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SUMMARY

Temperature measurements have becn performed using spectroscopac
techniques on the plasma jet obtained {rom a water stabilized arc with carbon
electrodes,

The jet spectrum in the vasible region consasted primarily of band
spectra of molecular CN and Cp and the Stark-broadened atomic line spectra of
hydrogen. Intensities in various parts of these spectra were measured and
temperatures were then deduced

(a) from unresolved rotation line intensities in the CN 0-1 band,
(b) from unresolved bard intensities in the CN and Cp systems,

(¢) [Crom total intensities in the hydrogen HP and Hy lines,

{d) from the stark~broadened line profiles of the HB and Hy lines,

Temperatures were also measured by the mcthod of spectrum-line reversal
on the Cp 1-0 band head.

Tenperatures obtained simultaneously Trom measurements on the CN band
systems and the HB line profiles differed considerably; an average temperature
of 5800 K +300 K was obtalned from measurements on the CN band spectrum whilst
a temperature of 10, 960°K *400°K was obtained from the HB profile, Thas
apparent 1ncon51stency has been attributed to the exaistence of zones at
different temperatures in the jet structure,

Observed Jjet instabilities have been reported and discussed and the
liamitations of the experimental techniques have also been commented upon,

Replaces R.A.E. Technical Note No, Aero 2945 - A,R.C, 25878,
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1 INTRODUCTION

This paper summarises the results of attempts to measure, by optical means,
the temperature of the jet of hot gas (plasma Jet) produced by 2 water stablllzed
arc with carbon electrodes., The apparatus and cine photographs of the plasma
Jet are shown in Fig,4, This type of plasma jet, first devised by Weiss', has
been used in R.A.E, for experimental studies on hot gases and prellmlnary
estimates of the jet temperature were made using the method of spectrum-line

-6 -

L]



ay

reversal on the sodium D-llnes2. Results obtained from these estimates
indicated temperatur%s of about %SOOOK to BBOOOK which were much less than the
temperatures of 9000 K to 13,000 K previously reported by Weiss,

The objects of the present work have been to investigate possable causcs
for these differences, to examainc the practacebility of applying a variciy of
optical methods of temperaturc measurement to sources of radiating gas (e, g.
plasma jets, arc discharges or shock-heated gases) and to rclate the mecasured
temperatures to the physical processes at work in the plasma jet. All the
optical methods described depend upon some foature of the speciral dastribution
of the cnergy radaated by the hot gas, The land of spectrum emitted depends
upon the chemical constatuents in the gas and on the stale of excitation of
each of the constituents, One expccts the plasma jet te contain matier
originating from the water vapour in the arc channel, carbon and traces of
ampuraties from the electrodes, and air constituents which become entrained in
the get, The spectrua of the jet could, thercfore, consist of molecular,
atomac or ionic spectra of any of these constatucnts togetiher with the spectrum
of any of their products of chemical rcaction., In the visible and ncar vitra-
violet regions, the spectra of a varicty ol such constituents were indeed
detected, narely

(a) the band spectrum of the CN radical,
{b) the band spectrum of diatomic carbon, Cp, (Swan bands),
(¢) the atomic hydrogen spectrum in the Balmer scrigcs,

(d) atomic lines of oxygen and clectrode ampurities,

The types of radiating species and the intensities of their spectira were
both found io vary with the manncr in which the arc was opcrated, Thesc
effects are 1llusirated in typical spectrograms, Fag,2, and shown diagram-
matically an Fig,3

In this work it has been assumcd that although temperature gradients
ex1st in the jet, any small volumc of radiating gas will be i1n a state of
thermal equilibrium and therefore a unique temperaturce can be attributed to 1t
Theoretical jgustification of this asswmption of thermal egquilabrium in plasmas
at atmospheric pressure is to be found an the lrteratured and in the case of
the ordinary low-current carbon arc experimental evidence of thermal equilib-
rium has also been reportedh,

In a volune of gas in thermal equailibraum, the intensaty of the radiation
depends upon the equilibrium temperature, Relationships between radaataon and
temperature which are based upon welli-established theoretical foundations® have
been invoked to deduce the get temperature from various Teatures of' the spectra
of CN, Cp or atomic hydrogen In this work, jet temperatures have been
evaluated from weasurcements of

a) aintensities of rotation lines an the _ -1 ban
tensitaes of rotation 1i the B2 - ¥°z* ON 01 band,
b) intensities of unrcsolved band profiles of CN- and Co-band systems,
2
(c) ratios of total intensitics of the hydrogen HP and Hy lanes,

