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IONIC AND NEUTRAL REACTIONS IN GLOW DISCHARGES 
OF A He-SOrCO MIXTURE 

by 

D. G. Kuehn, 1 S. E. Khalafalla, 2 and L. M. Chanin 3 

ABSTRACT 

Mass spectrographic studies have been conducted on the positive ions and 
neutral species of glow discharges containing 1.0 pct S02 and 1.0 pct CO in 
helium. Measurements were conducted for gas pressures from 3.5 to 10.1 torr 
using both de and 60-Hz ac excitation. The ion species that were observed 
included s+, so+, SO~, o+, 0~, c+, co+, and CO~ with lesser amounts of so:, 
(CO)~, sco+, and (SO·CO)+ or CS~. Interpretation of the functional depen­
dence of the various ionic and neutral species on pressure and applied power 
showed that CO reacted with the SO formed in the discharges to produce CO2 and 
sulfur. Deposition of elemental sulfur was observed in the plasma container. 

INTRODUCTION 

In 1970, the Bureau of Mines initiated an investigation to examine the 
plasma properties of sulfur dioxide. The work was undertaken to determine if 
opportunities existed for developing electrical methods for reducing sulfur 
dioxide pollution from industrial waste gases. The basic experimental method 
involved the application of ion and neutral samp l ing techniques to active 
glow-discharge plasmas. Initial studies were conducted on He-S02 mixtures, 
and the results of this phase of the investigation were given in a previous 
report (1), 4 One of the major conclusions was that an appreciable dissocia­
tion of S02 occurred within the active discharge. Subsequent studies con­
firmed the dissociation interpretations, and measurements made with a neutral 
analyzer enabled estimates to be made of the degree of dissociation (i) , It 
is believed that the major dissociation process is X + S02 - SO + 0 + X, where 
X represents an electron, ion, or possibly an excited particle of S02 or the 
buffer gas He. Following this phase of the study, measurements were made to 
determine the lifetime of the highly reactive SO molecule. If SO were suffi­
ciently long-lived, it might be possible to have it react with another gas 

1 Physicist. 
2 Research supervisor. 
3 Research physicist (also professor, Department of Electrical Engineering, 

University of Minnesota, Minneapolis, Minn.) 
4 Underlined numbers in parentheses refer to items in the list of references a t 

the end of this report. 
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constituent such as CO to form CO2 and elemental sulphur. Estimates of the SO 
lifetime indicated the feasibility of this reaction; hence, measurements on a 
mixture of S02 , CO, and He were undertaken by the Bureau of Mines. 

APPARAWS 

The apparatus and techniques essentially were similar to those used in 
previous studies of He-S0

2 
mixtures Q-~). Briefly, discharges were created 

in a 130-cm-long by 2.5-cm-ID cylindrical Pyrex5 tube. A sampling orifice 
(30~ diameter) in the wall at the midpoint of the tube allowed ions as well as 
neutral gas molecules to effuse from the discharge. The ions were analyzed 
directly using a 20-cm quadrupole mass spectrometer; the neutral gas molecules 
were ionized with an electron gun and then mass-sampled with the same spec­
trometer. During measurements, the stainless steel housing that contained the 
quadrupole was maintained at pressures less than 5 x 10-5 torr by means of a 
3-in oil duffusion pump. 

For the present studies, the mixture of 1.0±0.05 pct S02 and 1.0±0.05 pct 
CO i n He was contained in a 3-liter stainless steel cylinder. The gas flow 
rate was 0.7 cm3 sec-1 during all measurements. Direct-current discharges were 
maintained using a separate power supply for each movable, aluminum-alloy 
electrode, so that the wall potential at the midpoint of the tube was roughly 
15 V. The wall potential at the midpoint of the tube was a measure of the 
velocity of the ions effusing from the orifice. Sampling from an active dis­
charge was conducted only in the positive column. 

