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-~ ABSTRACT -
/

\Sba The report summarizes the work parformed under ARPA contract No:
{

\g
588-3«29hl,- [NON-4596(00)] during the period December 1, 196L to May 31,

1965,

The effectiveness of various eiectronegative gases (02, €02, NO, SFe,
Ha0), as & means of reducing the ionization in plasma flow fields (nitrogen
plasma) are sxperimentally investigatéd and compared. In the thermal
condition prevailing (Te ~ 10* °K), ng and water vspour are found tn be
the mcst effective in quenching the plasma. Electrostatic probe, optical
emiasion spectroscopy, thermocouple and NO titration technigues are employed
to monitor the plasma properties. The complex nature o the short duration
"pink® afterglow in nitrogen is studied in some detail both in flowing and
non-flowing systems in order to ascertain more quantitatively the effect-
iveness of the different "quenching" gases. The effects of gas pressure,
wall condition and gas purity on the af'terglow behaviour are closely
examined in view of the reproduoibility of measurements. A theoretical
study of the limitations and applicability of electrostatic probe methods
to plasmas containing negative ions is made and cohputations of characteristics
are presented. Results of measurements of the flow velocity by different
techniques are ccmpared and the importance of an accurate determination of

plasma flow field velocity is discussed.
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ELECTROCHEMICAL PROPERTIES OF SEEDED PLASMA FLOW-FIELDS II

I INTRODUCTION

The purpose .of the present program is to investigate the effect-
iveness of the elestron attachment process as a means of reducing the
jonizgation in plasma flow fields. In earlier investigations (Carswell &
Cloutier, 1964; Cloutier & Carswell,1963; Carswell & Richard, 1964) it
wes found that large reductions in the ionization of argon plasmas eculd
be cbtained with sulfur hexafluoride seeding. Iy this report a summary
is given of the results obtained with seeding of nitrogen plasma flow
systems with a variety of electronegative (electron attaching) gases. The
seed gases used were: NO, COp, C2, SF¢ and H,0 and in all cases these were
introduced into the afterglow of a pure nitrogen discharge flowing at a
velocity in range from 2x10°om/sec to 10* cm/sec and at pressures of the
order of 3 Torr.

It has been found in these studies that the electrochemical
properties of the 1low systems are very sensitive to changes in: gas pressure,
wall conditions, gas purity and excitation power level, and that reproducible
quantitative measurements can only be made if these parameters are adequately
controlled and measured. In order to do this it has been necessary to utilize
a number of diagnostic techniques including probes, and optical emission
spectroscopy. In many instances it has been necessary to examine the limit-
ations of the techniques themselves to ascertain the limits of their ussefulness
for the study of the complicated plasma systems encountered in the seeded
afterglows. The results of several sush invesiigations are }ncluded as

appendices to this report.
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In view of its complexity, the afterglow in pure nitrogen has been
studjed in some detail and resvlss are presented t'or both the steady state
"flowing" afterglow systems and (non-flowing) pulsed afterglows having
identical excitation conditions. These investigations have been centered an
the so-called "short-duration™ or "pink" afterglow in nitrogen which is of
considerable interest and importance because of the presence of ~xtiemely
high energy carrjers (~ 22ev) and an enhanced degree of ionization compared
to the normal long duration nitroger afterglow.

The short duration afterglow is useful for seeding studies, since
it can provide (in a region free of extsrnal fields) plasmas with olectron
densities two to three orders of magnitude lower than in the primary discharge
and electron temperatures about one order of magnitude lower. Also, since
the maximum afterglow ionlzation ocours 10-15 milliseconds after the discharge,
supersonis velocities are not required to achieve adequate separation of
the af'terglow from the primary discharge in the flow systems.

A desoription of the ‘experimental arrangement is presented in
Seotion II. The results for the pure N, systems are given in Seotion III
with some of the related topiecs also being covered in the appendices. 1In
Section IV, ‘he results of seeded N, systsms are given for the various seed
gades. In Section V the relatiwe effectiveness of the seed gases for plasma
quenching are discussed in terms of the various electron attachment processes

ooourring.
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II APPARATUS

As disocussed in ths previous report, (Carswell & Richard, 1964),
it has been found that the tube walls of the flow system can causs large,
and in some cases unpredictable, changes in the afterglow characteriasties.
In order to minimize the wall effects two new flow systems have been con-
structed. One is a scaled up version of the former flow system using
a uniform tube of 2.5 om i.d.and for the purposes of the present report
this will be called the "small" flow system. The second is a much larger
flow system using a free-jet flow configuration in a pyrex tube 6 inches
i.d. and this will be termed the ®large" system.

2.1 Large Flow System

A sphematic diagram of the large flow system is shown in Fig.1.
The primary aim in the apparatus design was to obtain a subsonic free-jut
type of flow so that the vacuum chamber walls were not in ¢lose proximity
to the active af'terglow flcw region.

This was achieved by flowing the nitrogen through a tube of diameter
19 mm i.d. which served as the excitation section. (The 1 kw rf sourse
described previously was used to produce the discharge.) From the 19 mm tube
the afterglow pfoducts flowed out into the main analysis chamber which was
composed of a 7 foot length of pyrex pipe having an inside diameter of 6 inches.
The location of the discharge region with respect to the end of the 19 mm tube
could be varied by sliding the electrodes as described in the previous report
(Carswell & Richard, 1964).

All seeding and analyses of the stream were performed in the large
glass pipe where sufficient space was available to allow seeding orifices and

electrioal probes to be moved to any desired location in the afterglow jet.
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With this system a much wider range of pressures and flow velocities are
attainable than in the former systems since the pupping speed was not limited
by the conductance of ths glass tubing. Flow velocities between zero and

10* om/sec have beer .‘tained with pressures ranging from about 0.1 to 20 Torr.

With the large system it is possible to obtain very reproducible
conditions in the af'terglow and no problem was encountered in reproduecing the
"pink" glow from day to day. In fact, pink glow regions up to 7 ft. in
length have been produced. With the new system it is also possible to
produce streams which are quite turbulent, The turbulence is reacily observable
beacause of the luminosity of the afterglow and this feature should provide very
useful data on the effests of turbulence in seeded streams. No gquantitative
measurements have been performed on the turbulent flows as yet, but very
definite visual effects are apparent. It has also been noted that significant
heating of the apparatus is created in the region of turbulence so tﬁat the
turbulsnce is causing a marked change in the energy release from the after-
glow,

As shown in Fig.1, the new system includes an improved gas handling
system for the seed gases. Precision gauges and needle valves are used
throughout for maximum control of the gas flow., Seedirng ratios as small as
10™% can be measured with the present system. (Smaller values can be ob%ained
by using mixtures of the seed gas with N; in the gas seeding aystem.)

The apparatus also inzludes facilities for measwring the spectral
emission from the afterglow. A prism monochromator (reciprocal linear dis-
persion ~ 30 R/hn) with a range extending from O.4u to Ju arnd a grating
spectromster (~ 12 ®/om) are used to provide a detailed spootral anrlycis.

The radiation from the afterglow can be directed into the spesctrometers via e

flexible optical fibre system so that by scanning the fibre along the discharge
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any pportion of ths afterglow can bc examined without moving tle buiky spectro-

y meter. The scanning tanch for the fibre is fittel with an electrical position
indicator 50 that plots of light output as a function of position can be
plotted directly on an X-Y recorier.
2.2 Small Plow System

Although the large tube provides arterglow plasmas with very small
interaction effects because of the free-jet configuration, this type of
system suffers from thée disadvantage that thc directed velocity of the flow
is not constant as it expands out into the large tube. In general,the shape
of the visible afterglow iu the large tube is determined by the relative
magnitudes of the directed flow velocity down the tube and the radial
diffusion veloecity.

In order to provide a flow facility which did not have these defects,
the "sa311" system shom in Fig.2 was constructed. This system consists of
a pyrex tube 2.5 em i.d. and about 1.8 meters long. The same 1 kw rf supply
was used to cxcite the Gischarge in both flow systems. The pumping line to
the vacuum systems was placed at right angles to the downstream end of the
flow tube so that electrical probes could be introduced into the flow as
shown in Fig.2. These probes were inserted through U-ring seals and their
length was sufficient (~ 2m) to allow any point in the flow tube to be
examined. The probes can be moved under vacuum while the gas is flowing so
that probing of a complete steady-state flow is possible., This arrangement
avoids the problems encc.ntered previously using fixed probes and a movable
rf source.

Thae seed gases could be introduced via needle valves either upstream
or domstream from the main discharge as shown in Fig.2. The relative position

of the lownstream seeding probe in the afterglow could be varied by adjusting
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either the flow velocity or the rf excitation electrodes.

?: In addition to the two spectrometers mentioned above, optiecal
emissicn studies of the afterglow in the small tube were made using photo-
multipliers and a series of interference filters to select the appropriate
wavelength range. The light entering the photomultiplier-filter assembly
passed through a 0.5 mm slit and diaphragms were arranged to pass a beanm
having an angle of about 4 degrees. The photomultiplier assemoly was
mounted on a two mrter long optical bench with an electrical position
indicator providing an output voltage proportional to the position on the
bench.

The interference filters used, had a pass hand of apyproximately 100 X
and sentre frequencies were chosen to correspond with several of the most incense
molecular nitrogen ion and neutrsl emission bands. (e.g. the first negative
0,0, 0,1 and 0,2 bands at 3914 £, 4278 & and 4709 § respectively, and the

first positive Av = 4 series at approximately 5800 X).
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III PURE NITROGEN AFTERGLOW STUDIES

Although the primary aim of the present investigation was to
examine the properties of seeded nitrogen flow systems it waa necessary to
spend considerable time in the early phases of the program investigating the
, operties of the afterglows of pure nitrogen. The studiss were necessary
since all measurements of the seeded systems had tobe compared with the
unseeded af'terglows to provide meaningful comparisons of the "quenching"
efficiencies of the particular seed gas. This meant that the "pure" N
af'terglaows had to be reproducible and qu.ntitatively controlled during the
measurements.

Because of the complicated (and as yet not fully understood)
behaviour of the nitrogen afterglows the above requirements could only be
satisfied when adequate knowledge of the short auration afterglow was obtained.
Since only lim:ted data on the short duration "pink" glow is available in the
literature, mezsurements were made to determine the quantitative values in the
present apparatus and the spatial variations of the various af'terglow paramei.xrs
such as: electron and ion densjties, electron, ion and gas temperatures,
nitrogen atom densities, etc. Inadd tion, the studies of the pure nitrogen
systems served as a means of assessing the several diagnostic techniques in
plasmas uncomplicated by the presence of electronegative gases.

In this section, the measurements on the afterglows in pure N flow
systems are summarized. In appendix A, some results of afterglow studies in
non-flowing pulsed N2 discharges are also given. The pulsed discharge work
was undertsken initially to provide a cross-check on the velocity measurements
made in the flow sysitems. It was hoped that by relating the time history
display of the pulsed afterglows with the spatial variation observed in the flow-

ing systems under identical discharge conditions, more accurate measurements could

n,




- 10 =

be made of the time scale in the flow systems. For studies of the seeded
systems, this time scale must be established as accurately as possible if
quauntitative rates of attachment, recombinatior ete. are to be derived.

This work uncovered a serises of phenomena not previously considered
in the literature. The establishment of the flow velocity in the afterglow
region with any degres of ascuracy has been found to be very difficult
primarily oeeause of the rel:tively large and irregular temperature variations
involved in the flow systems. In Appendix B a separates discussion is given of
conparative measurements of the flow velocity using several techniques sush as:
total gas volume “throughput", spatially separated photomultipliers, velocity
of sound measurcments and pulsed teschniques. The results presented illustrate
the need for eaution in quoting flow velocities and the large possible
uncertainties in the afterglow time scale which can result from the velocity
determinations.

