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ABSTRACT 

Thermal processing of mixed wastes by plasma hearth vitrification 
requires optimization of and continuous monitoring of plasma hearth 
operation. A series of investigations utilizing emission 
spectroscopy has been initiated to characterize the plasma of a 96 
kW plasma hearth in order to determine optimum conditions for 
monitoring and hence controlling plasma hearth performance. 

INTRODUCTION 

In order to assist the national effort to develop plasma hearth 
vitrification of mixed hazardous wastes, Mississippi State 
University's Diagnostic Instrumentation and Analysis Laboratory 
(DIAL) has initiated a series of characterization experiments of 
a plasma hearth using a variety of process gases (argon, helium, 
nitrogen, and air). In particular, DIAL has employed four emission 
spectroscopy systems (a real time spatial imaging system; a 
scanning emission spectroscopy system; a multiwavelength emission 
absorption spectroscopy system; and a photodiode array emission 
spectroscopy system) to monitor and characterize the llcleanll 
plasma. These experiments are aimed at developing a multi-color 
imaging system as a continuous monitor of plasma torch performance. 
We report our initial efforts to determine optimum conditions for 
monitoring and hence controlling plasma torch performance. 

DIAL PLASMA HEARTH TESTSTAND 

The DIAL plasma hearth teststand is based upon a 96 kW, transferred 
arc plasma torch. The torch is mounted in a vacuum vessel through 
an electrically operated XYZ Gimbal mount. The peak operating power 
depends on the gas used for the plasma. The operational limits for 
DC voltage are 180 V to 550 V; and the current is operated at a 
constant value, selectable in the range from 72 to 200 amps. The 
plasma arc length can be varied from 2.5 cm to 25 cm, and is 
dependent on the supply voltage and the process gas used. The arc 
current and voltage, gas pressure, cooling water flow, and cooling 
water temperature are monitored and stored by a PC-based data 
acquisition system. Five optical ports are available for making 
optical diagnostic measurements. 

REAL TIME SPATIAL IMAGING SYSTEM 

Emission images of the plasma were taken using a standard 
monochrome television camera equipped to accept interference and 
neutral density filters. The images were digitized (to 256 grey 
levels), captured by a frame grabber PC board, and subsequently 
stored on the hard disk of the computer. The pictures are reduced 



DISCLAIMER 

This report was prepared as an account of work sponsored by an agency of the 
United States Government. Neither the United States Government nor any agency 
thereof, nor any of their employm, makes any warranty, express or implied, or 
assumes any legal liability or responsibility for the accuracy, completeness, or use- 
fulness of any information, apparatus, product, or process disclosed, or represents 
that its use would not infringe privately owned rights. Reference herein to any spe- 
cific commercial product, process, or seMcc by trade name, trademark, manufac- 
turer, or otherwise does not necessarily constitute or imply its endorsement, ncom- 
mendation, or favoring by the United States Government or any agency thereof. 
The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof. 



DISCLAIMER 

Portions of this document may be illegible 
in electronic image products. Images are 
produced from the best available original 
document. 



to 12 grey levels for presentation. 

Since shortly after the DIAL plasma hearth became operational, 
monochrome television images have been acquired at a number of 
wavelengths and for a variety of process gases, The interference 
filters [lo nm Full-Width-at-Half-Maximum (FWHM) bandpass unless 
otherwise noted] used for wavelength selection were centered at 400 
nm, 488 nm (5 nm FWHM), 520 nm, 760 nm, 855 nm, and 895 nm (long 
wavelength pass).  The gases studied were helium, argon, nitrogen, 
and air. 

In terms of overall intensity, the images varied over a factor of 
16,000 from the brightest (760 nm with Ar) to the dimmest (895 nm 
with He). As expected, nitrogen gas at 400 nm and Ar at 760 nm 
produced the strongest. images since these filters pass strong, 
discreet emission features of these gases. However, no pronounced 
emission was seen at 488 nm (an argon ion line) for Ar, or for any 
gas at 520 nm (a bright copper emission line). The lack os strong 
emission at 520 nm indicates that routine electrode wear is not 
readily observable with this instrument. Over all of the 
wavelengths, the argon plasma produced the most light, helium the 
least, and air was indistinguishable from nitrogen. At the longest 
wavelengths, blackbody emission from the graphite electrode could 
also be imaged. 