{4) a1ntensity profiles of the hydrogen HB and My lines,



Temperatures have also been mcasured by the application of the method of
spectrum-line reversal on the A3Hg - X/lu €, 1-0 band using a high temperature
background source,

Attempts have been mede, wherever possible, to measure the Jet tempera-
ture by the simultaneous application of at least two different methods so that
the results could be compared,

It has been found convenient in what follows to allocate complete
sections first to the theory and measurcments applicablc to the molecular
spectra of ON and Op, and secordly to the theory end measurements applicable
to the atomic hydrogen spectrum in the Balmer scries,

2 TEMPERATURE MEASUREMENTS ON MOLWCULAR BAND SPECTRA OF CN AND C2

The strengths of emission of the spectra of CON and Cs in the plasma jet
were related to the arc operating conditions in the manner illustrated in
Figs. 2 and 3.

Temperature measuremcnts based upon these spectra rostly involved
measuring the intensities of either resolved rotation lines or unresolved
vibration-rotation bards in the clectronic spectra of the molecules and
comparing the measured intensities with theorctical intensities of molecular
systems in thermal equalibrium calculated for a range of given temperatures,
These methods, which are summarised in the following sections, are only
applicable in conditions an which sclf-absorption in the relevant part of the
spectrum is ncgligably small, As Fig, 3 shows, in certain ranges of arc current
and voltage, self-absorption in the CN bands was not negligible, In those
regions of the arc characteristics where self-sbsorption in both the CN and
Co bands was sufficicntly strong temperatures could be estimated by an
entirely different method, the mcthod of visual spectrum-line reversal
against a high-pressure xenon-discharge background source,

2.1 Daiscussion of the methods of measurement

The major part of the experimental work was concerned with deducing jet
temperatures from intensity measurements of the band spectra of CN or Cp. A
brief account of the theory of the intensitics of molecular spectra has been
extracted from the comprehensive treatment by G. HErtherg5 and included in
Appendix 41 of this note,

Pour distinct methods of tempernture measurement of differing sensativity
and all based on the thcory in Appendix 1 were applied to the jet and these
can be subdivided into two groups In Sceciion 2,1.1 below, those methods are
dascussed which deperd upon intensity measurements on partially-resolved
rotational spectra in the band structure; in Section 2,1,2 the methods
discussed depend upon measurements of intensity distributions in unresolved
band spectra,

Other temporature messurements by the method of spectrun-line reversal
are described in Section 2,1 3. The experimental details and some additional
experiments designed to investigate the spatial and tomporal intensity
variations throughout the Jet structure are described in Scction 2,2,
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2.1.1 Resolved rotatlion-lines in CN-bands

The intensities of rototion lines in the CN-bands are related to the
equilibrium temperaturc through equation 1 below (Ref, Appendax 1, equation 11)
Ioon !
P) Ip exp(- “rot/kT)

I(P) Constant {9

i1

I{R)

il

Constant (55)* (5 +1) exp(- B._./x1) (1)

Spectrograms taken with a 30,000 lines/inch grating spectrograph (5 3/ﬁm
dispers.ion at 4200 ﬂ) showed that much of the rotation line structure in the

B22+ - XZZ* CN 0-1 band could be resolved and consequently identified (e,g.
Figs.lha ard 4b), As the total line intensity of each resclved line was found
to be proportional to 1ts peale intensity, it was not necessary to take any
account of the effects of line width and linc profile on rotation-line
intensities, Temperatwres were deduced from spectrograms such as Fig,ha by
two methods: -

(1) Rotation-line intensities

Intensities of resclved rotation lines were measured and the guantities
I(P)/(D—P)lF Jg and. I(R)/(JR)A(JQ +1) calculated: the siope of a graphical plot

- 4 - b ol '
of log, I(P)/(vP) qg anl log, I(R)/(vR) (3 +4) against E, 4 Was evaluated
and the temperature was calculated from this slope whach is equal to 1/%T by
equation 1.