Detailed double probe measurements of the pure N, afterglows were
undertaken to provide information on the quantitative spatial variation of
the charged particle densities and electron temperatures. The double probe
used for these measurements was introduced as shown in Fig.2. The two
parallel cylindrical electrodes exposed to the plasma were 0.25 mm in
diameter and 11 mm in length and were separated by 8 mm. The rather large
eleotrode separation (approx. 6l electrode radii) was required to prevent
overlap of the two "sheaths" over the range of conditions éncountered in the
experiment. With smaller separati ns it was fourd that apparently spuriously
high values of the electron temperature were recorded whenever the electron
density decreased below abont 10°/ce.

Sample resuits for two different flow conditions in the small flow
system are shown in Figures 3 and 4. The results shown were taken from series
of probe voltage-ourrent characteristics scarned in the afterglow 2ry 2centi-
meters, Fig.3a shows the actual "saturation" current collected by the probe as

a function of position in an N, afterglow at 2Torr flowing at 3100 cm/sec.
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Fig.%b and 3o show respectively, the variation in ion {and electron) density
and electron temperature Te computed from the probe characteristics according
to the simple theory of Johnson & Malter (1952). 1In the computation of the
ion density in Fig. 3b, the electron temperature is used instsad
of the ion temperature er: ’neously used in the Johnson & Malter paper. As a
rough indication of te probe interaction distance, the ratio rs/fp of the
sheath radius r, to the probe electrode radius rp is plotted in Fig. 3d.
From this plot it is apparent that in the "dark space” upstream from the
pink glow the probe electrodes could be expected to interact because of
overlapping of the sheaths (i.e. rs/'rp > 32) even with the large electrode
separation.

A similar set of results is shown in Fig. Lk for an N, afterglow at
a pressure of 2 Torr and a velooity of 3700 om/sec. The data shown in Figures
3 and 4 illustrate the good spatial resolution and reproducibility obtainable
with the probe measurements over an ion density range of about five orders of
magnitude. However, the absolute accuracy of the values cbtained is difficult
to establish because of the limitations of the theory used in the reduction
of the characteristics (e.g. assumption of no collisions and of constant ion
current collection etc.). An effort to improve the quantitative acouracy of
the probe measwements by a more rigorous analysis has been made and this is
described in detail in Appendix C. In both Figures 3 and 4, the probe
measurements show the presence of two maxima in the afterglow ionization with
the peaks being mcre clearly separated in Fig.3 than in Fig.4. Ia both cases,
the first maximum ocours at a distance corresponding to a time of approximately
10 milli{seconds in the afterglow (measuring from the dcwnstream end of the
discharge elecirode as shown in Fig.2). The second maximum occurs about
18 msec after the discharge. The peak positions and their relative intensities

with respect to each other and the main disch rge have been found to be very
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sensitive to the excitation power level, wall conditions and impurity level
in the discharge. (Sce Appendix A alsa) The ion (and electron) denzity
variations shown in Figures 3 and 4 are,however, typical of the runs made.
The discharge ¢‘ectron density was in excess of 10''/ce and the peak of the
primary pink maximum had an electron density between 10° and 101°/cc. The
secondary peal: was generally about one order of masgnitude less than the
primary. In the dark space hpstream from the pink region, the electron
density is usually less than 10’ /ec.

The electron temperature Te, deceys rapidly from a value of about
10® K in the primary discharge to about 10* °K throughout the pink afterglow
region. In mrst cases no pronounced seeondary peaks in the Te curves were
observed although some small peeks appes: to be present in Fig. 3¢ and Le.
In both Figs. 3¢ and L4c, the electr~~ temperature is seen tc be a maximum at
the downstream end of the discharge with lower values being recorded within
the discharge re¢gion. The visible "orange" tail flame (Figs. 3 and 4) extended
about 10 om from the electrodes ani was still being excited by the discharge
fields.

As a result of the probe measurements in the pure N , it has been
found that the pink af'terglow displays all of the expected properties of a
plasma with electron and ion densities such a3 those shown in Figures 3 &and 4.
Also, con’rary to some reports, it has been found in the prasent study, that
the pink glow is aiTected by a magnetic field of sufficient stremgth. Sincea
the magnetic field effects could only be expecled to be v:ry pronounced if
the cycloiron frequency exeeeds the collision frequency, previous investigations
in smaller tubes at higher pressures would make the magnetic field effect more
difficult to obaerve.

In addition to the probe studies, measurements of the pure N systems

have been made using the optical emission from the afterglows. In Figures 5
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and 6, sample results of the axial variations zre shown “o:r two different
flow conditions. These measurements were mede by scanning a photomultiplier,
with appropriate filter, along the flow tube as deseribed in Sestion 2.2.
The variation in invensity 2s a function of position was plotted direct): on
the X-Y reeorder. Fig.® shows a sample of a flow exhibiting two peaks ir the
afterglow ard Fig. 6 shows a sample oi a flow exhibiting thres peaks in the
afterglow. The filters used were closen to transmit the {(0,0) band at
391L £ of the first Negative nitrogen system, (i.e. excited N»* ion emission)
and the strong Av = 4 band at about 5800 X of the nitrogen first Positive
system (excited neutral N, emission). Simultannous probs measurements of the
afterglow electron density are also shown in Fig.6.

From such results it was found that the "structure® of the afterglow
as seen from the three measurables (1) Np* ion emission, (2) neutral N.
emission and (3) probe measurements of the elestror. and ion density, was
virtually identical. It was found in general that tne peak pnsitions and
relative heights corresponded in all three cases. Usually relative height
of the secondary maxima as seen with the 5780 X filter appeared a little
lower than indicated by the 3914 £ ana probe measurements indiscating a slight
difference in the ratio of iins to neutrals but this difference was usually
small (~ 10-25%) and may not be too significant in view of the fact that the
segondery peaks in the pink afterglow are 'very sensitive to the flow conditions
(more so than is the primary pink maximum). Also, as shown in Fig.6, it was
generally found that the peaks appear more oclearly resolved with the probe
than with the optical measurements. This appears to indicate that the probes
provide a somewhat better spatial resolution than the photomultipliers (which
integrate along their line of sight). As also shown in Figs. 5 and 6, the tail
flame of the discharge has a higher relative concentration of N molecules

with respect to N»* ions than the pink region.
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The simultaneous use of the probes and optical emission illustrated
' in Figs., 5 and 6 provides a rapid means for making detailed sirdies of the
axial dependence of the afterglow and such displays will be 1iseussed further in
eonnection with the seeding investigatiors.

One immediately obvious property of the pure N afterglow is the
pronounced heating of the discharge tube walls in the region oi the pink
glow. In an 2 ffo.t to measure the temperature varietion quantitatively,

a thermonouple was introduced into the flow in place ~f the eiectrical psobe
shown in Fig.Z. To reduce the thermal inertia of the system, the metal
(iron-ecnstantan) conductors at the hot junetion were left uninsulated so
that recombination of the active species could occur directly on the metal
surfaces. In this wzy, the temperature measured should be higher (by the
amount of the recombination energy) than the gas kinetic temperature within
the discharge region. As a result, such thermoscunle readiigs should provide

) a mensure of the upper limit of the "temperature®™ in the flow system.
Typieal results are shown in Figures 7a and 7b for two different flow conditions
in the small system. Although not shown in the Figures, the measurements were
extended back to the primary discharge (d = 0) where temperatures of the order
of AOOOC were recorded.

In Fig.7, the variation of the 3914 & emission is shom along with
tre thermocouple measurements and in both cases the thermocouple reading is
sean to exhibit a peak in the region of the primary pink maximum. (Evidence
of a small secondary peak is also seen in Fig.7a:) At this peak the temp-
erature recorded was of the order of 150°C (425°K) with the value in the
minimum upstream being 20-25 degrees lower. The relative positions of the
peaks in the 3914 R emission and the thermocouple readings were difficult
to establish accuravely but for pronounced single maxima such as shown in

Fig.7b, the highest temperature was always recorded in the region of the
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upstream edge of the pink maximum i.e. where the rate of the ion production
was most rapid.

As shown in Fig.,, .h1e temperature varies quite rapidiy in the flow
system and as will be discussed in detail in Appendix B, this has a pronounced
effect on the fiow velocity in the afterglow region which must be taken into
w3gount, Since the gas is being locally heated and cocled as it flows down
the tubs, it is undergoing local expansions and contractions whien will
result in aecelerations and decelerations of the mean flow velocity. Since
the temperature varies by more than a factor of two (- 700/300) in traversing
the primary discharge, such effects zan betquite important in establishing
the positions of the various afterglow maxima in the flow system. When
ealoulating the flow velocities guoted in the figures, a temperature correspond-
ing to the average recorded in the pink glow region was used (~ 400°K) .

In addition to the optical emission studies carried out using the )
interference filters as deseribed above, a more detailed spectroscopic
examination of the optical emission was also undertaken. A quartz prism
spectrometer was used for a quant’tative examination of the spectral range
from about 0.3 to 3u and a grating instrument was used for higher resolution
studies in the visible.

Sample spectra tcken with the grating spectrometer covering the
wavelength region from 3500 % to 6000 £ are shown in Fig.8. In i"ig.Ba and 8b
spectra of the primary discharge in pure Np are shown and Fig. 8t shows a
spectrum of the pink afterglow. In these figures a slit width equivalent to
about 1.5 X was used. Glass lenses were employed in the .nstruwent and a
photomultiplier was used as the detector. The relative line intensities shown
have not been corrected to take this into account.

Because of the method of rf coupling the primary discharge was not b

uniform in intensity or spectral content. Between the electrodes, the
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charaeteristic nitrogen "orange" coiour was emitted and the spectrum for this
is shown in Fig. 8a. Under the eleetrodes the disecharge had a very definite
blue calouration and the sorresponding spuctra of thds "blue source" region is
shawq in Fig.8b. A comparison of 8a and b shows that the midsource region
emits strongly tk- N, first and second positive systems as well as the first
negative (Ng° ion) system. fhe blue source emnission is, however, almost
entirely eomnosed of first negative system emission. The pink glow also
oxhibits svrong Np' ion em.ssion in the first uegative bands along with first
positive system emission. Sedond positive emission in the pink glow is
cxtremely weak. These results are in agreemsnt with previous reports (Beale
& Broida, 1959).

Comparison of th: first negative bands in the souree (Fig.8a) with
those in the pink glow (Fig.8¢) shows a pronounced difference in the intensity
distribution of the vibraticnal bands. A summary of some of the intensity
variations taken from Fig.8 (a and ¢) i3 given in Table I. The intensities
have all been norralized with respect to the first negative (0,0) banu equal
to unity in both the souree and afterglow spectra (i.e. the relative intensity
of the source and pink glow is not apparent from the results quoted).