Stable discharges also were created using corrnnon 60-Hz ac excitation. 
When ac power was used, the leads from the electrodes were disconnected from 
the de supplies and then reconnected to the apparatus shown in figure 1 . The 
step-up transformer had a rated maximum of 15,000 V for a nominal input of 
120 V ac. A digital voltmeter (DVM) and an arrnneter (A) were used to monitor 
the primary voltage and current, respectively. A Hall-effect wattmeter (W) 
was used to monitor the primary power since it was believed that applied power 
would be a better corrnnon parameter than voltage or current when attempting to 
compare the relative efficiency of two different types of excitation. Studies 
of the waveforms at the electrodes were made using an oscilloscope (CRO). 
Owing to the varying plasma potentials, no attempts were made to sample ions 
directly from ac discharges. Mass sampling of the neutral species was con­
ducted in the same manner as that of the de case. To prevent the emergence of 
high-energy (>100 eV) ions from the orifice, which could interfere with the 
neutral measurements, the center tap of the transformer was grounded to main­
tain the wall potential at the orifice near ground. 

6 Reference to specific products does not imply endorsement by the Bureau of 
Mines. 
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FIGURE 1. - Schematic drawing of apparatus for ac-powered discharges. 

EXPERIMENTAL RESULTS 

Ion Species 

Figure 2 is a bar graph representation of a mass scan for a de discharge 
current of 9 mA at a pressure of 5.1 torr with both the anode and cathode 
located 33 cm from the sampling orifice. Since the probability of the forma­
tion of multiple-charged particles was extremely small in the low-energy 
plasmas, the abscissa is labeled in units of mass rather than mass per charge. 
The species at masses 16, 32, 48, 64, and 80 are associated with 32 S(1 6 0)

2 
and 

were identified during previous studies as o+, s+ or ot, so+, SO~, and so;, 
respectively (1). Other than the peak at mass 16, each of these peaks had an 
isotopic counterpart due to species containing 3 4 S. The strong signals at 
masses 28 and 44, which corresponded to co+ and cot, respectively, had not 
been evident in He-S02 discharges. The contribution of~. from minor air 
leaks, to the mass-28 signal was estimated to be approximately 1.0 pct. The 
appearance of cot indicated that CO, which is quite stable against dissocia­
tion in a discharge (l, ~), reacted with dissociation fragments of the S02 • 

This conclusion will be discussed further in later sections of this report. 
Minor peaks at masses 12, 56, 60, and 76 are believed to be due to c+, (CO)t, 
cos+, and (SO·CO)+ or CS~, respectively. The presence of these species in 
minor amounts indicated that their formation was not a major effect within the 
discharge. The remaining signals were the result of minor air leaks. No He+ 
or H~ ions were observed with this mixture. 

Dependence of Ion Species on DC Discharge Current 

Striation6 phenomena were cormnon in the He-S02 -CO mixture. Comparison of 
absolute signal strengths was difficult since the energy of the effusing ions 
shifted with the moving striations. Hence, the peak heights were normalized 

6 The positive column of a discharge frequently exhibits regular bands of lumi­
nosity that may be either moving or stationary. These striations are 
related to fluctuations in electron and ion concentrations as well as the 
electric field. 
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FIGURE 2. - Ionic mass spectrum of 1 pct 502 and 1 pct CO in helium. Pressure was 5.1 torr, 

discharge current was 9 mA, and sampl i ng position was 33 cm from cathode and 

anode. 

by a factor~, which is the sum of all the signals due to sulfur-bearing spe­
cies. Although individual peak heights and the total ion signal may change in 
the He-SO2 mixtures, ~ remains relatively constant even when the discharge 
current varies. 