Because of inherent inaccuracies in the processes of photographic photo~
metry, rotation-line intensities could not he measured to better than 6%; the
correspording unccrtainly in tempzrature was *200°K,

A further source of error in measured temperatures would exist af self-
absorption were present in the resolved rotation lines, causing their
intensities to be underestimated, Scll-absorption increascs with increasing
line intensiby in the band waih correspording incrcasc in the discrepancy
between the measurcd line intensity and the line wntensity with neglipgible
self-absorption, Rotation line aintens.ity, sclf-absorption and conzcquently the
error in measured line intensity all reach a maxzmum in the line Jg =50 for a

temperature of 58OOOK. The effect of sell-absorption would be detected by non-
linearity of the plot of log, I(P)/(‘._J'P)}+ q; against B ., although the
linearaity of such a graph would also be disturbed by any steep temperature
gradients exaisting in regions of the jet containing radiating CN, Systemntic
errors in the measured temperatures duc to self-absorption and/or temperature
gradicents were estimated from curvature of the graphical plots of

log, I(P)/({IP)LP Jp against B, and found to be £4,00°%,

{11) Intersection wave-number

The temperature dependence of the interscction wave-nurber of the P- ayp
R-branch intensity profiles in the CN O-1 band has been used by Greenshields

-9 -



to determine gas temperatures from CN specira, From eguation 4, theoretical
rotation«linc intensaties can be calculated for any chosen temperature, and
intensities of lines in the P- snd R-branches plottied against the wave-numbers
of the lines. The wave-number at which the intensaity profiles of the two
branches intersect is dependent only upon the chosen temperature, A curve
relating the variation of interscction wave-number to the temperature then
provides the means of determining the temperature of gas containing radiating
CN from resolved rotation-line spectra (sec Ref.6).

This mothod has several advantages over the previous mcthod. The inter-
section wave-number can be obtsaned darectly from optical density measurements
on the spectrogram (e,g, Fig.4b) so that calibration of the emulsion can be
avolrded. somc self-absorption in the spectral lines can be tolerated since
near the branch profile intersection, lincs of nearly equal intensity and
therefore ncarly equal self-absorption are compered (at nearly equal wave~
numbers ),

The method is most opplicable for temperatures between 37OOOK ard 55000K.
Above 5500°K, the intersection vove-number of the P- and R-branches falls
within the region of the unresolved CN 1-2 hand as Fig,L4b shows; its value can
be obtained only approximately by extrapolation of the branch profiles into
this unreseclved region and the process bceomes increasaingly inaccurate at
highg; temperatures, The mcethod camnnot be uscd for temperatures in excess of
6200 K.

Rardom errors in temperaturc arising from cmulsion grain effects and the
possible presence of interfering radiation limit the accurzccy of the method to
+200°K gor’temperatures below 5§OO°K; above this temperaturc errors may rise
to *6007K.

The effcctsrpf spin splitting of rotation lines in the P-branch with
large values of J, has also been considercd as a possible source of error,

However, in CN, the doublet separation of these llnas7 was only about one-
third of the measured half-width of the lanes, Therefore, it is unlikely that
the peak intensities of the P-branch lines werc groeatly affected by span
splittang and the effects on the aintersection wave-number have been token os
negligible,

In both the methods described above, the line intensities depend upon the
distribution of melecules among the rotation states of o single vibration
encrgy level, The temperature subsequently deduced would then be a rotation
temperature if complete thermal equilibraum did not exist in the radiating gas,

2.1.2 CN- or Cs-bends with unresolved roiational structure

Bven when the rototion-line structure of a band spectrum is not resolved
by the spectrograph, certain features of the intensity profiles of the
unresolved band can be related to the temperaturc of the radiating gas,
Comparisons between theoretical and experimental intensity profiales of
unresolved CN-bands wecre first used for temperature mensurcment by Smit-Micssen
and Spier8 and Spier and Smii? who camputed thear theoretical intensity profiles
from equations of the form 10 (a, <), (Ref. Apperdix 1 equation 10),

- 10 -



For this prescnt work, theoretical profiles wore computed in greater
detail thon the Smit-Miessen profiles using the Mercury computer, First,

profiles for bands in the B28+ - X22+ ON systems, which only contain P- and

R-branches in their rotational structures, were computed ant then profiles for
bards in the ABH - Xjﬂu C, system containing P-, Q- ard R-branches were
computed, &

The following paragraph i1s a summary of the machine programme for
computing intensaity profiles,

Wave-numbers of the Tirst 75 lines of cach branch were caliculated by
substituting into ecquation 8, Appendix 4 all relevant specctroscopic data for

;o’ Bé and B; obtainal Trom Hersberg” and Pearse and Gaydong. The intensity
of each line relative to the reference line J; = 1 in the first band was then
calculated from equation 2 (Appendix 4, equaticn 10).