The final column of the table is most meaningful, showing the changes
in the relative band intensit!is (with respect to 3914 & intensity bheiween
the sourse and the pink region. The ratio shown should not depend markedly
on the deteetor response, glass absorption etc., since the same instiument
was used in both cases. The 1st Negative transitions originating from v' =0
show a ratio 2 1 which is to be expected becauuse of the normalization, but
thé tr~-sitions for v' = 1,2 and 3 show r value of abou 0.6 indicating that
the populations of the higher vibrational levels of the N2* ions in the Fink

glow are eonsiderably lower than in the main discharge. The variation of
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Band Mid-Scurce Pink Afterglow Af terglow/souroce
(0,0) (1stNeg) 1 1 1
(0)1) 1"4' 102 985
(0,2) o3k o 31 oI
(1,1) o4 .28 .68
(1,2) 1.2 .69 .57
(1,3) 47 o3 .65
(2,3) 81 o4 5
(2,4) 43 .28 .65
(3,4) .37 .23 .62
(3,5) .33 .20 .6
(10,5) (181‘.“?68) 076 0214' 031
(10,6) 1.55 48 <31

Table I -~ Intensity Comparison beiween Sourcc and Pink Glow

intercities in the various 1stneg band systems of the¢ pink glow also show a more
nearly "thermalized" distribution than in the discharge. The faet that
vibrationel equ%librium does not exist in the disoharge is not too surprising
however, since in the main discharge the Ne' ions are being generated by
elestron boxziardment in the presence of intense rf fields.

Table I and Fig.8 also illustrﬁ+e the relative decrease in emission
of the 1st p?sitiva system in the pink glow since the corresponding ratio is

only about 0.3.
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Measurement of the intensity distribution in the rotational
structure of the 1st negative bands allows a measurement of the rotational
temperature of the ions. The techniques whereby this is achieved are outlined
in Appendix D of this report. Results of such rotational temperature
measurements are shown in Fig.9.

Fig.9a shows a spectrum of the Av = 1 series of the N,* dion with
a spastrometer resolution sueh that tha rotational structure is just
"resolved", Using sush spectra,rotational temperature measurements were
made for both the primary discharge and the pink afterglow. The (0,0)
and (0,1) bands at 3914 R ama L278 X were used so that at each location the
temperature was determined twiée. Sample results are shown in Fig.9b for the
(0,0) band and in (9e) for the (0,1) band.using ths technique of plotting
log (I/X') vs K'(K'+1) as desoribed in Appendix D.

In all cases a rather good straight-line plnt was obtained so that
the temperature determination waa not difficult. Measurements at the two
bands generally prodused temperatures in ag 'eement %o within 5-10%. Under
typieal cperating conditions (pressure = 2Torr) the rotational ion éemperature
of the source was found to be 1650 + 75 °K and at the pink glow maximum
550 * 25 °%. No attempt at a comprehensive study of the rotational temperatures
as a function of the discharge properties was undertaken because of the
limi ted spectrometer resolution (~ 1 X) available. The spectrometer is,
however, being modified to inerease the resolution bty a factor of three so
that more ascurate measurements can be made.

In general, however, it was found that for a given set of flow
eonditions, the rotational temperatures resorded both {n the discharge and the
pink glow were higher (by about 100°K in the pink glow qpd about 250°K in

the discharge) than those recorded with the thermosouple.
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Fig. 9 Sample rotational temperature deteyminations for the N, 5
discharge and the pink glow using the (0,0) band at 3914 A.
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» IV SEEDED NITROGEN AFTERGLOW STUDIES

4.1 Introdustion

In the present study, the attaching properties of several electro-
negative gases have been invostigated in order to evaluate their suitability
as a seed gas for plasma quenching.

Eleetronegaiive gases have high probability of forming negative
ions by elesuron eapture. There are several meshanisms by whish the
negative ions are formed .(MeDaniel, 196l )

1. Radiative . attachment of a free elestron by a neutral atom; e + A+ A + hw.
2, Capture of a free elestron by an atom with a third body taking up the
excess energy; 6 + A + B » A" + B + K.E.
3+ Dissoeiative attachment by a molecule, the excess of energy going into
dissociation of the molecule; e+ XY - [XY]-* + X+Y
4. Capture of a free electron by a molecule, with vibrational excitation of the
molecular ion and its subsequent stabilisation in eollision with another
molecule (non-dissociative attachment);
e + XY » [XY]-‘ ;
[x¥]” + A+ [XT]” + & « K.E. + P.E.
The effeet of the formation of negative ions on plasma is to replace the
highly mobile electrons with less mobile negative ions and thereby altering
the electromagnetic properties of the plasma. Most probably the reastion
proeeeds one step further, leading %o a charge exchange process (Carswell et al
1964) between positive ions and negative ions and tnus quenching the plasma
due to mutual neutralization .
The seeding teshnique depends on the choies of a gas wi£h large

a8leetron capture eross section corresponding to the capture process at the

o

appropriate thermal ¢onditions. Common electro-negative gases with their

maximum capture cross sections for attachment are listed below. (Bachynski 1965).
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Gas Maximum cross sections ev.for marimum attachment
Oz 1.3x107'° 6.2
Cco 2.27x10°'° 10.1
CO. 5.1x107'° 7.8
H 0 4.8x1071® 6.4
HBr 5.5x107"7 -5
i 3 x 107'% 0
SFs 1210712 ) 0
5.7x10°'¢ y .01
CCLs 1.3x40°1¢ .02

It must be emphasized tharq depending on the thermal conditions, dissoeiative
attashment may not be efficient enough for a good quenching of the plasma.
But other processes such as three body attachmeni may be important at thet
thermal condition giving rise to high attashment efficiency. As will be
discussed below one should also consider the attachment coefficient (7n)
which takes into ascount the overall sttachment probability irrespestive of
the process involved. This attachment soeffieient n is defined as the number
of attachments per electron, per unit length, whieh is dimensionally equivalent
to a, the ionization coefficiént (i.e. number: of ion pairs produced per eleectron
per em). Thus,n is the probubility that an electron in passing unit length
will attach te a gas molecule cither by a dissociative process or non-dissociative
process,

In the present experiments the following gases have been examined NO,

Cz, COz, SFs, HpO.
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L.,2 NO Seeding of N,

Tiae seeding of NO into the nitrogen flow was originally undertaken to
use the well-known titration teshnique for determination of the ground state
nitrogen atom concentration in the afterglow. While doing so, however, it
became evident that NO had an appreciable quenching effect on the excited
spesics of the afterglow.

In the present ssetion, a brief summary of the titration measurements
is given and the experiment:l results of NO quenching of the N, afterglow
are reported and discussed.

#.2.1 NO Titration

The NO titration method has been widely used (Kaufman & Kelso, 1957;
Hartesk & ieeves 1958) in assessing the ground state nitrogen atom concentration
of a flowing nitrcgen afterglow. It is based on the fast reaction taking
place between the nitrogen atom and the NO molecule in which the latter is
desomposed. The sequenee of events is as follows. Firstiy, we get

N+NO+Ne +0 (1)

If there 13 an excess of nitrogen atoms on NO molesules, some of the
former will react with the oxygen atoms to form NO molecules and eventually
produce a typical bluish glow; N+ O + M » NO* + M + NO + K + hy(B-bands) (8)

On the other hand, if there is an excess of NO molecules they will
ombine with the oxygen atoms and produce NO molecules acsompanied by
a green emission.

NO + 0 + NO; + hw (3)

The end point of the titration is defined by the transgtion dark perioA
which is easily observed when neither of the blue nor the green emission
corresponding respectively to excesses of N and NO are present. The N atom
esoncentration is then caleulated from the salibrated NO flow.

The method was used to estimate the N atom eoncentration for sewveral
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different - ‘trogen flows employed in these studies. In all eases, the
nitrogen atom consentration was found to be in the range from 5.5x10'® to
1x10'% /s,

The experimental arrangement shown in Fig.2 was used to carry out the
titration and the NO was seeded into the region ¢f the dark spase preseding
the pink glow while the colourtransition region msed in the titration
prosedure was located somewhat (about 40 em) downstream (i.e. in the L-R
glow following the pink). For the titration method to be valid, all of
the NO moleeules must react only with ground state nitrogen atoms. Aeeording
to Clark and Fairchild (1963), who have carried out photoelectrie absorption
measurements of the atomic nitrogen coneentrations in a similar flowing
nitrogen afterglow, it appears that this is the ease. Indeed, they obtained
;orroborative results from the absorption and the NO titration methods
assuming, in the latter case, complete disappearanse of NO in reaetion with
ground state nitrogen atoms.

However, there is some question as te: the.agceuracy.
of the NO titration method as it is normally used even under the assumption
of exelusive N-NO reaction. The diffieulties stem from the following
eonsiderations.

Let us suppose that an NO flow equal to the N-atous eoneentration is
being admitted to the alterglow in sueh a way that the titration end point
manifestation should be observed., Besause the NO stream leaving the seeding
rrobe eannot mix instantapeously with the main flow, there will be an initial
transition region or boundary (the nature of whieh will depend on the speeifie
flow conditions) between the NO and the afterglow. Aeross this boundary, the
NO concentratior will vary from pure NO in the "ecore" of the NO flow down
to the equilibrium value in the afterglow. While this transition is ossurring,

NO moleeules will react with N-atoms in the common layer and N0, being in

wr
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great exeass on the wore side of this region, will combin: with most of the

élt- O-atoms just formed (eq.3). In faet, these tyo suecessive reactions are so
strong and sudden that at seeding rates around the titration rate, the NO
jet is easily observable as an all green stream (NO;) in the present system.

This meshanism will deplete the NO molecule coneentration with the

result that on ashievzment of uniform mixing, the N-atoms will be in exeess.
These will serve to sustain, to a e ertain degree, the L-R afterglow or
eombine with the free 0-atoms to generate exeited NO df* wimlet emission
(by. thaireaction of equation (2). The end point titration will not be
observed until the NO flow rate is augmented. \

Consequently, the values of the ground state N atom concentration
measured, will be an ppper limit to the true concentration. It is diffieult
to assess the possible magnitude of this error sinece it will depend on the
sonditions of the flow mixing for each choice of NO injestion and flow system.
By proper design. it should be possible to keep the error small.
4.2.2 1.0 Quenehing of Np afterglow

As mentioned above, nitrie oxide was not initially seleetpd besause
of its electron removal capabilities, but in the eourse of the NO titration
experiments, its efficieney in destroying the intensity of the nitrogen
afterglow was evident and it was deeided to earry ouf measurements of its
quenehing ebility.

A complete'assessment of the quenching properties of a seed gas with
a view to an explanatory aceount should include the possihility of examining
the effect produced on eaeh of the spesies. Th; available instrumentation
allowed the observation of three of the signifiesant variables of the afterglow
namely: the first positive system (excited Ny ) and the first negative system

(exeited Ng*) by optieal technighe, and the total ion density t¥rough the
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double floatiig probe method. In the following seeding experiments, the after-
glow is examined with thé'S?BOg filter looking at the Av=l transitions of Np*..
The 391i X filter monitors tbe Np' first negative system while the tutal

ion eoncentration variation is deteeted by the change in the saturatinsn
surrent flowing between the (20 volt) biased double probe.

Figure 10a, b and o shows the lengitudinal variation of each of the
above parameters downstream from the discharge for different NO/Np seeding
ratios and main flow conditions of 3.7 Torr pressure and 2480 em/see veloeity.
Fig. 11a and b illustrate the same variation for the first negative(}91L‘X)
and the first positive (5780 &) systems respectively for a wider range of
NO/N; seeding ratios in the sase of main flow eonditions of 2.9 Torr pressure
and 2190 em/ses velocity. Ail curves are normalized to the pure nitrogen
afterglow ease.

A first look at the family of curves (Fig.11) reveals a downstream
shift of the intensity maximum for inereasing seeding ratios up to the
titration ratio. There is only one exception to this trend, that is for
the seeding ratio of the first positive system (Fig.11b) where an upstream
shift was recorded. No partisular meaning is attached to this sinee 1t i=
obvious that the whole curve was displaced either sp riously or inddvertantly
along the x-axis of the resorder. The downstream shift of the waximum eould
be a consequenee of the pressure inerease sreated by the seed gas or eould
be caused by a true reduction of the ion concentration at the upstrea.. =dge
of the pink glow.