Figure 3 depicts the dependencies of the major ion signals on discharge 
current for a pressure of 5 . 1 torr. A series of measurements made at 3.5 torr 
gave results analogous to those shown in figure 3. From the figure, it is 
apparent that the dependencies of the various species fall into two main cate­
gories: (1) Decreasing, or (2) increasing with current. The ions so; and so;, 
members of the first group, behave as they did under similar conditions in a 
He-SO2 mixture. However, with CO present, the magnitude of both species is 
lower, especially for currents up to 15 mA. Thus, one concludes that SO2 must 
be dissociating as in mixtures with no CO present, but seemingly to a greater 
extent. Also, the so+ signal has a current dependence in the tertiary mixture 
that is the inverse of the current dependence found in mixtures with no CO. 
Apparently, there is an additional loss mechanism for SO. 
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In the second category, s+, o+, and ot have dependencies similar to those 
observed previously although their signal amplitudes are now greater. Contri­
butions of s+ and ot to the mass-32 signal were estimated using isotopic 
abundance ratios. The increase in cot with current is readily explained if 
CO2 is formed from the dissociation fragments of other molecules and if the 
net CO2 loss has a dependence on current (I) that changes more slowly than 
1/I. A plausible explanation for the rise in co+ is not as straightforward 
and must be based on observation and known facts. To preserve charge neutral­
ity in a discharge, the number density of positive ions must be equivalent to 
the density of electrons. Thus, the total ion signal will increase linearly 
with discharge current if all other parameters are held constant. However, 
the observed ~ increases only slightly with current under quiescent conditions. 
This effect is due presumably to the deposition of sulfur compounds and to the 
fact that other sulfur-bearing products of S02 -dissociation in the discharge 
have smaller collisional cross sections than that of the parent molecule. The 
increase in total ion signal with current is therefore provided by species 
such as co+, o;, and o+. There also will be a significant amount of co+ due 
to dissociative ionization of CO2 , which should increase with current. On 
this basis, the increase in co+ with current may be explained. 

Dependence of Neutral Signals on DC Discharge Current 

Figure 4 represents the functional dependence on de discharge current of 
the major peaks in the mass spectrum that are produced by ionizing (with the 
electron gun) the neutral species effusing through the sampling orifice. The 
discharge parameters were the same as those in figure 3. Not only did the 
neutral signals depend strongly on the current (and pressure) but also on the 
discharge duration. The data presented in figure 4 were taken after the dis­
charge had been active for at least 1 hr and had reached steady state. The 
short-term time effects will be discussed in a later section. Owing to the 
effects of variables such as collisional cross sections and multiplier 
response, the absolute magnitudes of the various species can be quite differ­
ent. Thus, for purposes of representation, the co+ and c+ signals have been 
scaled down by factors of 100 and 10, respectively. This does not affect the 
data interpretation since only the relative change in each signal is important. 
The ion o+ has been omitted from the figure since it can be created from so 
many of the neutral species that interpretation of its dependence is 
unmanageable. 

Several of the observations made for the ion species have analogs in the 
neutral spectrum. The level of S02 dissociation is greater in the presence of 
CO, especially at lower currents. For example, the sot signal at 8 mA corre­
sponds to 75-pct dissociation; under similar conditions in an He-S02 mixture, 
only 60 pct of the S02 had been removed. However, power requirements and bulk 
gas temperatures were less than 10 pct higher in the tertiary mixture. Also, 
the signal for mass 32 (s+ and ot) is significantly larger. Because of a back­
ground peak at mass 34, it was not possible to determine the contributions of 
s+ and ot to the 32 pea~ by use of isotopic abundance ratios. 
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In the first analysis of the data, the percentage of CO consumed appeared 
to be less than the percentage of S02 lost. Taking the 8-mA data as an 
example, calculations indicated that 50 pct of the original CO concentration 
had been apparently lost. Howeve r, co+ may be formed in the n~utral analyzer 
region by two separate processes: 

(a) 

and 

where eA represents a 70-eV electron produced in the analyzer. If one CO2 
molecule is formed for every CO molecule lost, the observed signal may be cor­
rected for the reaction S contribution using the known cross sections of the 
two reactions (1)- Following this procedure, the corrected co+ signal at 8 mA 
represents a 70-pct CO loss, which is equivalent to the S02 dissociation level 
within experimental error. Since the c+ and co+ signals have essentially the 
same dependence, the presence of large quantities of other carbon-bearing spe­
cies in the discharge volume is precluded, and the previously stated assump­
tion appears reasonable. 

The CO~ signals at 8, 16, and 20 mA correspond to partial pressures of 
approximately 3. 7 X 10-2 

, 2.7 X 10-2 , and 1.8 X-10-2 torr, respectively. 
These partial-pressure values were determined during calibration studies using 
an He-S02 -C02 mixture. Since the initial CO and S02 partial pressures were 
both 5.1 X 10-2 torr, the amount of CO2 at, for example, 8 mA agrees well with 
the observed 75-pct CO and SO loss. The decline in the CO~ signal at higher 
discharge currents indicates that this species also dissociates under more 
energetic plasma conditions. Such dissociation accounts for the difference in 
the quantity of CO2 formed as compared with the CO and S02 loss. 