(

P-branch

1

b oo :
) Iy s o - B (a,0) - o0

+B)(3"-1) " -] (3"- 1% 5" 2} (2a)

Irel(P)

Snlﬁfl

Q-branch

'l

}+ " ' " '
) %:%l 5(Q) exp - 11%% {a(v ,0) - &(m,0)

LB 1) 3-D) (3" )2 J"2] (20)

Irel(Q) = (

R-bhranch

Le(®) = (

i I A
o] Iw

b 'Y .
) Mm@ ew - I o070 - emo)

+BU(3"+1)(3"+2) - B] (3" 1)°(3" 2)2} (2¢)

The Franck-Condon factors, F(v',v“) were the average values taken from all
available literature, ({See Appendiz 2). In earlier programmes, a rectangular
slit function, 'b', was assurcd ('b' 1s the width in curl in the image plane of

-1 =



the spectrograph that the image of the slit would assume 1f the slit were
illuminated with purely monochromntic radiation), The computer was requared
to calculate and prant out at intorvals of wave-nurber Av = 0,5 cm=1 the
intensity of the unresolved profile, J{v)} at the wave-rumber v,
For a rectangular slit function
;+b/2
- 1 - o=
- - a
) =g [ em® @ (3)
v=b/2

where I(PQR)(;) are the intensities of all lines lying in the wave-number
renge v - %‘G VY o+ g: This calculation was repeated at intervals,

av = 0.5 e throughout the whole wave-number range covered by the bands under
consideration In a later programme®, the profiles were re-computed using a
triangular slit function which is a crude approxamation to the various bell-
shaped distributions fourd in actual spectral lines, The antensaty J(v) of the
unresolved profile at wave-number, v, for a triangular slit function and
spectrum-line half wadth, 'b', is given by

\_;+b
53y = ¢ (- gy = 7 D Ipge)®) & (&)
-b

<}

The rectangular slit function represents a situation in which the
spectrograph entrance slit width is large comparcd with the true half-width
of & spectrum line; the use of 2 traangular slit function approximates to a
situation where cither the slit function is determined primarily by
diffraction phenomena, or the rotation lines in the band spectrum are
broadened dus to physical processes (Doppler, collision or statistical
broadening). The choice of slit function only seriously affects the profiles
when the choice of 'b' corrcsponds to a situation in which the rotation line
structurc is almost resolved,

A number of profiles were calculated for different temperatures and slit
functions, 'b', and the theoretical dependcnce on temperature of the two
following intensity ratios were evaluated,

(i) The ratio of band~head intensitics of the farst two bands in
a sequence (top-height ratio method),

(i1) The ratio of the integrated first-band intensity to the product
of the band tail intensity and the band head scparation (em=1).
(Integrated first-band method),

* The later programme was wraitten by the sccormd author for the IBM 7094
computer at the Lincoln Leboratorics, M,I,T,
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These ratios which are allustrated an Fag,5 were choscn saince they show the
rinimum deperdence on the choice of entrance-slit wadth, 'b',

Tempcratiures were deduced from experimental profiles by evaluating the
above ratios and comparang them with the theoretical ratios shown in Fig, 6.

411 intensity meosurcments were considered to be limited by on
uncertainty of at least #6% with a corresponding uncertainty in temperagure of
+600°K by the top-hcight ratio method, (i%, and an unceritainty of *10007K by
the integrated first-band method (i1)., Uncertainties in the Franck-Condon
factors contribute to a further uncertainty in temperatures obtained by method

(1) of *200°K.

Sclf-absorption is ageain a potentinl source of error but its effects have
tended to cancel out in much of the work using the top-height ratio method
because, at the measured temperatures, the heads of the CN 1-2 and CN 0-1 bands
consist of rotation lines of almost equal zntensaitacs, This satuation does not
ex1st, however, in either the CN 1-1/CN 0~0 or Cp 1-1/Cp 0-0 band heads so that
the presence ol self~-aobsorption would cause temperatures obtained from thesc
spectra to be overcstamated,

Self-absorption, however, scriously affects the total band-intensity
profile so that temperatures deduced by the integrated first-band rethod {11)
are susceptible to 1ts eftects, Preferential self-absorption occurs near the
band head where the rotation-lane intensities are greatest so that the tempera-
ture tends to be overcstimated, In this work, as 15 shown later, scli-absorp-
tion in the CN 0-1 band 1s sufficicntly strong for the temperature to be over-
estimated by scveral thousand degrees Kelvain,