At the titration point, the pink glos maxima disappear eompletely
and the emission intensities down the tube are redusced to the "baskground"
level. For seedire rolius increasing avuve the titration point, a maximum

develops near the seed probe which gets smaller and closer te the probe as
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the seeding ratio is ir.reased. (Fig.10t,e and Fig.11b)}. This mrximum is
not seen, however, in the sase of the optical emission (Fig.10a ind Fig.11.)
while it reaches sonsiderabie height with the double probe. The upstream
end of the plots also prements some interesting features. Firstly, the
superimposition of the trases obtained upstream from the seed probe shows
that ns appreeiable tack diffusion takes plase. Sesondly, the dark spaee

is not only poorly populated in exeited neutral {N;(B*)] and ionized
[Na*(B®)] nitrcgen molecules, but the total ion concentration is less

thar 1% of that existing at the maximum of the pure nitrogen pink afterglow.
Pinally, at the far left of the figures, the steep increase of the intensities
points out the high concentration in the discharge tail flame (astive
diseharge fields blown down the tube by the ghs flow) of the three systems
investigated, mainly of the first positive and the total ion density.

Fig.12 presents a plot of comparative quenching produced on both
emitting systems (3914 % and 5780 X) and the tetal ion eoncentration as a
funetion of the seeding ratio. The meaamuring probes were located at the
maximum of the pure nitrogen pink afterglow. As already evident in Fig.10
and 11, the negative system [Np*(B*)] is more easily affeeted by NO seeding
while the first positive [N,(f;’)] roughly follows the behaviour of the total
ion eoncentration measured by the probe. All three curves exhibit a minimum
at the titration point followed by a maximum which is well developed in the
ease of the double probe. These suceessive minimum and maximm were to be
expeeted from the axial seans (Fig.10 and 11) where it is seen that the .
upstream maximum which builds up at titration seeding ratios extends its tail
end past the probing positions (Fig.10e).

It is also interesting to eompare, for a given seeding ratio, the
relative longitudinal variation of the three sy-ton: investigated. This san

be found in Fig.13 where the curves are shown for NO/N, ratios of 0, 3.0x107*
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and 4.8x107* (titration) respectively in a,b and e. In order to make sueh a
plot, the gurves were normaliged to the same value at the maximum. Exeept
for the case (e), the curves in general do nct diverge by more than 1% of
the value at the maxirum.

The total ion current follows a pattern which resembles very much that
of the neutral system [Np (B>)]. Relating this last observation to similar
ones made in cornestion with Fig.40, 11 and 12, it would appear that N0
seeding has very similer quantitative effects on both the total ion and
the exeited neutral nitrogen molecule [Ng(BJ)] concentrations.

Spectia of the NO seeded Np afterglow running from 3500 2 up to about
6000 X heve been recorded, but no additional strong lines other than those
belonging to the pink nitrogen afterglow were detected (ef. Fig.8).

{e2¢3 Discussion

A theory of the excitation mechanisms of the nitrogen afterglow
recerntly put forward by Prag & Clark (1963) seems to assount for the observed
features of the short lived pink glow. It postvlates the formation in the
diseharge of = metastable sextet S, nitrogen atom N(3s ¢°), 17.2 ev.

(not yet directly observed) which partieipates in the formation of a loosely
bound N, molesule suffieiently energetic (25.5 ev) to produce all of the
known delayed exeitations. The reaction would be as follows:

N(3s °S°) + N + Np(x) » N, (1)

The dark space prior to the pink region would primarily eontain ground-
state N» molecules, ground-state and low-lying metastable nitrogen atoms,
exsited nitrogen molecules (N2[4%]) and N¢ molesules.

From the interactions of ground-state N atoms and Nj[A] molesules with

Ns moleeules, all the observed excited species ¢an be generated.
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Ne + N+ No(x)¢ Np*(B2) + @ + N* (2)
(18t neg)
Ne + N Na(x)+ N2 (C°) + N ¢ o (3)
(2nd pos)
Ne + Ne(4?) + Ma(x)+ Ne(C®) + N + N# (4)
2nd pos)
Ne + N,(A’) - Ng(x)+ 2N «+ Ng’(B’) + e (9)
(18t neg)
Ne + M(> 1.5 ev) «+ Na(x)+ N + N(33 ¢5°) + X (6)
(sextet)
Ne + © = Ne(x)+ N2*(B%) + 26~ @)
(13t neg)

This theory seems also to explain most of the observations made in
sonneetion with NO seeding. Indeed, knowing the great affinmityi . of NO for
ground-state nitrogen atoms, it is obvious that reactions (2) and (3) will
besome less and less significant as the N atom concentration is depleted.
Therefore, an incrpased quenching of the first negative‘ and the first
positive (by sascade from the sesond positive) systems as well as of the
total ion density should take plase for insreasing NO seeding rates (Fig.10
and 11). In .fast, on the basis of the nearly eomplete quenshing of the pink
glow ashieved with NO, one seems justified io say that reactions (4) and (5)
are mush less probable that mechanisms (2) and (3) for the aetusl conditions
of operation.

Some quenching of the total ion density may also be attributed to the
electron attashment properties of NO. Measurements by Bradbury (1932) give.
NO an attachrent probability of about 1/10 that of Hp0.for the eonditicns
prevailing in the pink glow (Te ~ 10,000°K, p = 3.7 Torr, B/p ~ 1.5). The

reaction is of the disseeiative type and requires the formation of thé

e e Ar——— T .y o ~——7
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complex (NO),:

2N0 + (NO)e
(NO)g + & -+ NO «+ NO

The elestrcn attachment contributes to the ion guenching in two ways.
Firstiy, the electrons avtashing to (NP), are no longer available for
reaction (7) and thereby the Ne® ion generation is redused. Secondly,
the NG negative ion eould undergo a chabge »xshange interaction with a
positive ion with a larger oross sestion than an eleetron would present
for ‘recombinatiénn with the same positive ion. The 4isappearanee of
mechanism (7) due to eleotron attachment can ascount for the faster quenching
of the first negative (Ns' [B?]) as observed in Fig.12.

The maxima found close .to the NO seeding nrobe in the ease of the
totel ion and excited neutral Ns(5780 %) eases (Fig.10 and 11) which also
give rise to the maxima shown in Fig.12 are not easily explaired. They
0-inoldewith this non-uniform transition regior. ereated by the str:aming
NO jJet before it oan intimately mix with the main flow. Well separated
yellow, blue and green emission; "strata™ are indeed observed in this region
showing the presence of excited N., NO and NO;. It is possible that these
maxima ana the transition region can be redused sonsiderably by using a
seeding probe design that would permit a faster and more efficient mixing.
This points up azain the need for a sareful assessment of the flow geometry
#hen eveluating the results near the mixing region of any seed gas.

The‘ability of NO for quenching the nitrogen afterglow will be
compared in section V with that of other seed gases after the results

obtained with these bave been desecribed i< the following seetions.




ko3 0p Seeding of Np

Nxygen was ~hosen as a seed gas in the present experiments besause of
the fact that its attachment processes have been studied by many worksrs over
a wide range of energy values and are relatively well-known.

Figwe 14(a-8) shows sample longitudinal variation of the intensity c?
excited ion (Np') emission ati391L X, the intensity of excited molecules of
emission at 5780 X and the double probe saturated ion current for different
seeding ratios. The results show an appreciable ocuenching effest.

Figure 15(a~¢) shows the normalized plot of intensity of excited ion
(3914),excited molecules (5780), and double probe saturated ion current for
different seed ratios along the length of the tube. Thks curves are found
to follow each other quite closely.

Figuwc-e 16 shows the decay of the intensity of the maximum pink glow
for diffurent seed ratios as measured by the three teshniguges.

From Figure 16, the exeited ion: intensity is seen to drop more
rapidly than the double probe saturated ion current as can be expested
because excited ion concentration is not necessarily the same as the total
ion eoneentration, The excited neutral intensity follows the double probe
saturated current more closely. However, for a seed ratio of the order
of 153, all curves approaeh zero indicating a complete quepching of the
plasma (pink afterglow).

Oxygen shows a dissociative attachment cross sestion of * .3x10"'®em®
at 6.2 ev., according to a two body process given by

34+ 0,+04+0

But considering the slectron temperature in the pink glow (10‘K) it
seems that the two body attachment is not affieient enough for the removal
of elestrons and to asccount for the quenching. However, recent work of Hurst

& Bortner (1958) and Charin et al (1962) have shown a three bgdy process

| )
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around 1 ev according to
e + Oz + x(third body) » 0s + x
Chanin et al (1959) studied the effectiveness of Ny as ths third body in
stabiliging attashment for thermal electrons. The value of the attachment
ecefficicnt (n/p) in 0: 1s found to be quite high for low values of E/p
(1.5 Vem 'torr™') i.e. of the order of * ev.

As has been stated before, it may therefora be more meaningful if
we compare the attachmen® coefficient whem evaluating the effieienay of
quenehing for different electronagative gas rather than attachment eross
seetien.

4.h (O Seeding of N

Quenehning by COp seeding is of some interest beeause of the fact that,
although the attachment cross section of COp, is rot very high, a strong
quenching was observed with evolution of considerable amount of heat.

Figurs 17(a-e¢) shows the variation of intensity of the exeited ion
(3914 B), excited molecule (5760 &) and the double probe saturated ion
current for different seed ratics aiong the length of the small flow tube.

Figure 18(a-¢) shows th: normalized pict (i.e. intensities matehed
at the peak in the afterglow) of the threce intensities for different seed
ratios.

Figure 19 shows the decay of the intensity of the maximum pink glow for
different seced ratics as measured by the three techniques. |

From the above results it is seen that COp shows a strong quenehing
effect and the quentities seem to follow very eloaely. (Mueh eloser than
for 0p seeding).

The mechanism of attachment in COs is a dissoeiative attachment

ascording to COz + e + CO + O which has a maximum cross section of
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5x10"'°cn® at 7.8 ev. At the thermal eondition of the pirk afterglow

)

however, ('].‘e = 10 K, 1 ev)CO; attachment is probably not an effisient
enough meshanism to ascount for ihe observed quenshing. Iliowever, the strong
quenshing was found to be assosiated with near rusonanse vibrational energy
transfer between the vibrationally éxeited ground-state of N and the v,
vibrational mode of CO; (Milne et al (1965)) according to

K2 ®* + COp » N, + COp *

Absorption studies of N pink afterglow in the vasuum ultravielet
have revealed vibrational excitation up to v" = 20,21 (Bass 19€i, Nakamura
et al 1964).

This vibrational excitation of ground-state N in the pink afterglow
is suffisient to exeite vibrational modes of CO;, and there is a high
probability of this type of energy transfer (Rapp et al 1964). ‘This may
ascount for the strong quenching by COp observed in the present experiments.
L) Hz0 Seeding of Np

Water vapour as a quenching a;gent is of considerable interest due to

its high attashment sceffisient. at low E/p (Kuffel, 1959) and its effeet on
the resombination time (Kuhns 1962). Both meehanismd result in a depletion
of the free elestrons in the plasma.

The results of the present experiments ars shown in the Figures
20 and 21,

The results show a strong quenehing of the pink glow - stronger than
for either Op or COp. The decay of excited neutral (5780 X) intensity seems
to follow the double probe saturation euwsrent data -(Fig.21) more 3losely
than exeited ion intensity as in 0, and NO.

In these experiments a 10¥ mixture of water vapour in Ny was used

as the seed gas. It was thought that there might be some "quenching" effect
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due to Np by simple cooling of the plasma and woull affeet the effieisney
of water vapour as measured,

To chegk this. -~ure N, was seeded into the af'terglow and a small
amount of quenshing (Fig.22(a), 22(b), 22(s)) was observed. It was, however,
saveral orders of magnitude smaller than that observed with the H,0 mixtures
and mueh too small to affeet the measurements shown in Fig.21 and 22.