Time Dependence of Neutral Signals 

As stated previously, the various signal amplitudes from neutral species 
exhibited at early times a strong dependence on the duration of the discharge. 
Figure 5 represents a time study including predischarge and postdischarge 
periods, as well as the active state. The point at which discharge was 
created is labeled ''ON," and the extinction point is labeled "OFF." The pres­
sure was 5.1 torr, and the regulated current was 16 mA. The co+ and cot sig­
nals were scaled down by a factor of 200 and 3, respectively. 

The discharge tube was evacuated for an extended period prior to the 
introduction of the He-S0

2 
-CO mixture. After the gas was introduced and the 

desired pressure was reached, various neutral signals continued to increase 
for approximately 200 min. The discharge was not initiated until these sig­
nals had reached steady-state values . The final 40 min of this conditioning 
period are represented between time zero and "ON" in figure 5. It is believed 
that this temporal variation in the neutral signals is due to the chemisorp­
tion of S02 and CO on the various metallic surfaces of the system, most not­
ably the electrodes and their accompanying shields, that had outgassed under 
the vacuum conditions . 
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FIGURE 5. - Time dependence of signals produced from various neutral species before, during, 
and after an active discharge, Pressure was 5.1 torr,discharge current was 16mA, 

and sampling position was 33 cm from cathode and anode. 

Following the creation of the discharge, the sot and so+ signals dropped 
rapidly, and CO~ was produced that reached a peak value equivalent to a par­
tial CO2 pressure of approximately 6.2 X 10-2 torr. Part of this CO2 rise may 
be explained by the outgassing of the heated electrodes . This co+ signal did 
not exhibit as sharp a decrease as did the sot because of contribution from 
CO2 in the analyzer via reaction ~ - After a few minutes, all signals gradu­
ally decreased, reaching equilibrium 40 min later. The S02 and CO steady­
state concentrations corresponded to removal levels of 80 pct each (CO cor­
rected as described in the preceding section), and the equilibrium partial 
pressure of CO2 was approximately 3.6 X 10-2 torr. 
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The formation 
of products (for 
example, elemental 
sulfur), which are 
removed from the 
plasma volume by 
precipitation, are 
associated with 
these time effects. 
In addition to vis­
ual deposits on the 
walls of the dis­
charge container, 
the behavior of the 
neutral signals in 
the postdischarge 
period support this 
concept. Slowly, 
all signals return 
toward their orig­
inal levels over a 
time period compa­
rable with that 
expected to replace 
the volume of gas 
in the discharge 
tube at the given 
flow rate . 

Figure 6 
shows the behavior 
of co~, so~, and 
so+ signals in the 
first 30 sec of a 
series of dis­
charges. In each 
case, the spectrom­
eter was main­
tained on a single 
mass peak while 
the plasma was 
created. The 
parameters are the 
same as those for 
figure 5, although 
conditions were 
such that chemi­
sorption affects 
were minima1. 
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After sharp changes during the first few seconds, the signals remain rela­
tively constant, with t he sot signal corresponding to approximately 50 pct 
dissociation. The so+ to sot ratio does not increase significantly as it did 
in the binary mixture. Th i s also provides evidence for the additional SO loss 
mechanism in the presence of CO. Of course, the so+ to sot ratio is higher 
once steady state is reached, but it would be naive to assume that there is no 
SO present at equilibrium. 

Neutral Sampling in the Postdischarge Region 

A brief study was conducted to compare removal levels in the postdis­
charge (downstream) region with those in t h e active plasma. This type of com­
parison is important for the development of any practical application. The 
resulting neutral current signals are summarized in table 1 . 