Whereas in method (11) the intensity dastribution an the first band in a
sequence depends only upon rotation-ensrgy states, thercfore giving a rotation
temperature in non-equilibrium conditions, ain method (2) the band-hcad
intensity ratio depends upon the rclative populations of the first two vibra-
tion states in the excited electronic state of the molecule, In non-
equzlibrium conditions therefore method (1) would give o temperature which
would be, primarily, a vibration tempcrature,

2.1.3 Line-reversal observations on the unresolved Co 1-0 band

Visual lane-reversal obscervations on the Op 1-0 band head were perlorwed
under cordittons in which the constatuent spectral lanes an these spoctra were
so strongly s3lf-absorbaing that the corditions applying to cquations 4 and 2
were completely violated,

The Cp 1~0 band was chosen for this measurcment as the wavelength of the
band head correspords teo the wavelength region (4700 R - 4750 ﬁ) in whaich the
brightness temperature of the xcnon lamp 18 a maximum1O0,

An image of the discharge in the high-pressure xenon lamp was focused
an the plane of the plasma jet and the relevant part of the jet spectrum was
viewed against the background of the continuum spectrum of the xenon lamp, The
braightness temperature of the Xenon lamp was adjusted, through variation of
the lamp current until the matched condition was attained, and the Co band head

could not be dastinguished cithor in emission or absorplion against the background
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continum. The jet temperature was then taken to be equal to the brightness
temperature of the xenon lamp. The brightness toemperature of the lamp was
measured by the method deseribed in detail in reference 10,

2.2 Experimental details

2.2.1 Photographic apectroscopy

Resolved rotation-band spectra were photogrophed using a grating spectro-
graph which had a plane reflection grating in the Litirow mount and a linear
daspersion of 5 R/mm at 4200 2: unresolved bard profiles were obtained using a
Hilge§ Medium Glass Prism Spectrograph with 2 lincar daspersion of 15 2/mm at
4200 K,

The intensities of the molecular spectra were messured using the methods
of photographic photometry on spectrograph plates, The variations of optical
density (with wovelength) on the spectrum plates were measured with a Joyce
Loebl Recording Microdensitometer Mk, III, Figs.4 and 5 include typical
records, Intensities were subsequently evoluated from these microdensitometier
records through calibration of the photographic emulsion of each plate used
for the measurcments, and temperatures were evaluated from the intensity data
using the wethods indicated in Secction 2,1,

2,2.2 Plate calibration

Each plate was calibrated by measurcment of the characteristic curve
(i,e, the variation of optical densaty with incident intensity) at any chosen
wavelength, and the spectral iesponse (i.e. the variation of density with
wavelength for constant incident spectral energy flux) in the rcquired wave-
length regions,

In most of the earlier work with the Hilger Medium Glass Spectrograph,
the plates were calibrated solely in torms of the spectral radiant cnergy
digtrabution of a Philips tungsten-ribbon-filament stardard lamp., A number
of exposures was mede extending over a range of time intervals ond the
standard lamp, maintained at constant intensity, was used as the source of
radiation. These exposures were placed on adjacent regions of the plate.
After the plate hed been developed, optical densitics corresponding to these
various calibrating spectra were measured with the microdensitometer and
characteristic curves of density against total exposure (intensity X exposure
time) were plotted at the chosen wavclengths,

The optical density in an emulsion obeying the reciprocity law would
remain constant for constant total exposure, However, in an emulsion
exhibiting recaprocity failure, the density correspording to constant total
exposure depends upon the exposurc tame.

Where the ratio of exposure times of tungsten lamp ard jet respectively
was not greater than 30:1 for the Ilford N30 plates used in these measurements,
the contribution to the total error in intensity due to recaprocity failure
was not greater than 6%, but under conditions in which the intensities of
spectrum lines an the Jjet exceeded the spectral intensity of the tungsten lomp
by two or more orders of magnitude, recaprocity failurc in the emulsion caused
large errors and the above method of calibration was discarded, Instced,
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calibration was performed with an iron-arc source in which the spectrum-line
intensities were comparable with line intensities in the jet.

The spectrograph slit was unmiformly illuminated with radiation from the
iron arc, a calibrated Rhodium-on-Quartz step-wedge filter was placed at the
s1it and the spectrum of the iron arc was photographed through the full iength
of the slit, Relative intensities of radiation emerging from dif'ferent parts
of the slit were therefore known, the corresponding densities on the plates were
measured with the microdensitometer and a characteristic curve of density
sgainst relative intensity was plotted in the reguired wavelength region by
Judicious selection of suitable iron lines for measurement. A single spectrum
of the tungsten lamp was also i1ncluded on the plate so that changes in spectral
sensitivity of the emulsion over moderate wavelength ranges could also be
measured,

From the characteristic curves, prepared by eilther method, relative
intensities of details within the band spectre were evaluated and the accuracy

of' the intensity measurements was also estimated.