For greidous measurements (Muschlitz 1957) in waler vapsur showed
produstion of two types of negative ion H , 0 by elestron impaet wn HaO0.

OH may be produeed by seeondary reastions. The reactions are:
e + HoO» OH + H appearanee pot. 5.7 ev
e + HeO » 2H + 0 . " 7.3 ev
H + HeO > OH + Hp; O + HeO - OH + OH.
The elestron sapture eross sestion is found to be ,.8x10"'°em’ at 6.4 ev.

Results of Sehulz (1960) involving measuremsnt of negative o ourrent
as & funetion of oicetron ensrgy indisated that below lev water vapour
may not be an effisient gas for attaching elestrons. The presont results
however, indieate a strung quenching at low elestron energies (< 2ev) and
measurement of the attashment eceffisient (n /p) in water vapour at low B/p
shows a strong attachment (Kuffel 1959) whieh may be due to some non-
dissociative attashment in water at iow energy. Ascording to Kuffal (1959),
the relatively high attashment nrar gzero electron energy is due to electron
attashing themselves to large clusters of molecules. This idea was also
put ferward by Bradbury (1934). Thus,the strong guen.hing measured, eould
be asscunted for by the high attachment eoceffieient at low emergy du~ to

non-dissociative attachment of some sort.
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4.5 SPe¢ Seeding of N,

Besause of its very large eleetron eapture eross seetion (~ 5x10'“'om')
near zero elestron energy, SFs 1s expeeted to be a very effisient seed gas
for _‘asma quenching and very ensouraging results have been obtained previously
in argon plasmas. (Carswell & Cloutier 1964).

A strong quenching is expected in the nink glow because of the more
favorable thermal condition (i.e. lower temperatures) for SF, in
attaching electrons. Results of experiments lone at 3,7 Torr, are shown
in the Figs. 23 and 24 where it is seen that complete quenching is
achieved for'a seeding ratio of about 10-~3,

The attachment coefficient for low values of E/p(2 Vem™ ‘wxt'') im.SFe
is ~ 2 (McAfee 1955). Hickam and Fox (1956) have used the RPD technique to
study SF¢ attachment from O to 2 ev. SFe was observed to be formed in

a resonsnce capturs process with a cross section of ~ 10™'’cn”

below .1 ev.
A dissociative attachment of SR peaked at about .1 ev was also observed
with a cross section of 10" ' cn®.

Although the capture cross section of SF¢ is maximum around .1 sv,
its efficiency of quenchingat relatively high tewperature plasma (~ 7xi O‘K)
wem found to be quite high (Carswell et al 1964). This, however, can be
explained from the fact that overall attachment coefficient is relatively
high at large values of B/p (Geballe & Reeves 1953, Bhalla & Craggs 1962).
Hence,SF¢ may be a very efficient seed gas for quenching over a wide thermal
conditiun of plasma.

One interesting additional phenomenon observed with SFe seeding was
the fact that after the experiment when the seeding valve was closed, there
was a.n enhancement of the intensity of the pink glow - particularly of the
second maximum (Fig.3). This is protably due to wall conditioning which

is a very important factor in determining the properties of the pink glow.
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V DISCUSSION

As already mentioned in Section 4.1, the relative efficiency of a
seed gas for quenching can be compared on the basis of the attachment
coefficient rather than the attachment cross section. This is because the
attachment coefficient is a measure of the overall electron loss no matter
wt  the process of attachment is. Cross sections are usually known for
dissociative attachment which may be insignificant unde:* some conditions
of the plasma energy distribution. With this in mind, a plot (Fig.25) is
given of the attachment coefficient (n/p) as a function of E/p (Vem ‘orx"!)
for the different gases that have been studied. Prom the figure, it is shown
that although 0; and H;0 do not show significant dissociative attachment at
low energy, non-dissociative attachment of some sort is significant enough
to account for a large attachment :oefficient (n /p) at low energy values.

Figure 26 shows a plot of tht aftérglow reduction as a function of
seeding ratio for the seed gases used in the present investigations. This
plot indicates the relative "efficiencies" of the!see#d" gases for plasma -
quenching based on the measurements given in Section IV. SFe¢ is found to
oe the most effective quenching gas which is obviously due to its large
cross section and attachment coefficient at low energy. H,0 vapour also
acts as a good seed gas for quenching and this is no doubt due to its high
attachment coefficient of some non-dissociative processes at low energy
(Fig.25). On a "per-molecule" basis, SF¢ is appareptly more efficient than
H20, but on the basis of quenching per unit mass, H: 0 benomes equally
attractive. since its molecular weight is only 18 compared to 146 for SF¢.

COz,.Og and NO show some degree of quenching efficiency although

the mechanism of quenching for NO may be partly due to its unique r operty
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of absorbing the ground-state atomic nitrogen which acts as a reactant in
producing pink glow (Prag & Clark 1963). This has been discussed in detail
in connection with NO seeding (see Section 4.2).

COx has bezn observ'd %o be a slightly better guenching cgent than
02 although its attachment coefficient is smaller than oxygen. This can
probably be attributed in part to the near resonance vibrational energy
transfer between the N. (X'Zg*) ~and the v3 mode of CC, (Milne 1965),
bu£ the exact mechanism of quenching +he afterglow ionizetion is not fully
understood.

It must be emphasized however, that attachment is not the only property
of the seed gas which determines its quenching efficiency. It should te
borne in mind that , in addition to "attachment", the seed gas can have an
effect on the electron-ion recombination time in the afterglow as has been
observed by Kuhns 1962) in water vapour. The seed gas may act as an efficient
third body for the volume recombination of the plasma, leading to a sharp
quenching.

The effect of the seed gas on the recambination time must therefore
be studied with care before a jquantitative assessment is made.

Another point to be mentioned in connection with the present experi~-
mental r2sults, is the fact that all seeding was done in the so-called dark
space between the discharge and the pink glow. This dark space contains many
high energy carriers (atoms & molecules) which are responsible for the pink
glow. The seed gas may have some collisional energy exchange with them
and thereby augment the quenching of the pink glow. Her.ce,additional
measurements will be required over a wide range of plasma conditions to
establish the relative efficiencies of the seed gases mcre accurately.

As has been mentioned before, it would ppear that the capture of

slectrons in the plasua by an electronaegative gas is probably followrd
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by a charge exchange interaction between the positive ions and the negntive
ions which leads to complete neutraiigation of the plasma (Carswell et al 1964)

Depending on the pressure in the discharge chamber the interaction
may be a two body process or a three body process.

In the two body process, a reaction of the form

X eY x4 Y
can “teke. place toth with atomic and molecular ions with high probability
under certain conditions, The excess fnergy is distributed as kinetic
energy among the collisicr products. The coulomb attpaction between the
reactants distorts the potential energy curvé leading to a pseudo-crossing.
The cross section fér the single pseudo-crossover at a nuclear separation
R, for an exothermic collision of energy defect AE ev is of the form (Hasted
1964)
o=4m_? I(n )

X
where R = 27.2/AB and

(n) = f oxp (~)[1 = exp (-nx)]=> &

1

) |
2,.7u’ Ant

T mrs?
P

where Au = energy separation at crossover

# = reduced mass and Ep = energy of *mpact

The cross section reaches a maximum at Ep % 100 ev, but is not
negligible at thermal energies. Yeur3 & Sayers (1958) have computed the
cross section for jodine by radiofrequency absorption techniques and have found
1t to be of the order of 3x10™'* em®. In pure halogen vapour afterglows, the

free electrons are captured in 100 usec and the recombination coefficient was

founi to Ye independent of pressure up to 1Torr.
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At higher pressure, presumably a three body recombination is more

pre.minant

X' oY 42 & X+Y 42
the third body taking thv excess energy. The theory for this process has been
worked out by Thomson & Langevin at low pressure and high pressure respect-
ively. Recently, Natason (1959) has given a unified theory which agrees
with Thomson et low pressure and with Langevin at high pressure. As for
‘Le experimental results, Jayers (1538 ) and Gardner (1938) have made
some probt3s measurements which agreed quite well with Thomson's at low
pressure.

Hence, in the present systems, the exact guenching processes could
only be decided by making measure.ents of the attachments and recombination
coefficients f'or the different seed gases. However, from the practical
point of v'ew, it may not be necessafy to determine the processes exactly.
nesults such as those of Fig.26, when determined ov-- the appropriate
fcnse of plasma conditions, should serve to define the relative quenching

efficiencies of the various seed gases.
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APPENDIX -A

Afterglow Studies in Non-Flowing
Nitrogen Discharges

As has been stated earlier in the report, the pulsed afterglow study
was initially undertaken in a: non-flow' aondition in order to have a cross-
check of some of the. results in the flowing system which gives a spatial
display of the afterglow pattern. It was hoped that this comparative study
would supply more accurate data on tie recombination times and help in
pstablishing the time scale of the multiple peaks observed in the flowing
system.

It turned out that the study revealed some very important aspects of
the afterglow so far undetected in a non-flowing system.

The "small® system was used and in this series of measurements, a
photomultiplier was placed in front of the discharge to receive the light
emitted. The pressure was kept constant at & particular value under no-flow
condition. The afterglow intensity of 3914 £ and 5786 X emission (using
interference filters) was photographed by -switching the discharge off. This
was done for .ifferent precsures, wall temperature and "wail conditioning™.
Tae system sas given 2 minute flushing time between each shot at a moderate
pressure (4-5 Torr).

Figure A1 and Figure A2 show the effect of pressure on the afterglow
emission for 3914 R anc 5780 't respectively. The general behaviour of both
the 3914 £ and 5780 X emission pattern is found to be similar. At low
pressure (2 Torr) the peak occurred zround 13 ms; while at higher pressures

(5 Torr), mltiple peaks were observed at about 3 ms, 15 ms and 24 ms.
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Fig. A1 Sampl§ photographs showing variation of the afterglow

3914 X emission with pressure. (Light intensity

ine' jases downward.) Horisontal sweep (a)-(f) 5ms/div.
(8)-(3) 10ms/div. vertical gain (a)-(d) 5av/div. (e)
20mv/div. (f) 50mv/div. (g)- Jg 100mv/div. (a) 1.0 torr;
{b) 1.7 torr; {c) 2.0 torr; (d) 3.0 torr; (eg 4.0 torr;
éf) 5.0 torr; 2 h) 7.0 torr; (4

g) 6.0 torr;
3) 9.0 torr.

8.0 torr;
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Fig. A2 Sample photograpl.s showing variation of the afterglow
5780 X emission with pressure. (Light intensity increnses
downward.) Horizontal sweep 5ms/div. vertical gain

(a;-(g) S5mv/div. (h) 10mv/div. Pressure (a) 1.C torr;

(b) 1.5 torr; (o) 2.0 torr; éd) 3.0 torr; (e) 4.0 torr;
(£} 4.5 torr; (g) 5.0 torr; (h) 6.0 torr.
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Figure A3 shows the effect of wall temperature on the afterglow
intensity pattern. (The tempersature wa: monitored by an external thermocoupie
on the pyrex tube.) A negative temperature effect was observed as the temp-
erature increased. It was found that at a wall temperaturs of about 150°C,
the afterglow disappeared completely. In.act, brief heating of pink after-
glow in a flowing system did decrease the brightness of the pink (Boale &
Broida 1959).