TABLE 1. - Signals produced from neutral S02 , CO, and CO2 in the 

predischarge, active, and postdischarge regions 

Species Neutral signal in each region arbitrarv units) 
Postdischarge Active Predischarge 

so; .. ... . . ....... .. 4 2 16 
co ........... . .... 25.5 X lif 17 . 5 X 1a2 33 X 1a8 
cot ... . .... . ..... . . 35 32 12 

The active measurements were made at the center of the positive column 
(33 cm from cathode and anode) for a current of 16 rnA. The predischarge data 
were taken at the same sampling position before the discharge had been fired, 
but there is no reason to suspect that these observations would not be equiva­
lent to any made upstream of the discharge. In the postdischarge case, the 
sampling position was 8 cm behind the leading edge of the cathode. In all 
three cases, the pressure was 5.1 torr, and the flow rate was 0.7 cm3 sec-1 

The S~ and co+ signals for the active case correspond to removal levels 
of 75 pct and 73 pct (corrected), respectively. The postdischarge data show 
60-pct losses for both species. Carbon dioxide formation corresponds to par­
tial pressures of approximately 3.3 X 10-2 torr in the active case and 
3.7 X 10-2 torr in the postdischarge region. Since the signals for all spe­
cies were higher downstream, recombination reactions occur (to some degree) 
outside the plasma. It is apparent that processes within the discharge act as 
an effective removal mechanism for both S02 and CO. 

Temporal effects were evident in the postdischarge sampling position. 
The "conditioning" period was again 200 min from the time the gas was intro­
duced into the tube. However, just after the gas was introduced, the signal 
was smaller than it had been when the sampling position was upstream of the 
cathode, and therefore the change in signal with time was greater. This is 
understandable since the gas stream had to flow over two chemisorbing elec­
trode surfaces to reach the postdischarge sampling position . After the dis­
charge was fired, all the major signals rose dramatically to the point where, 
for example, the S02 signal was larger than ever observed at 10 torr without a 
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discharge. These 
large signals were 
accompanied by a 
rise in gas pres­
sure from 5. 1 to 
5.4 torr and 
occurred just as 
the wall tempera­
ture near the 
cathode reached a 
maximum. Thus, 
the absorbed gases 
were desorbing 
from the now 
heated electrode 
surfaces. The 
signals gradually 
decreased over a 
2-hr period to 
normal equilibrium 
values (table 1) . 

Alternating-Current 
Discharges 

The amount of 
S02 removed per 
unit of applied 
power and the type 
of power employed 
are important 
aspects of these 
studies. Although 
de is useful in 
laboratory measure­
ments, it is expen­
sive and impracti­
cal in large-scale 
use. Thus, a 
study was-conducted 
with connnon 60-Hz 
ac excitation, 
utilizing the 
equipment described 
in the "Apparatus" 
section. Figure 7 
represents neutral 

FIGURE 7. - Signals produced from various neutral species as a function signals at a pres­
of applied ac power. Pressure was 10.l torr, and sampling sure of 10.1 torr 
position was 33 cm from cathode and anode. with sampling 
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position 33 cm from the anode and cathode. The power consumed by the step-up 
transformer, with no load a cross its secondary, was measured, and the abscissa 
in the figure was corrected for these losses. 

The ac discharges we re of comparable efficiency with respect to S02 
removal. The data (fig . 7) show that 50 pct and 60 pct of the S02 was disso­
ciated for 10.5 and 15 W, respectively. Under the same conditions but with 
de excitation, the S02 losses were 60 pct for 12.3 Wand 75 pct for 22 W. At 
any given quantity of applied power, the ac discharges had wall temperatures 
25 pct lower. Thus, more energy is used to heat the bulk gas in the de case. 
With ac excitation, the level of CO removal appeared slightly greater than 
that for S02 • As seen in the figure, the c+ signal closely follows the co+ 
signal, which precludes the formation of significant quantities of carbon­
bearing species other than those shown. Temporal effects, which account for 
the large error bars on the co; signals, were again evident. 