2,2.3% Qther measurements

In a separate experiment, the jet spectrum from a complete heraizontal
section of the vertical Jet was photographed and analysed,

Tame-resolved aintensity measurements within {the CN O-1 vibration band
were made using a Hilger constant-deviation spectroscope which had a photo-
multiplier detector mounted at the exit slit and a typical record of one such
measurement 1s shown in Fig,7.

High-speed ciné film records (e.g., Fig.1) were also taken which showed
spatial and temporal fluctuations in luminosity in the jet in the spectral

region 4000 R - 14600 £ defined by a suitable falter,
2.3 Results

411 the results discussed below are summarized in Table 1,
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TABLE 1

Summary of plasma jot temperatures from molccular spectra

Method of measurement Jet temperature °k
Arc condition 14,0V 90‘V‘ 70v LOV
Voltage V 2200 | 260A | 2854 | 310A
Current I
Rotation line
intensi ties ESjc:%g? 53882§
CN 0-1 A -
Intersection . o
Section 5790°K

wave-number ‘s
CN 0-1 2.1.1(ii) + 80%K
Top~herght Tatio Section 5940°K | 6700 K
ON 1-2/CN 0-1 2.1,2(1) +170%K | *600%K
Top-height ratio Section 5970°K
CN 1-1/CN 0-0 2.1,2(1) 5350°K | 2565
Top-height ratio Section 6400 K
Cy 1-1/Co 0-0 2.1,2(x) $200°K
Integrated first Scction 10550°K ?BOOOK
band CN O-1 2,1,2(23) £240
Integrated first Section 6400°K
band CN 0-0 2.1.2(i1) 8000%K | 8000k
Spectrum-1line Section EABOOK
reversal 2.4, 3 +2509K
Co 1-0 band head < ! : -

2,3.1 CN-band spectra

The jet temperzture has becen eveluated from intensity measurements on
bands in the violet CN system at 4216 X and 3883 X by the methods described in
Sections 2,1,1 and 2,1,2. These measuremcnts were token at a fixed height of
0.7 cm above the cathode and looking through the centre of the jet under the
standardized arc runmng condations (see Table 1). Vhere quoted temperatures
are the avcrage values of several measurements, the mean temperatures and
standard deviations have been cnlculated,

Measurements by the Rotation Line Intensiiies mcthod in the ON 0-1 band
were made on spectrograms taken wath the grating spectrogroph, Zrrors in
intensity due to reciprocity failure had been minimised and intcnsities were
measurable to within *6% so that self-absorption was the major source contribu-
ting to errors in the measured tempecratures,
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The temperatures obtaincd by the Intersection-Wave-Number mcthod are
considered to be more reliable because the need to calibrate the emulsion has
been avolded and because the method 15 inscnsitive to the effects of self-
absorption,

All intensity mecasurcments on unresolved CN-bands were made on gpectro-
grams taken with the Hilger Medium Glass Spectrograph., Measurements on CN 1-2
and CN 0~-1 bands using the top-height ratio mcthod were not greatly affected by
reciprocity failure and, as has been discussed previously, self-absorption in
the lines in each of' the band heads was of comparable aintensity. Therefore,
provided that the degrec of self-absorption was small, though not necessarily
negligable, the magor source of error originated from the emulsion calibration
procedure ard inktensitics were considered to be reasurable to withan *67,
Intensaity measurements on the CN i1-1 and CN 0-0 bands were more susceptible to
the effects of self-absorption but these results were, in any case, considered
to be less reliable than the CN 1-2/CN 0-1 results through dafficulties with
the emulsion calibration, This calabration was much less deperdable than in
811 other measurements bhecause, owing to the low specific intensity of the
tungsten lamp at the wavelengths 3883 & ard 3874 & (ON 0-0 and CN 4~1 band heads)
the calibrating cxposures to the tungsten lawp were always censiderably longer
than the jet exposures, with correspondingly larger errors duc to rccaprocaty
farlure,

Terperatures oblained by the Integrated-Firvst-Band method could he in
error due to the effeccts of self-absorption and emulsion calabraticn errors,
and the temperatures are almost certainly over-estimated, for this reason,