Fig. 1 presents representative spatial images of argon, helium, and 
nitrogen process gases monitored through a 760 nm interference 
filter. The distance between the end of the plasma torch and the 
graphite electrode was 13 cm. The graphite electrode‘s diameter was 
initially 10 cm; the graphite electrode is replaced when a series 
of experiments has reduced its diameter to about 8 cm. For each of 
these images, the plasma torch was operating at a current of 120 
amps. 

PLACE FIG, 1 HERE 

One of the strong points of this imaging diagnostic is its ability 
to show spatial gradients of the emission intensity, which should 
correspond to local electron temperature variations. For a nitrogen 
plasma, the brightest light comes from the exit of the torch body. 
But for an argon plasma, the strongest emission occurs in the 
center of the free plasma, and extends for a distance of 
approximately one quarter of the plasma length. For helium, the 
plasma emission is much more spatially diffuse. Moreover, there are 
hot spots that occur at seemingly random locations and that change 
location on a chaotic time scale. For all of the gases, the 
intensities vary over a factor of about 10 along the length of the 
plasma, indicating a temperature variation of approximately 2.3. 
Under optimal conditions (helium gas and 760 nm or longer 
wavelengths), variations of the blackbody emission along the 
graphite electrode of a factor of five, or a temperature variation 
of 1.6, could be observed. 

SCANNING EMISSION SPECTROSCOPY SYSTEM 

The basic elements of the scanning system are a 0.6-m monochromator 



with a 1200 groove/mm grating and a photomultiplier tube detector. 
At optimal slit settings, the system resolution is about 0.15 nm at 
a wavelength of 300 nm. A n  amplifier-discriminator and photometer 
provides a linear analog output signal from the detector. The 
system is interfaced to a 386-PC using a general purpose interface 
board. An analog-to-digital converter was used to collect the 
detector signal. Digital signals provided pulses for computer 
control of a stepper motor for scanning the wavelength. Typical 
scans used wavelength steps of 0.25 nm and ten data samples were 
taken for the signal average and the standard deviation at each 
wavelength position. Scanning from 200 to 600 nm took approximately 
six minutes. 

Emission spectra were recorded for nitrogen, air, argon, helium, 
and a mixture of argon and helium. The scanning emission 
spectroscopy system was placed on a table in front of an optical 
port, manually positioned to view the plasma without optics to 
focus on a particular region. The monochromator entrance slit 
opening was set at 565 microns for the width and about 8 mm for the 
height. The exit slit width was set between 50 and 100 microns for 
plasma torch operation on nitrogen, air and argon and between 100 
and 125 microns for operation on helium. 

Fig. 2 shows a representative spectrum recorded with the scanning 
system. With moderate resolution, the system was very useful in 
identifying the major emission lines. Without temporal resolution, 
the large fluctuations in the background emissions resulted in 
noisy spectra (see Fig. 2), and weak lines could not be separated 
from the background. The spectral features were found to be 
reproducible, but the relative intensities are not meaningful 
because of the scanning nature of the system and the temporal 
fluctuations of the plasma. 

PLACE FIG. 2 HERE 

The atomic carbon emission line at 248 nm exists in the spectra of 
all the gases though it is relatively weaker in nitrogen plasma. 
This carbon line (and the CN transitions) presumably come from 
vaporization of the graphite electrode. A l s o ,  copper lines were 
identified in the air plasma which could provide a signal for the 
monitoring of the electrode erosion. Several iron lines were 
spotted at times. The likely source of iron in the plasma is the 
torch vortex generator and these lines are possible candidates for 
use in a clean torch as an indicator of wear in the vortex 
generator. 

With nitrogen or air, the dominant emission comes from the CN 
molecule. Molecular nitrogen emission lines in nitrogen plasma are 
strong enough to be identified, but they are too weak to be 
definitely identified in air plasma without scanning a narrow 
spectral region in order to avoid the three intense CN bands. The 
359 nm CN band is overlapped by the 358 nm N,+ band, and the 388 nm 
CN band is overlapped by the 391 nm N,+ band. Further studies are 
planned with a higher resolution monochromator to resolve the CN 
bands in order to make measurements of vibrational and rotational 
temperatures. 



The argon plasma emission spectrum is quite clean although it 
contains intense background emission. All of the lines are easily 
identifiable as either neutral or singly ionized argon transitions. 
For helium plasma, the emission intensity is relatively weak. 