Effect of Pressure on CO2 Formation 

Relative CO~ signals (normalized by the signal for no discharge) as a 
function of the percent S02 reacted are shown in figure 8. Use of this vari­
able in the abscissa eliminates the effects of all parameters other than gas 
pressure if (1) the flow rate is held constant and (2) the mechanism of S02 
dissociation is not altered greatly by changing pressure. The constant-flow­
rate condition was met by experimental technique, and the previous studies in 
He-S02 mixtures showed that the S02 dissociation mechanism is not altered 
greatly by changing pressure. The right-hand ordinate (fig. 8) is labeled in 
units of CO2 partial pressure. The CO~ signal does not depend linearly on 
partial pressure; this was due to system response and is also true for SO~ and 
co+ signals produced from neutrals. Taking the 75-pct S02 removal level as an 
example, when the pressure is doubled, the amount of CO2 produced also is 
doubled (to within experimental error). The dashed curve represents values 
that may be predicted for 5.1 torr using the 10.1-torr data as a standard and 
assuming that the CO2 formation depends linearly on pressure. This is in good 
agreement with the actual 5.1-torr data. The apparent maximum in the experi­
mental curve is due to the dissociation of CO2 at higher currents (that is, 
higher percentages of S0

2 
reacted), as was explained in a previous section. 

Deposits Observed 

During studies involving He-SO] mixtures, deposits consisting of white, 
polymeric polysulfur peroxide ( [ Sox n, 3~ X ~4) and minute amounts of ele­
mental sulfur formed on the inner walls of the discharge tube. Using the 
He-S02 -CO mixture, a yellow substance appeared at the cathode end of the tube, 
but little, if any, of the polymeric compound was observed. Analysis of scan­
ning electron microscope micrographs and secondary electron emission spectra 
showed that the yellow material was more than 99-pct-pure sulfur--in the 
rhombic form. Figure 9 is a photomicrograph of a sample of the deposits 
magnified 300 times. 
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FIGURE 9. - Photomicrograph of a sample deposit (X 300). 
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INTERPRETATION OF RESULTS 

The appearance of co+ in the ion measurements was to be expected from the 
presence of CO in the discharges. The observation of co; implied that CO must 
have reacted with dissociation fragments of another component of the He-S02 -CO 
mixture. With CO present, the observed decrease in the so+ signal, as a func­
tion of current, also implied an additional SO loss process. If the average 
electron energy increased when CO was present in the mixture, this could · 
explain the decrease in so+ due to dissociation . However, it is unlikely that 
the addition of CO could cause such an effect because the electron energies 
will be determined primarily by S02 and not by CO. Data given elsewhere 
(1, 2) indicate that this would be true in a He-CO-CO2 mixture. Moreover, the 
addition of CO had little effect on power consumption and bulk gas tempera­
tures at a given discharge current, which also implies little change in elec­
tron energies. 

The following reaction would account for the results observed in the ter­
tiary mixture: 

SO+ CO ➔ CO2 + S. (1) 

The qxide SO is a primary dissociation product of S02 via 

X + S02 ➔ SO+ 0 + X, (2) 

with X representing an electron or possibly an excited molecular state. Since 
Sis one of the products, reaction 1 also accounts for the larger observed 
signals of s+ and the mass 32 in the neutral spectra. Moreover, the observed 
deposits were in the form of elemental sulfur rather than sulfur-oxygen com­
pounds, as had been true in He-S02 mixtures. With CO present, the observed 
S02 signals and the SO~ and so; current signals are reduced in comparison with 
their values in the binary gas mixture. This may be explained since an equi­
libriwn exists between reaction 2 and any chemical processes that form S02 , 

such as 

(3) 

or SO + 0 + M ➔ S02 + M, (4) 

where Mis a third body . Hence, any additional loss mechanisms f or SO tends 
to raise the S02 dissociation level, and thereby reduce the signals that 
result from S02 • 

Although reactions such as 

CO* + CO ➔ CO2 + C (5) 

and CO + 0 + M ➔ CO2 + M, (6) 

where CO* is an excited state and Mis a third body, may take place in the 
discharge, they do not account for the observed behavior of the sulfur-bearing 
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species. If reaction 5 was a major process, one would not expect the neutral 
C signal to follow the dependence of the CO signal, nor that the amount of C~ 
produced would compare with the amount of CO consumed. Reaction 6 implies 
that the amount of CO2 produced would more than double as the pressure is 
doubled, which again was not the case. Thus, these processes are not of major 
importance within the discharges. However, reaction 6 most probably accounts 
for the slightly greater removal levels of CO (compared with SO2 ) in ac dis­
charges, since this behavior was observed at higher pressures where three-body 
processes become more important. 
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