitivity, this method can also yleld information on state
popularion discributlon, kinetics of energy transfer, and lifetimes of the radical
apecles.  In particular, much attention has been devoted to the Oll radical because of
fta lmporvant role played fo the combustion process (Ref. 14). Basically, the LIF
geheme consists of using a tunable laser to excite the electronic state of the species
(atom or molecule) under tnvestigation. For atoms, resonant fluorescence will be
ohaerved while the excited mslecule redistributes lts energy within the vibrational-
rotational manifold before eventually coming down to the ground state. The traunslition
to the pround state may be radiative or nonradiative depend ing on the quantum
effletency of the fluorescence process. For thisg reason most LIF was carried out with




atomic or diatomic species because of the ﬁ‘;h quantum yleld (and simpler energy
level structures). Observation of the emitted photons in the case of a radlation
relaxation then constitutes a detection of the presence of that specles. Because
the excitation process s highly selective,LIF can easily detect a small amount of
the desired radical within a very diluted mixture (Ref. 15).

Tn addition, (F the laser is tuned through the excitatlon gpectrum of the species,
a population distribution among the varlous eunergy states can then be deduced.
Assuming a Boltzmann type distribution bne can then infer the Internal temperature of
the species, which should be the same as the ULTE translational temperature. HMoreov
because of the spatial conherence of the laser, it Is possible to obtaln very fine
spatial resolutfon of this temperature - a very important plece of data in combustion
studfes. By pulsing or choppiug the laser beam it is also possible to obtain
temporally resolved temperature and coucentration Informatlon.

let us dincuss here the advautages of LIF as applied to the study of plasma
chemistry, in particular to plasma processing and to the diagnontics of high current
Intercupters. As compared to classical emissfon methods, LIF affords a much higher
sensitivity and can be applied at much lower tempevatures. For visible emission from
a placma temperatures greater than abont 6000k, and reasonably hipgh ;nncentrﬂtlnn
of the specles, are necessary. LIF hag detectability Limits In the 10"em=) concen-
tration region and can identify a species in dilution as low as [ part in 107. In
addition, the fnitial plasma temperature is fInconsequential to the LIF signal whereas,
for emisslon measurement, a high temperature is required in order to have sufficient
population In the excited states. The advantages of LIF in the diagnostics of curren
lutecrupters during the current zero and recovery reglon are, therefore, obvious.
Morcover, in many plasma processing applications, translent species need to be
identified and the reaction kinetics need to be understood. In cases where temperatures
are not high enough to produce sufficient visible fluoresceuce, LIF will be the only
possible dlagnostic tool. These advantages make LIF a very attractive tool for plasw
diagnostics.

There are potential disadvantages and difficulties In LIF, however. Flrst, with
respect to classical methods, the technique requires a more elahorate set-up and
considerable capltal expenditure (involving lasers aond data acquisition lnstrumentation).
Aside from the cost factor, there Is also the meed for basic spectroscopic data for
the speclies under study. While atomic data are abuudant, electronfc spectra and
Finstein A corfflcients of many dlatomic radicals and molecules are not so well
eatablished (Ref.16). Considerable effort has been devoted to species of Interest In
combustlon processes (e.g., ON), while specfes such as SF, important in SFg clrcult
breakers, are not too well known; Ffurther studies are needed in this area. "

For SFg plasmas, it has been eatimated (Ref. 17) that at 10,000K only S, F, F-, ¢
are present. As the plasma cools to 2000 K (as s typical in actual situations),
speclea such as SF, Sy and Fy hegln to_form, with §F being predominant. For SF the
first electronic excited states are A 2H3/ and AZA"1/7 lying m25,000cm"1 above the
ground state. The spin-orbit splitting o% the ground state is about 40tem b (Ref. 1.
The electronic excitatfon for S; and F; occur at higher frequencles, at 3!,8]5cm’1 an
34,500cm™ ), respectively. These frequenciea are all accesslible by common dye lasevsa,
This particular example of an SF. circult breaker Is particularly suited for study
by LIF. In principle, the concentration of various species can be monitored by LIF
as a function of time during the current interruption cycle.
1T, Laser Velocimetry.

By making use of the coherence properties of the laser a preclrely definable gria
can be formed in space. The velocity of particies (or scattering centers) that cross
this configuration ts determined through (1) the frequency of the scattered light and
(2) knowledge of the grid (fringe) spaciug. Velocities to several kilometers per
aecond (aa occurs in such devices as gas blast clircuit breakers) can be measured with
this technique. Laser velocimetric methods have been applied to measurements of the
flow fleld in the exhauat of plasma torches as well as within the column itself (Refs.
4,19,20), and of the turbulence intensity within a torch (Ref. 19).

Laser veloclimetry 1s not without constralnts: (1) the method is (moderately)
fuvanive, requiring the presence of scatteriopg centers or particles, (2) owing to
drag forces, unelther the velocity nor the trajectory of the particle generally will
be the same as that of the surrounding fluld; appropriate model fng, (Ref., 21) can
account for these effects as well as the additional, dynamle changes ln the size (and
tn the mot fon) of particles lmmersed in a high tempetature environment (c.g., the
ptasma; Ref. 22), and (3) the presence of tiurbulence and of high acceleratton (as in
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nozzle flow) and high velocity fields can place severe restrictions upon the size
of particles that are used to follow the local motions (Ref. 23).
Iv. Interferometry.

Upon passing through a plasma or {ts heated euvirons (e.g., the thermal
boundary layer surrounding column), light is primarily phase shifted (the attenuation
and reflection befug small) - the shift depending primarily upon the particle density
(Ref. 24). The phase shift is assoclated with the local index of rafraction
(assoclated with particle density and temperature), expressible - in terws of
parameters of the plasma and of the wavelength of the laser - through the dispersion
relation. Through the colierence and relative monochromacity of the laser, laser
interferometry has rapidly become accessible as a dlagnostic. For example, temperatures
in the range from room to plasma levels can be measured with this technique. Perhaps
the simplest artangement is that of differential interferometry employing the Wollaston
prism (Ref. 25). Here, light fncomiog to the prism (and linearly polarized at 45°) fis
split into two components which emerge from the prism with a small angular separation
and a phase difference. The interference fringes formed in the image plane are
associated with gradients of the index of refractions (or of particle density or
temperature) in the object plane (e.g., the plasma). With double exposure or real-
time holographic Interferometry (Ref. 26) the local value of the index of refraction can
be obtained. Cousidering, for example, the double exposure method applied to the case
of an arc Immersed in a Flowing medium, the fi{rst hologram would be obtained under the
reference, cold flow conditions (i.e., in the abseunce of the plasma). With the plate
as yet undeveloped, the second hologram would be recorded with hot flow operation.
Following development of the plate and its illumination, the result would produce an
{nterference pattern that describes the effect of the plasma upon the flow. In toth
cases Abel inversion of the resulting futerferograms may be required to determine the
distribution of temperature (Ref. 27). [t should be noted that the presence of
curbulence tends to obliterate the fringe patteran.
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