MULTIWAVELENGTH ENISSION ABSORPTION SPECTROSCOPY SYSTEM 

The multiwavelength emission absorption system (MEAS) is a general 
purpose spectroscopic instrument developed for diagnostic 
measurement of temperature and seed atom density of coal-fired 
magnetohydrodynamic flows (1) . The system consists of an 0.32-m 
monochromator with a 1200 groove/mm grating and a vidicon 
multichannel detector. An LSI-11/73 computer is used for data 
collection and control. The monochromator entrance slit was set to 
4 0  microns. The vidicon detector has an inherent bleed between 
channels limiting the spectral resolution to approximately 0.2 nm. 
The scans cover the wavelength range from 375 to 520 nm in nine 
spectral regions, each covering about 30 nm. Each spectrum of 512 
data points is recorded with an exposure of 1 to 2 msec using a 
system of an optical chopper to limit the exposure time and a 
shutter to isolate a single exposure. 

Time-resolved emission scans of the plasma torch operating on air, 
nitrogen, argon, and helium were collected using the MEAS system. 
The spectra were collected in sets of 50, spaced by 1 second. A 
200 mm focal length lens was used to focus a point of the plasma 
midway between the graphite electrode and the torch into an optical 
fiber for transmission to the detector system. Spectral features 
similar to those observed by the scanning emission spectroscopy 
system and by the photodiode array emission spectroscopy system 
were observed with MEAS, but with a few significant differences 
which are perhaps due to different torch operating conditions on 
different days or to isolating emission spectra from different 
portions of the plasma. 

For nitrogen plasma, the identified nitrogen plasma emissions arise 
from Nz', CN, and atomic nitrogen. But in addition, strong atomic 
nitrogen lines were seen that were not identified with the scanning 
system. The green copper lines were only rarely seen when the 
torch is operated on nitrogen. Fig. 3 shows the one spectrum in 50 
that recorded copper lines in the nitrogen plasma compared to an 
example of the other 49 spectra showing a complete absence of 
copper. The transient and random nature of copper emission in the 
plasma explains why it is difficult to readily observe copper 
emission with the imaging system. 

PLACE FIG. 3 HERE 

Operation of the plasma torch on air produces a similar spectrum, 
however, with much stronger CN emission. The strong atomic 
nitrogen lines at 491 and 493 nm are still present. The copper 
lines are present continuously in the air spectra. Fig. 4 shows a 
representative MEAS air plasma emission spectrum illustrating an 
optically thick spectral region at the N2+ and CN bands, and 
exhibiting the presence of iron and atomic oxygen lines. The 



oxygen lines (395 and 437 nm) could not be identified with the 
scanning system, but were easily seen with time-resolved 
multiwavelength spectral collection. 

PLACE FIG. 4 HERE 

Argon ion lines were not seen with the MEAS system, but above 470 
nm, neutral argon transitions were observed from high lying 
electronic states. The helium spectrum was much cleaner than that 
observed with the scanning system since an air leak into the vessel 
had been remedied. Some impurity lines are still seen, notably CN. 
The helium lines showed considerable variation in time. Fig. 5 
shows the time behavior of the intensity of two helium plasma lines 
clearly following the periodic adjustments of the gas flow rate. 

PLACE FIG. 5 HERE 

In a second set of experiments, the area detector capabilities of 
the vidicon detector were used to spatially resolve the plasma 
torch emissions. A 50 mm focal length lens was used to focus the 
plasma arc image directly onto the monochromator slits. At a 
magnification of approximately -1/16, the 10 cm separation between 
the plasma torch and the graphite electrode was imaged onto the 
detector with an inverted image height of about 6 mm, which nicely 
matched the available detector size. The image was split into 12 
tracks in the OMA scan. A single slot chopper blade was used to 
give an exposure time of one msec. Ten spectra were recorded at 
every wavelength step for a total spectral coverage of 370 to 520 
nm. Each spectra covers about 35 nm and a step of 15 nm was taken 
between each set. An entire scan took less than ten minutes. 

Figs. 6 through 9 illustrate some of the spatially resolved 
emission spectra. Fig. 6 shows the emission from a nitrogen 
plasma. The N2+ emissions C391.4 nm (0,O) bandhead] seen at the 
top of the arc is optically thick throughout the arc. CN emissions 
are seen just above the graphite electrode. A similar spectrum is 
seen for an air plasma, as shown in Fig. 7. Here an atomic oxygen 
line is seen in the upper half of the arc, and the iron lines are 
more prominent and stronger in the lower half of the arc. 