Figure A4 shows an interesting effect, probably due to "wall
conditioning"”. It was found that when the discharge was first turned on
after a long intervel of time (e.g. aver night), the afterglow pattern
continuously changed with successive "firings®". Every time the discharge
was on for 5 secs and then switched off. The system was flushed for two
minutes between sach shot. It was found that after 10-12 "firings"™, ths
afterglow pattern attained a steady structure at a particular pressure and
a sort of "equilibrium®™ condition was reached. Initially the afterglow
showed an early spike (5 ms) which then disappearsd as a peak at 13 ms "built
up" at the equilibrium condition . This peculiar behaviour is attributed
to the effeust of "wall conditioning" which had alreaqy been pointed out as
being an important parameter in obtaining a pink afterglow in a flow system.

Another peculiar behaviour of ths afterglow pattsrn was that it varied
from position to position in the discharge. The best position in obtaining
a multiple peaked afterglow pattern was not the mid-point between the
electrodes-of the discharge, but rather a few centimeturs upstream in the
blue region. The Mmidpoint™ of the discharge showed an earlier spike. As
the photomultiplier was moved further "downstrcam", the neak was found to
disappear gradually.

It is to be noted carefully that before any measurement was made, the

system was flushed for about 2 minutes at a pressure of 4 to 5 Torr. This
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Pig. A3 Sampl§ photographs showing the variation of « . glow
3914 A& emission with discharge tube wall temper .ture.
(Light intens*ty increases downwari.) ©Press ~e 2 torr.
Horiszontal swee Smg/div. vertical gaino(a)-(;i) ng/div.
23) 2my/div, (a§°33 C; (b) _387c; (c¢) 407C; (d, 55°¢;
o) 60%; (f) 65

c; (8) 7%, (n) 80°%; (1) 90°C; (J) 150°.
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Fig. A4 Sample photographs showing varintion of the afterglow
3914 A emission. (Light intensity increases downward.)
Due to wzll conditioning. Pressure 2 torr. Horizontal
sweep 5ms/div. (a)-(e) vertical gain 10mv/adiy, &f)-(h)
vertical gain 5muv/div. The series from (a) to (h) shows
the ochanges occurring from first discharge in thes tube
to "equilibrium” condition,
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was an important measure in connaction with the reproducibility of the

results, It was found that without this "flushing", the afterglow pattern

was lost after three or four “firings". Thus,the flushing may be serving

to drive out some impurity or acting to provide a favourable wall "conditioning".

Tt 3se results reveal some very interesting pheaomena in connection
with the pink glow whish has hcen described by so many authors as
"temperamental®,

The'multiple peaks confirm the complicated nature of the recombin-
ation processes involved. Variation in the value of the afterglow time
quo” \d by different authors in a supposed "identical"™ cc lition can jaobably
be explained from the effect of "wall conditionings" and wall temperature
which may change with the method cf production of the primary discharge that
means either rf discharge, microwave discharge or D.C. discharge.

The peaks in the afterglow pattern obviously indicate some sort of
repetitive production mechanisms along with the loss due to recombination
and diffusion. Without specifying the actual species involved in the
recombination processes of such a complicated nature, one can write the
recombination equation involving the loss and prcduction processes for a

cylindrical geometry

Dag_ o
T an” + adn + Q(t) + z 6 ar)

where § = non-zero net charge density

R
n

electron ion recombination coefficient

Dg= ambipolar diffusion coefficiernt

O
—~
H
~

"

a production term; that is an ionizing source when. the actual
discharge is off.

8§ = 0 4in most of the occasions.
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Kunkel (1951) solved this equation neglecting diffusion and assuming
an ionizing source of exporientially decay form
Qt) = beP?

and he obtained a solution of the form

1-e-ﬁt
at+B/d

nem~

which can explain one pesak in the afterglow.

A qualitalive explanation of a process w’th single peak can be
given as follows.

Initially, the icaizing source (Q(t)) is most efficient in producing
ions and electrons, and loss due to recombination is negligible due to lack
of concentration. Hence,production will increase until the concentration
is large enough to make recombination an efficient mezhanism. As soon as
sufficient concentration of ions and eiectrona are formec thay will recombine
snd the concentration will decrease., The multiple nature of the peaks is
difficult to explain unless some sort of oscillatory reactions are involved.
Reaction schemes suggested by Prag & Clark (1963) may fulfil the Rice's
oscillatory criterion (Rice 1960) as has been proposed by Young (1962) for
hiz own set of reactions. In fact, Prag & Clark (1963) did suggest some
sort of cyclic process for their wwn set of reactions in causing repetitive
dissociation and formation of Ns molecule which is beiieveu to be the main
energy carrier in producing pink af'terglow.

In this connection also, reference should be made t, the work of
Fite et 2l (1962) who found in their studies of pulsed N, aftergl ows that
the various nitrogen ion species (N+, ﬁg+, N:" and N*) exhibited a "peaked"
distribution in the afterglow and that the various species reached their

maximum abundance at different times in the af'terglow.
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As a result of the present puiseé studies, the complex nature of the
short duration a"terglew of N has been further emphasized. The muxima at
times less tnan 5 millisec, shown in the figures are very sharp and do not
seem to have besn reported previously. The peaks at t10-15 m sec correspond
tu those ws have )served in the flow system as show: in Sections III and IV.
Becauss of the complicated interplay of temperature, pressure, impurity and
:all-effects, any experimental investigation of the detailed structurs of the
afterglow will have to be performed with great care if meaningful results

are to be obtained.
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APPENDIX B

Velocity Measurements in
Afterglow Flow Systems

The flow velccities quoted in the results given in this report
represant only average values. As discussed earlier (Section III), because
of the complex nature of the nitrogen afterglow, temperature and pressure
gradients are generated in the flow and the velocity becomes a function of
spatial position in the flow system.

In an attempt to improve the accuracy of tne velocity values obtained
and possibly to observe the spatial dependence of this velocity in the flow
systems, measurements were carried out using a pulse technique. Generally
spasking, it consisted of switching off the discharge in th:s flowing gas
at a known instant and monitoring the subsequent behaviour of the afterglow
at various positions downstream, with the help of photomultipliers.

The composite photograph in Fig. B1 presents a selection of traces
extracted from a series of such measurements illustrating the time history
of the afterglow at discrete positions along the tube from the moment the
discharge is switched off. The bottom and the top traces show the time
dependence of the rf power and afterglow intensity respectively. The kf
signal was monitored from an antenna located in the vicinity of the discharge,
rectified, detected through an R.C. circuit and fed into the oscilloscope.

The rather long decay time for the rf. signal shown on the pictures

~(~ 1 millisec) is thaet of the 2.C. circuit. The actual decay time, measured

without filter, is of the order of 25 psec, - that is to say, instantaneous,

compared to the time scale of the afterglow. The discharge rf was turned off
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Pig. B! Semple photographs showing photomui*iplier response (upper
trace) when tie R.F. (lover trace) is switched off (t=0
for different photomultiplier distances (d) from the
discharge. Horisontal sweep Sms/div. iressure 1.5 torr.
Top to bottom d: 19om; 25cm; 3iem; Licm; S5icm; 6iom; 7icm.
ti1: Time tc receive the r'irst response
t2: Time required for final decay.
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by & delayed relay operated manually by a switch which at the same time
triggered the oscilloscope.

The rf signal trace is self explanatory. Three different regions can
be observed in the afterglow emission trace. Firstly, bsfore switch-off,

a continuous horizontal line showing the steady state nature of the afterglow
in the flow. Then a sudden break of the equilibrium (more or léss
pronounced, depending on the positiom of the phocomultiplier), leading

to a region of undulating structure marked generally by a slight decrease

of the average intensity and, in a few cases, by an appreciable increase.
Finally, a rapid intensity lacay coinciding with the disappearance of the
glow. The final decay is prezeded in all cases by a short intensity maximum.

The flomw velocity can be found by dividing tne discharge-to-photo-
multiplier distance by the time interval between the discharge rf cut-off
and the afterglow decay (t2). Because of the appreciable extent of the
discharge, there is some uncertainty about both the effective size and
location of the afterglow source. The position of thk source was, as a
result, fixed arbitrarily at the downstream end of the discharge electrode
and the graph of time (t2) against position was plotted in Fig. B2 from the
sameé serics of traces as those shown in Fig. Bi.

As a consequence of both the finite size of tne source and the finite
decay time of the giow, the afterglow intensity does not present a sharp
cut-off and there exi.ts some doubt as to where t. should be measured.
Therefore, three values of time, corresponding respectively to those
measured at the last maximum, halfway down the decay slope and at the intens-
ity zero, were recorded. And in Fig.p2,the vertical lines at each position
indicate the spread of these times. It is apparent from the figure that the
t2 values determine a fairly good straight line indic .ing a rather constant

value of the velocity as determined in this manner. Extrapolation of this
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line down to the distance axis locates the eft'eckive position of the source
relative to the arbitrarily chosedA value. The velocity calculated from the
curve of Fig.B2 is found to be 2040 cm/sec.

Another inte}esting phenomenon occurs on switch-off of the rf @ischarge.
It consists of a signal travelling down the tube at the speed of sound and
believed to be caused by a pressure disturbance due to the sudden gas
-6ooling sccor~anying the cut off of the discharge. The phenomenon corresponds
to the first break occurring on the downstream photomultiplier traces (i.e.ts
in Fig.B1. It is observed that the time t; increases as the photomultiplier
is moved down the tube.

When the time t4 is plotted against position, the slope of the straight
line so obtained gives the propagation velocity of the signal., This is done
in Figure B3 fo. two different flow conditions in nitrogen. We see that the
velocity of propagation of this signal is independent of the gas pressure.

A speed of 3.5x10‘cm/sec was calculated from Fig.B3 and as ai average value
it agrees very well with the calculated velocity of sound in nitrogen at
BOOOK. Thus, knowing the temperature dependence of sound velocity, the
measured velocity can be used to calculate the effective gas temperature.
This tompefature may then be employed in the calculation of the flow velocity
from measurements of the flow volume.

This disturbance taking place at the source and travelling rapidly
downstream in the afterglow is closely related to the undylating structure
of the trace in the second region.of Pig.Bil. When tt& ~f is cut off, the
"instantaneous" replacement of the hot gas 1. the discharge region by cool
(BOGOK) incoming gas generates a pressure rarefaction which propagates down

the tube, creating instabilities and generating oscillations of the afterglow

intensity.
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One of the immediate efiects produced by the disturbance is observable
in the sample photographs of Fig.B1. It is apparent that some downstream
photomiltiplier traces undergo a rise in intensity (25 cm, 51 cm) while
the others suffer a drop right after the break point (ti1). The reason for
this can be found by referring to Fig.B4 where an axial scan of the afterglow
is shom for steady state conditions. Also indicated by vertical lines, are
the photomultiplier positions corresponding to time history photographs of
Pig.Bi. We observe that if the wholc curve is shifted upstrera (i.e. to the
left) by a few centimeters, the amplifudes given by the new crossing points
have undergone a variation in the same direction as that following the break
on the corresponding photograph. Hence, the photomultiplisr at 25 cm is
affected by a big rise and position 31 cm by a rather large drop on both
Fig. B1 and Pig. BL. It therefore appears that the immediate result of turning
off the discharge is to shift the afterglow pattern upstream. (This
"backward" motion can actually be observed visually when the pink glow has
sufficient intensity).

In order to check this result and find out how fast this displacement
was taking place, curves of Fizge. B5 were constructed using the series of
photographs whose samples appear in Fig. Bi. From the time history taking
place at discrete vositions down ths afterglow (~ every 2 cm) the spatial
intensity distribution of the afterglow is reconstructed with time a: the
varameter. The shift is well illustrated and the motion is seen to start with
the passage of the "sound wave" and be achieved in less than 2 milliseconds.