Self-abserption in the ClN-bards appeared to be small (less than 20%) when
the jet was delivered from the 90V - 260A arc yet i1ts effects were in evadence
in results obtained from the Rotation-ILane-Intensaities arnd Integrated-Farst-
Bard methods, With other arc corditions (70V - 2854; AOV ~ 3104) self-
absorption was much greater and nonc of the methods could striactly be applicd
since they are all derived from a theory assuming an optically thin medaum,

2,3 2 GCp-band spectrum

Not many reliasble ncasurements have been made using the Co-band spectrum,
For the 90V and 140V arc conditions, the Co~bands were generally too weak
{relative to the CN-bands) for intensity measurcments to be made simultaneously
on both systems; for the 70V and 4OV arc conditions, self-absorption eppeared
to be too strong in the Cpo-bands for reliable mcasurement, The one avarlable
result from the Cp 1-1/C2 0-0 bands usang the top-height ratio methed 1s subject
to possible errors due to self-absorption, the effects of which do not cancel
out 1n this casze, The temperature moy thus be overestimated.

The get obtained from the 4OV ~ 3104 arc was very strongly self-absorbing
in the CON- and Cop-bands and visual line-rcversal observations were possible on
the Co 1-0 band head, Temperature measurcments by this method were subject to
the errors in the calibration of the xenon-lamp background source already
discussed in Ref,10,
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2,4 Comments on the results from moleculsr spectra

It must be emphasised that 211 the above results of Jet temperatures
were obtained from intensity measurements which constituted an integrated
value throughout the whole thiackness o1’ radieting plasme, {or the duration of
the exposure of the jet to the spectrograph plate, The time-resclved measure-
ments (Fag,7) indacated large-amplitude, high-frequency, intensity fluctuations
and further reduction of the data gave some cvidence of steep temperature
gradients within the jet (see Section 4). Generally, it is possible to deduce
radzal temperature distributions in an axially-symmetrical source f'rom side-on
intensity cobservations on a scction of the socurce using the numerical solution
of the Abel integral cquation, (Edels, Hearne and Youngll), In the present
case of the plasma Jet, however, the information obteined from such a
procedure would not be too meaningful, The apparently non-systematic
intensity fluctuations shown in Fig.7, and the random variations in jet width
as indicated by the high-speed ciné film record of the jet, e,g, Fig,4, both
demonstrate that this conventionsl Abel technique of analysis is not,
applicable here, Thercfore, although spatial temperature varintions almost
certainly exaist in the jet, the quantitative nature of these variations is
obscured by the lerge temporal veriations occurring in the Jet,

It is not altogether surprising, therefore, that there are discrepancies
between the above results which are greater than one might cxpect in view of
the estimated cxperimental errors, Associations between these discrepancies
and the intensily fluctuations and other possible causes are discussed
further in Scction L.

3 TEMPERATURE AND ELECTRCN DENSTTY MEASUREMENTS ON SPECTRAL LINES OF
ATOMIC HYDROGEN IN THE BAILMER SERIES

Spectrograms, which showed the BB (4861 %) and Hy (4340 &) lines in the
Balmer series, (Fig.2) could be analysed to provide details of the total
intensity of cither of thesc lincs together with their dastribution of
intensity against wavelength,

The manner in whach Jjet temperatures are inferred from total line
intensities depends upon underlying princaiples which are quite different to
the principles on which the mcthod of line-intensaity distributions depends,
For this reason the following section 1s divided to permat separate treatments
of the two methods,

3.1 Discussion of the methods of measurcnment

3,1.1 Spectrum-line intensities of HB amd Hy

The intensity of a spectrum line, an the abscence of self-absorption, is
related to the temperaturc of the radiating species through equation g provided
that the radiating gas is in a state of thermal equilibrium,

hoSA | '
I = E@—(% N exp(- E'/xT) (5)
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By comparing the relatave intensitics of the I8 (4861 X) and Hy (4340 %)
lines in the Balmer series, the excitation temperature was calculated from
equation 6 which follows from equation 5,

Lo (/8 60)gy - Touyo (Ve )y, = 2L (3] ur) ©)

The values of transition probabaility, A, statistical weight, g, energy
level, ', and wave-nurber, v, for the hydrogen atom were obtained from astro-
physical tables?2 and the total relative intensities of the HB and Ily laines
were measured, either photographically or, for the purposes of time-resolved
temperature measurement, photoelcctrically, Total line intensities were
measured from spectrum plates in terms of spectral intcnsaity over the wavclength
range of the broadened lines, the arca under the best average curve through
plots of experimental spectral intensitics against wavelength being proportional
to total line intensity. Each measured spectral intensaty could only be
determined to within 6% because of the limitations of the emulsion calibra-
tion procedure, If both total line intcnsitics of HP and Hy lines were
determined to this agcuracy, therc would be a corresponding uncertainty in
temperature of i1680°K, but this uncertainty may be overestimated sincc the
process of fitting the best average curve through the experimental points tends
to average out random errors in spectral aintensity araising from the emulsion
calibration procedure.