PLACE FIGS. 6 TO 9 HERE 

Fig. 8 shows argon plasma emission spectra. The argon ion line at 
435 nm is a strong signature above the continuum radiation and the 
neutral argon lines. Fig. 9 presents a representative helium 
emission spectrum that also illustrates the flash of a rich iron 
spectrum above the graphite electrode that was seen occasionally 
with all of the gas flows. Due to the relatively low temperatures, 
no helium ion lines are seen. The helium lines were visible only in 
the upper half of the arc, explaining the previously seen 
variations in helium line intensities with gas flow. The previous 
experiment viewed the plasma emission at a midpoint of the arc so 
that the changes in gas flow rates pushed the lines either in or 
out of the field of view. 

.-c.. - . _ _  ..... 



Figs. 6 through 9 clearly illustrate that the emission spectrum 
observed is a sensitive function of the portion of the plasma 
viewed by the detection system. Thus differences in the plasma 
emission spectra recorded by the techniques described in this paper 
are due in part to where the plasma was monitored and how the 
plasma was imaged onto the detection system. 

PHOTODIODE ARRAY EMISSION SPECTROSCOPY SYSTEM 

Time-resolved emission spectra for nitrogen, air, argon, helium, 
and argon plasmas were recorded using a 1024-channel silicon 
photodiode array detector system. Spectral resolution is provided 
by a low-resolution (0.156-m) spectrograph using a 1200 groove/mm 
diffraction grating. The spectral resolution is 0.12 nm/channel at 
400 nm. The signal is collected by a pickup lens and focussed into 
a fiber optic cable for transmission to the spectrograph. Back 
illumination through the fiber optic cable indicated that the area 
monitored was a 3.3 cm-diameter region centered 2.5 cm beneath the 
bottom of the plasma torch. Exposure times were 5 to 90 msecs, 
depending on the gas. Time-resolved spectra were recorded by 
storing individual spectra in separate files on the computer's hard 
drive, engendering a minimum delay of one to three sec between 
consecutive spectra. Recording several hundred emission spectra 
permits us to seek long term (multi-minute) variations in species 
intensity in order to attempt to correlate these with other 
operating parameters. 

Time-resolved emission spectra similar to that presented in Fig. 2 
were collected in the 336 to 462 nm region for a variety of process 
gases under different operating conditions. After data collection, 
a computer program was used to determine the maximum intensities 
within a selected wavelength region and tabulated the results as a 
function of data acquisition time. Fig. 10 shows the temporal 
variation in the intensity of different species present in an 85  kW 
nitrogen plasma. The plot at the top of Fig. 10 is of the 3 8 8  nm 
transition of CN. The middle plot in Fig. 10 is of the 391 nm 
transition of N,+. The bottom plot is of the 410 nm transition of 
atomic nitrogen. The periodic fluctuations in the intensity are due 
to the fact that in order to prevent the plasma torch current from 
"burning throught1 the electrode, the attachment point of the plasma 
torch is periodically moved by varying the gas flow rate, which in 
turn varies the voltage drop between the plasma torch and the 
graphite electrode. Fig. 10 clearly shows that the temporal 
fluctuations of N; and of N are very similar with a period of about 
90 secs. But these fluctuations are significantly different from 
those of CN. The magnitude of the intensity fluctuations 
significantly increases with increasing plasma torch thermal power. 
We have confirmed that summing the intensities over a selected 
wavelength interval produces the same temporal pattern as simply 
using the maximum intensity within a chosen wavelength interval and 
that the ratio of the intensities determined by the two methods was 
effectively constant. Thus, for qualitative interpretation of the 
results, there was no advantage gained by summing the intensities 
over a spectral transition rather than simply using the maximum 
intensity so the latter method has been adopted. Similar 
investigations have also been performed in the 642 to 753 nm 



region. 

PLACE FIG. 10 HERE 

The effect of plasma torch thermal power on the signal intensities 
has been investigated by- recording time-resolved emission spectra 
with constant 120 amp plasma torch current and with constant 200 
amp plasma torch current. Fig. 11 presents the relative change in 
intensity as function of plasma torch average thermal power and of 
wavelength. It is seen that change in intensity for CN and for N; 
is less than the I1averagel1 increase in intensity, while the 
intensity of atomic nitrogen in this wavelength region is a 
sensitive function of the plasma torch thermal power. This suggests 
that it may more advantageous to monitor atomic nitrogen as an 
indicator of plasma torch power than N2+ or CN. Caution should be 
used when interpreting the magnitude of the relative change in 
intensity: this figure was obtained from two randomly selected 
emission spectra; while it is expected that the trends are correct, 
the magnitudes may show some variation. Because of the spectral 
congestion, we are also investigating use of other spectral regions 
to monitor plasma torch power. 