This plot is most instructive far following the time variation of the
distribution. After the rapid backward (upstream) motion of the .afterglow, the
unexcited, cold gas moves downstream and begins to diminish the afterglow

intensity at the upstream end. As shown in Fig. B5, this removal of the

afterglow occurs as an "eating-away" of the upstream edge with the downstream
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portion of the nfterglow distribution remaining essentially intact end at
rest with respect to “he flow tube. This type of behaviour can be explained
from the fact that at anv given position in the flow system, the afterglow
conditions first adjust rapidly (in a time ty) to the new pressure and
velocity <onditions and then remain in a steady-state flow condition (apart
from the small undulations) until the unexcited gas reaches that position
(time t;) and removes the excited species.

In anattempt to imrprove the accuracy of the pulsed method for measur-
ing flcw velocity, a different arrangement was employed. This time, two
photomultipliers separated by a known distence, were located at diff'erent
positions downstream and their output was fed into a dual beam oscilloscope.
The diacharge rf power cut off was carried out in the same manner as descrited
previously and zowss.the 'scope triggering. Fig. B6 shows sample photographs
of the simultaneous responses of the photomultipliers for a separation of
15 cm and distances (upstream photomultiplier) of 20, 48 and 82 cm respect-
ively from the discharge. From the photomultiplier separation and time
interval between decays as measured on the photographs, the flow velocity
can be found, In principle, by reducing the inter photomultiplier distance
it is possible to increase the resolution (i.e. decrease the distance averaged
velocity) and establish the flow velocity distribution down the tube.

However, it is found in practice that this method of msasurement is of limited
accuracy because of the irregular nature of the decay por*ions of the intensity
curves. Also, as a result of phenomena such as those shown in Fig. B5, any use
of pulsing techniques, prcvides a measure of the vg}ocity after the pulse and
rot of the original steady-state flow. This is true whether one or several
photomultipliers are used. This effect has been observed with the two photo-
multipliers arrangsment., Using traces such as those shown in Fig. B6, the

flow velocity was measured for several flow conditions and simultaneously the

o o e . B ,;::,m: “w- = = i 3 ‘_‘quj:."
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Fig. B6 Sample photographs showing the simultanecus resronse of
“wo photomultipliers at different distancis from the
source, Horigzontal sweep fms.div. Pressure 3.5 torr.
S~paration between the two photomultipliers is: 15om
(2ixed). istance (d) of the first photomultiplier from
she discharges is: 20cm; 48om; 8Zem.
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total volume flow was recordsd to provide a second velocity measurement. The

results are summarized in Tahle I below:

Table I =~ Comparative Flow Velocities

Vel. from Vel. from Vel. from

Pressure Photsmul. Vol.flow{300°K)  Vol.flow ( 400°K)
1.5 Torr 1970 om/sea 2060 2780
2,6 ® 2270 2360 3150
3.5 " 2230 * 2320 3100

To compute the velocity from the volume fiow it is necessary to know
the gas temperature in the flow tube. From the thermocouple measurements
(e.g. Fig.7) it is known that tue temperature of the afterglow is of the
order of lpOOOK. In order to get reasonable agreement in Table I however, a
temperature of about 300°K must be used indicating that the flow velocity
measured by the "switching-off" technique corresponds to the temperature of
the inflowing room temperature gas. (In agreement with the velocity of
sound measurement from ti of Fig.B1). This is quite reasonable in view of
the rapid velocity reduction on switch-off shown by the upstream motion of
the afterglow pattern in Fig. B5.

In conclusion it can'be stated that it was found that the pulse method
with switch-off of the discharge source and downstream intensity monitoring
photomultipliers does not constitute an accurate means for the determination
of the steady state afterglow. The arrangement using two donntreg.m photo-
mltipl:ers can howdver, be employad sdvantageously for a rapid determination
of the order of magnitude of the flow velocity. Perbaps the most interesting

aspect of this study is the obaservation of the "sound" wave provagated.down
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the tube on swithh-off which is followed by a rapid reduction in the flow
velooity. The sound wave can be used to find an average afterglow temperature

that can also be employed in the caloculation of the average flow velocity by

measurement of the flow exhaust.,

e
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APPENDIX C
Double Probes in Plasmas
Dr. T.W. Johnston _

INTRODUCTION

Double probe investigation of a plasma is very useful in cases
where the current drawn from the plasma must be kept to a minimum. in
rractical cases the positive ion current variation to the probe elements
is not negligible, and simple theory, based on this neglect, is
inadequate. Several people have dealt with this problem in collisionless
plesmas with varying degrees of success. (Allen, Boyd and Reynolds (1957);
Bernstein & Rabincwitz (1959); Hall (1961,1964), Lam (1965), Chen (1965)).

Recently Laframboise (196.) has celculated very convenient
numerical results for oylindrical (and spherical) probes in stationary
Maxwellian collisionless plasmas with one type of positive ion and one

type of negative ion with arbitrary charge and mass.

This last feature allows one to construct the Langmuir single
probe charecteristic and, from it, the double probe characteristis for
any two-component plasma of interest.

In this appendix, this has been done for the cases of interest in
the present study: N»® and e-('l'e >> TNg)’ and Np* and SPGT(TNz= TSF¢)°
From the results a simple procedure is derived for obtaining moderately

ascurate results quickly from the probe characteristies.
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A basic conclusion is that,whils double probes are adequats for
determining the positive ion density, they are almost useless for determining
the composition cf the negative charge species (i.e. the relative

proportions of elestrons and negative ions).

CONSTRUCTION OF PROBE CHARACTERISTICS

The determining parameter is the root of theratie of the masses
of the charge species. For the Nz+, o qystem'f5:75:'1s 227, for the
Ne*, SP¢” aystem'¢;:7§:_is 1.58. Laframboise's normalized curves are
shown in Fig.1 for the attracted particles for various ratios Bf probe
radius rb to Debye length 1D. The repelled particle current is merely *
exp(- evp/k'l'), where vp is the voltage relative to the plasma potential.

The convenient normalizing current per unit probe area to use
is the random current at the greater temperature of the species, normal-
ized to whatever species mass is convenient.

For the Nz+, e system, since the ion current was of interest and

the ion temperature was low, the normalizing current was

oo = me G FEE = meafmif O

2p, Lp and Ap are the probe radius, length and area. The other symbols
have their usual meaning. The electron temperature was used in tre
voltage scale. The characteristics are given in Figs.C2 fo C7.

For the N,+, SFe system the temperatures T ware assumed equal,
and the current was again normalized to the heavier species (SFG-) mass.
The results are given in Figs.C8 to C10,

Particle Flow

The particle flow curves were oonstrusted by using the curves -

of Fig.C1 directly for thes normalizing species and multiplying the other
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mirror-reversed curve by the mass ratio es givan in Figs.C2,C8. Note that
only the retarding part of the electron current is required, because of
the extreme mass ratio, for the double prfobe result, but that the full
characteristic is required when the species are of comparable mass.
Single Probe

The relevant portions of the single Langmuir probe characteristies
are now constructed by simple subtraction of the ion current from electron
current. The rectified version of the Langmuir characteristics (i.e.
negative current shown positive) is given in Figs.C3,C% Note that in
the eleetron-ion plasma, the floating (zero-current) potential is quite
negative, 2xd moves negatively as the probe is made larger. In the ion-ion
plasma the floating potential is slightly positive and does not move.

Double Probe

The double probe curves (for both probes identical, but isolated
in the same plasma) are constructed from the reetified single probe
curvesby choosing a current and obtaining he voltage difference at thét
current between the positive and negative parts of the characteristics,
This normaligzed probe current is plotted against the normaligzed voltége
differencs in Figs.C4 and (10. Tiese curves are the upper right hard
quarter of the usual S-type double-probe characteristic, To facilitate
discussinn and comparison with experiment, the electron-ion curves were
normalized (by division by suitable a factors) to allow the lower part
of the characteristics to be superimposed, giving Fig..(C5.

Thus Figs.C5 and €10 are the theoretical staudards for fitting the
experimental results. Given these curves, the probe dimensions, plasma
coaposition, and the experimental ¢urrent-voltage characteristics, the

plesma density and tempeiiture are to be deduced.
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TEMPERATUKE AND NUMBER DENSITY

A dasic problem in this diagnostic technique is that the
rormalising fastors >f the current and voltage variables are what is
unknown, An obvious way to use the experimeuntal data is to fit the
experimental probe characteristies to the ncrmalized plots by horizontal
and vertical scaling factors. <The normalizing factors appear immed-
iately. One finds by the fit what voltage corresponds to kT/e and then
what probe current fits the appropriate random current and thus determining
what the ion density must be. The value of r P/ can then be calculated
and the curve for that value compared with the actual probe curve as an
experimental consistency check. A short cuf for this somewhat tedious
procedure is obviously desirable.

Since the Nz+, e ourves had to be normalized to be superimposed,
this second normaligation must be considered as well, so the treatment
of that system differs somewhat from the N2', SFe¢ cass .

N ., e

In Fig.6 the normaligzation constant a, of Figs.Ck, C5 is plotted
as & function of rp/lD , a3 well as a useful parameter S, the ratio of the
slope of the saturated part of the charactsristic to the slope of the
gero voltage difference region. This last parameter is independent of the
vertical and horigontal scale factors. From S, on an experimental curve, one
ean roughly estimate rp/lD from Fig.C6 In Fig.C7,S is plotted against «
so that a o¢an also bs obtalned directly from S. The diagnestic prascript-
ion now 3s as follows:

1. In the usual fashion draw saturation Baymptotes and the slope line Lo
through Vd = 0. The intermection of' Lo and L, g:ves the break point
voltage V. which can be taken to be twice the electron energy i.e. eV =2kTe.

b b
"he current I.b at the intersection is between 1 and A.t.al . The ratios

0o+
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of the slopes of Lo and Lt3 determine a from Fig.0Zd Io. is defined above.’
Thus

kI/fe = %V, (2a)
In MKS units kTe % % . %
To. = PMESMMKS 21rn+> o = (nh)yrs™, (r“m) e
1
Im_ \%
= DAV, (f-) 1.910"'* amps
*
(m /m 14
D xS = Ib ps 1? 5 = Ib I X 227xlp.8x10"electrons/m’
1.1a A Vb a Msvb
In cgs units
n = -—i—r x 227xle8x10*'! = '—i'r x1:09x10* 4 electrons/ac
+ z
a AVb a AV, 2
b
(2v)
* -
Nz SFe

No seeond normalization was necessary so Fig.Ci0can be used
directly. It should be noted that the curves do not show the clear
ssturation of the Nz+e— curves, so the drawing of the saturation line L
is somewhat arbitrary. The (Lo ,Ls) intersection voltage V, is 1 .8
to 2.3 and current I, is 1.6 to 2.1. For nominal ascuraey (better than
20%) it is enough to take the intersection voltage Vb as 2kT°/o. Bescause
of the larger variation in I‘b it is better to take the value at Vb of

I (whish only varies from 1.2 to 1.4) as 1.3. Thus we have

. KT/e = 3V, . (3a)
Vi

—-‘—%— = \% x 4e85°0'! = -(-}'E)- 1.32x10'4 electrons/ee (3b)
1234V, av,? -

Since the saturated slope is somewhat uncertain, probably the

best consistency check is to calculate 1) from 1, = 6.9(T/n)% and plot
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a few experimental points on Fiyg.C10 to see if they fit the appropriate
rp/iD curve, If the fit is fairly good the accuracy of the measurement
may be inereased by re-fitting the curve more carefully, but usually th
first attempt accuracy is more than enough consideri:.; bther sources of

error.

DISCUSSION

The general similarity of Figs.C5 and C4D and formulas 2 and 3
indicates that for comparable rp/'lD ratios the difference in elamtron-;
positive-ion or negative-positive-ion plasma double probe characteristic
i3 not striking. The double proba is ;uah more a detector of total ion
density normalized to the heaviest species and highest temperature of
opposite sign particles which determine the saturation current.

In order to determine whather electrons or heavy negative ions
are involved one mipt use an auxiliary diagnoétic. This could be the
full Langmuir probe. I the currert drain is unacceptable or no fixed
plasma pptential current be established,. a convenient radio-wave method
such as mierowave transmission, resonmme or stripline resomawme may b e
the next best solution.

If the doubia probe characteristics do not fit these curves,
The likely reasons are as follaws:

(1) Probes too close and hence not independent.

(2) Collisions - if frequent, diffusion theory must be used.

(3) Non-Maxwellian distribution.
0f these (1) and {2) can be checked by rough calculation but (3) can only
be determined by a complete single probe measurement whick may not be
possible.

The fact that normalized curves are given enables one to decide

e
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if the slope fits the theory - a consistency check not usually available.

To sum up: The ideal collisionless Maxwellian cylindrical double probe
sharacteristics for two plasmas (Ne', e -(T+ << Te); Ne', SFQ-(T* =T))
have been given together with a procedure for determining the tegperature
and number density. Some limitations have been indicated whieh should

be explored further in any future work on the topie.

REFERENCES

J.E. Allen, R.L.F. Boyd, P. Reynold= "The Colleotion of Positive Ions by a
Probe Immersed in a Plasma" Proc.Phys.Soe. B70, 297-304 (1957)

I.B. Bernstein, I.N. Rabinowitz “Theory of Eleetrostatic Probes in a Low-
Density Plasma" Phys.Fluids 2, 112-121 (1959)

F.F, Chen "Numerical Computations for Ion Probe Characteristics in a
Collisionless Plasma" J.Nuelear Energy C7, 47-67 (1965)

L.S. Hall "Probes and Magnetic Pumpiné in Plasma" UCRL 6535 (1961) "The
Computation of Self-Consistent Potential Distributions in a
Collisionless Plasma" UCRL-7660-T (1964) (Univ.Calif.Rad.Lab.
(Livermore) unpublished reppris)

S.H. Lam “The Langmuir Probe in a Collisionless Plasma" Phys.Fluids 8,
73-86 (1365), "Pl~sma Diagnostics with Moderately Large Langmuix
Probes" Phys.Fluids §, 1001-1004 (1965)

J. haframboise "Theory of Spherical and Cylindriecal Langmuir Probes in a
Collisionless Plasma at Rast" paper given at Lth In{,Symp. on
Rarefied Gas Dynamies, Toronto, July 14=17 (1964) to be published
(Aeademie Press, J.H. de Leeuw, ed.)




*(019-89 ‘%0-20 §°914 *8°8) | PuB 0Jez JO SOT}BJI 8. TYE

-Jadwoq pue 0T3BI SSuW AUB JOJ PEIONJIFSUOD 9Qq UBD SOT}STJIIBIBYD aqoad ‘seAdnd &sayy vodd

*y3Sua 9£Qqag PUE 1USIIND PO3OBI}FE WODPUBI J0F aanjuvaadwey aToTiJed pPerreded Y3 Is POZITBWIDU
‘soToT3a8d PIRIBIFIE® JA0) SOTFSTJISROBIBUD 8583 [OA-JUSIINO ©Qqoad TBOTIPULTAD peziTewIcN L9 *F1d

(1%¥/A3) TVILNILOd 3808d TYNOISNIWIONON

62 0z 61 01 S v £ 7 1
] 1 | || ' || | | | |
c =
03113d3¥
Q3LOVHLLIY]
001 \\nduuvuuuv
0 i ,
ON e B ———
071 =
0371343y,
S 03LOVYLLY,

- C8 -

804d TVIIMANITAD

01

0°¢

0¥

0°¢

(°UD LNIY¥NY 3701L48Yd GILOVHLLY TYNOISNIWIONON




R e

a>m
0 A b— 9- 8- 01— - bl-
0 T T T | | T T T T T T L
_ *(3xe3 99s) ua eamsIedmey
uox}oeTa oY} 4T oJeM SUOT oy} JT Bexe 3Tun Jod jusrrad uoT
wopuex oy ¢t *°I ceunjeaedwe; uoT oa8z pur oryEa YR FueT-oLqeq
LINIYUNI NOYLSI3 ~uox30919/6NTPRI-0qoad TEBOTIPUTITLO oY3 JO €o9NTBA SNOTIBL JOJ
‘suserd _o 2N uU®e UT S3U6LMD UOJZOOT3 PUB UOT USTOX} (U POTJIFOay 29 °*I1d
N
001
4
- \ 0§
0¢
i .
0
& 01
1
+1
S
N
- SINI¥YN0 LNIWIND NS
NO¥LI373 ONV N | 0 = 0y/9
oy -




P, ol

i

i i

. SR e pa o,

T g £ e Rt e M

0T

- Cl0 -

0

- 8- 1] 1= bi-

*guseTd & 2N °9Y3} I03
S0T3STI93 08I0 oqoad Jrnuiue] TBOTJIPUTTAD POT;IF09Y

€0 *9t4d

001

0§

0¢

01

| -0,/

SOILSIYILOVEVHD 3804d YINWONY 1
VASY1d _3 ‘2N




+ i

ORI

- Cl1 -

il

0 A !

XAl

16° 1

2z e

9l.°2

0§

0¢

S

0

s

Jq uez s = +0H\H J0J 3aIB FOUlT Ve
eTqnop vege Tenbe 03 €9°FTJ WOIF SOT3STIS}OBIBYD aqocad eTqnoq +#9 °ITd

yseq

001

-uoTeq ueatd » @i (°prz/ne
*smserd _o 2N ue up aqu

0S

0c

SOILSIY5L0VHVHI 3808d 379n00

VINSY1d -2 “1.ON

01

0°¢

+ %1

0°¢

0t




O T S

~

‘L = 00H8\H ‘2 = oax\bo I03 Jnooo o:03dufsw puw oull pausep Jo s3deoasjul °»p £q UOTSIATP £q
pourejqo ‘swserd 9 3N u® J0J %) °ITJd WOXJ SOTISTINIBIBYD 8q0aC eTQnNOPp PeZTTBWION G9 *3tg

91y
Axn A3

12 Al 01 8 9 ¥
v ] 1} v \ L) | _ ] T L) 1 T

+0po/1

§IISIYILOVEVH) 3808d 318N00 G3ZI VWEON
VESYId _a* 2N




% - &Aﬁ__é—

? mi%% - %

a4
001 01 :
D ﬁ T 17 1 1 | T rTrrr1rur T T T 0
/ -
- 0o .Pﬂ\mh Jo uopzoumg mona e330Td senTsA
sp L v pu® £e303dmlce A® .
0’1 N o387 Jo (S) oMm®Ba Mmo.nn .ﬁwnd.n..m.ﬂu Mo.wwm L,. ey
&w / 99 °*F14
/ — 00
ST} )
§ N m
i v
3 > =
. %00 >
! o
Voozt ~ e
—1 80°0
l
¢y
— 01°0

/Iou /4 \ )

0=0y/d




ﬁm;*h

e & x AR i a

- Cl4 -

to/ln < 0 APPROXIMATE
0.10 | /-0 9 “BEST FIT'"" LINE

0.05

SLOPE RATIO (8)

0 é~ L J

1.0 2.0 3.0
NORMALIZING CONSTANT «
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APFENDIX D
Spectroscopic Determination of

Plasma Temperatures

Using the electromagnetic spectrum to deduce the tmperature in a
plasma has certain advantages. By suitable optical means, any part of the
placua may be investigated without distmrbing the medium. In addition, the
measurement can give direct information about the state of rotation, vibration,
and translation o. the molecules involved; that is, whether certain reactions
may be ocourring. The accuracy of the result depends on the reselving power
of the instrument employed and the assumption that the molecule is in thermal
oequilibrium with its surroundings.

For avery low resnlution spectrum, the vibrational temperature may be
estimted by constructing a synthetic spectrum (Shemansky & Vallance Jones,
1961) for a given temperature and matching the profil> itk the observed band
shape. Several temperatures must be chosen tc obtain the best fit, but the
aceuracy is limited - bLeing a function of the tand shape ani the signal-to-
noise.ratio in tae obzerved spectrum - and the process is very tedicus. If
access to a large high-speed computer is a vailable, it is possible to build
up a library of band shapes for various vibration temperatures of molecules
of interest for fast reference on a routine basis.

The synthetic spectrum is constructed in the following manner. The
wavelsngth of the various lines in each branch of the band are either
tabulated or calculated from the term walues for the state of the moleculo,

The intensity of the lines, I(K') is given by:

I(K') @ S(3) exp [ -B K*(K'~1) %; ] )

where the line strength factor S(J) varies with the branch investigated,
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P, Q or R, The constant of proportionality contains the wavenumber o, as
g* which may affect the calculations if the bund is widely spread. A
plausibie temperature is assumed and the caloulation of the I(K') is made.
The remaining parameters in the constant of proportiorality are fixed for
a given band. The branches are plotted to the same scale with a triangular

ipectral-slit-width function for a spactrometer, a trapezoidal function for
sinx

a spsctrograph, or a function for the spectral slit width of a

Michelscn interferometer. The branches are summed to ghve the band change

for the temperature assumed which is compared with the observed spectrum,
a new temperature is then chosen and the new calculation of I(K') commenced.
For intermediate resolution spestra,of the order of 1 X, an estinate
of the rotational temperature can be made from the intensity distridbuii n of
the rotational structure. The intensity of a rotational line may be written
28 (Petrie 1953)
1bilb B go(grgq)

I = cv' se T

(2)

The frequency factor v* varies very little within a bsnd, s is the
"line strength® factor, B' is the rotational constant of the upper state, K'
is the rotational quantum number and T the tempsrature.

At the intensity maximum of the band

Bl

and we get for T
T = 1.44 B'(2K'+1)K! (3)

Hence by identifying the rotational quantum number for maximum
intensity, ¥ can be calculated provided B' is known. Also from equation (2)
we find

logm(%,) = const - -‘L'-IT&B'K' (K'+1)

This shows that a plot o.’ 10810(%?) against K'(K'+1) will give a

O
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straight line whose slope is related to the temperature oy
1,LLB"

S slope

Henoe, knowing 2°, one can calculate T, In the present investigation
rotational temperatures of the nitrogen discharge and its pirk afterglow were
measured using the rotational structure of 3914 £ (0,0) and 4278 £ (0,1)
bands of the first negu“ive system. A sample rotetional spectra of discharge
source and plots of logm(l,> against K'(K'+1) are shown in Section III for
the source and the pink sfterglow. Following Shepherd & Huntep (1953) an
intensity correction was made due to the fact that the height of the unres-
olved profile at any wayelength depends both on the intensity and the line
spaoing at that wavelength.

Care must be taken to be certain tha% none of the rotational lines
in the given branch are contaminated by lines from another branch., If
estimates of contamination must be made, the accuracy will be no bYeiter than
that obtained from the vibrational temperaturs. If rapid measurement of the
temperatirs is desired, an electronic system may be built using either
rotational lines or intensities in the band (Huntem, Rawson, Walker, 1963).

For higher resolution, a Fabry Perot interferometer may bo used to
determinz :he Doppler shape of a line (Jacquinot, 1960) which wi:l give the
actual temperature of the medium. Only an extremely narrow bsandwidth is

investigated with this instrument.
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