PLACE FIG. 11 HERE 

Fig. 12 illustrates the effect of plasma torch power on the 
intensity of an Ar plasma. The plasma torch currents are again 120 
amps and 200 amps, as for Fig. 11, but the plasma torch average 
thermal powers are different because the operating voltage drops 
are different for different process gases. Again the CN transitions 
increase in intensity at a lower rate than the average rate of 
increase. As noted in the MEAS section, the increase in intensity 
in Ar is primarily associated with increased population of high 
lying electronic states of neutral Ar. The increase in background 
intensity with increasing wavelength may be attributed to increased 
blackbody radiation. The caveat with regard to the magnitude of the 
relative change in intensity described for Fig. 11 also applies for 
Fig. 12. 

PLACE FIG. 12 HERE 

SUMMARY 

We have initiated a series of experiments to characterize a llclean'l 
plasma in order to determine optimum conditions for monitoring and 
hence controlling plasma torch performance. O u r  preliminary results 
are presented here. Additional investigations as functions of 
plasma torch current, plasma torch-to-electrode distance, etc. are 
continuing. 
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FIGURE CAPTIONS 

Fig. 1. Representative emission images of plasma torch operating 
with argon, with helium, and with nitrogen recorded by real time 
spatial imaging system. 

Fig. 2. 
with air recorded with scanning emission spectroscopy system. 

Representative emission spectrum of plasma torch operating 

Fig. 3 .  Nitrogen plasma spectra illustrating the presence or 
absence of the green copper lines as recorded by the MEAS system. 

Fig. 4. Representative emission spectrum of the plasma torch 
operating with air recorded with the MEAS system. 

Fig. 5. Temporal variation of helium line intensities as recorded 
by the MEAS system. 

Fig. 6. Spatial distribution of nitrogen plasma emission as 
simultaneously recorded by the MEAS system. 

Fig. 7. Spatial distribution of air plasma emission as 
simultaneously recorded by the MEAS system. 

Fig. 8 .  Spatial distribution of argon plasma emission as 
simultaneously recorded by the MEAS system. 

Fig. 9. Spatial distribution of helium plasma emission as 
simultaneously recorded by the MEAS system. 

Fig. 10. Temporal fluctuations in intensity of a nitrogen plasma 
as observed by the photodiode array emission spectroscopy system 
for CN (388 nm), N; (391 nm), and atomic nitrogen (410 nm), 
respectively from the top to the bottom of the figure. 

Fig. 11. Relative change in intensity of 85  kW and 52 kW nitrogen 
plasmas as a function of wavelength as observed by the photodiode 
array emission spectroscopy system. 

Fig. 12. Relative change in intensity of 24 kW and 14 kW argon 
plasmas as a function of wavelength as observed by the photodiode 
array emission spectroscopy system. 



Fig. 1. Representative emission images of plasma torch operating 
with argon, with helium, and with nitrogen recorded by real time 
spatial imaging system. 
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Fig. 2. Representative emission spectrum of plasma torch operating 
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Fig. 3. Nitrogen plasma spectra illustrating the presence 01: 
absence of the green copper lines as recorded by the MEAS system. 



Fig. 4. Representative emission spectrum of the plasma torch 
operating with air recorded with the MEAS system. 
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Fig. 6. Spatial distribution of nitrogen plasma emission as 
simultaneously recorded by the MEAS system. 
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Fig. 7. Spatial distribution of air plasma emission as 
simultaneously recorded by the MEAS system. 
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Fig. 8. Spatial distribution of argon plasma emission as 
simultaneously recorded by the MEAS system. 
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Fig. 9. Spatial distribution of helium plasma emission as 
simultaneously recorded by the M E A S  system. 
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Fig. 10. Temporal fluctuations in intensity of a nitrogen plasma 
as observed by the photodiode array emission spectroscopy system 
for CN (388 n m ) ,  N; (391 nm), and atomic nitrogen (410 n m ) ,  
respectively from the top to the bottom of the figure. 
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Fig. 11. Relative change in intensity of 85 kW and 52 kW nitrogen 
plasmas as a function of wavelength as observed by the photodiode 
array emission spectroscopy system. 
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F i g .  12. Relative change in intensity of 24 kW and 14 kW argon 
plasmas as a function of wavelength as observed by the photodiode 
array emission spectroscopy system. 