As the spcctral responsc of the Ilford N30 emulsion had been calibrated
and found to be fairly unmiform over the wavelength range 4100 ? to 4900 2
crrors arising from the calibration of the wavelength sensitivaity of the
emulsion were considered to be negligibly small,

By using photoclectric rather than photographic means of detcction, one
has, in principle, elimnated a major source of error from the measurement of
temperature but in the time-resoived photoelectric measurcments of total
intensity described in Section 3,2 though the deflection sensitivity and
estimated calibration error of the photoelectiric detection system permitied
total intensity ratios to be measured to within *54, the corrcsponding
uncertainty in temperature was still Z14007K,

Systematic errors in measurement of total line intensity could have arisen
from the presence of disturbing background spcctra; 1if such background
radiation affected the Hy rather than the H3 line then the temperature would be
overestimated by EBOOK,per 17, error in intensity at the actual measured
temperatures,

Errors due to self-absorption were negligible in the HP and Hy lines
whach were fourd to be optically thin at the measured temperatures,

3.14.2 Spectrum-linc antensity distributions of HE and Hy

The HE and Hy spectrum lines found in the plasma are broadened because of
the perturbation, through the Stark effcect, of tho energy levels of the

radiating atoms by the local clectric field arising from the presence of the
ions and electrons,
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Recently, the intensity - wavelength distributions of hydrogen lines have
been calculated (by Griem, Kolb and Shenl3) from theorectical considerations
which take into account the effects of clectron-atom collisrons superimposed
upon the Stark-effect splitting of the multiplet energy states of emitting
atoms in the presence of the electric faiclds of the more slowly moving ions,
The theoretical intensity profile depends mainly on the electron density (Ng)
and the total ion density (N') so that provided plasma conditions prevail,

(Wg = N*) comparison of an experamentally-derived intensity profile with the
appropriate theorstical profile can be made to yield a measurement of electron
density.

Plasma temperatures hove been deduced Trom the measured volues of
electron density using the type of calculation described in a paper by Pusey,
Lapworth and Metherelll4, In the present work, the calculation has been made
more general in order to account for the effects of contomination with
electrode carbon in the hydrogen-oxygen plasma since this case is more
appropriate to measurcments on the plasma jet. A detailed account of this
extended treatment is given in Appendix 3,

Since the spectral intensitacs arnd therefore the cxperaimental line
profiles could only be measured to within %67, the clectron densaty, Ne,
deduced from comparison of the experimental ond theoretical profiles,
similarly, could only be determined to within *6%. However as the theoretical
profile could only be computed to an accuracy of *20% (Ref.43) the uncertainty
in measurement of the experimentel profile due to cmulsion calibration would
not greatly affect the accuracy of the determination of electron densaty, On
the other hard, systematic errors in the determination of N, would be
cxperienced if any disturbaing background spectrum cxisted and had not been
allowed for,

The electron density is o sensitive function of temperature and
uncertainties in the measurement of elcctron density of 204 lead to
ancertainties in temperature of 34, Far greater errors may cxist in the
calculated temperatures because the chemical constitution of' the plasma
could not be specified, Further discussion of this source of error has been
included in Section 3,3,2,

3,2 Expcrimental details

The hydrogen spectrum was photogrophed with the Hilger Medium Glaoss
Spectrograph and the spectrum plates were analysed wath thce Joyece Loebl
Recording Microdensitometer Mk ITI, Cheracteristic curves of the emulsion
response were prepared for each plate by the methods described ain Section 2,2,
total intensities of the HB and Hy lines were meosured and intensity profiles
were constructed and compared with theorctical profiles, (See Apperdix 3),

Time-resolved tolal line intensities of the whole broadened HB and Hy
line emissions wcre also measured, scparately and simultaneously with a pair
of constant-deviation spectroscopes with photomultiplier detcctors, one
allocated to each "line", The intensities were recorded by photographing
traces of the photomultiplier signals displayed on a dual~bcam Tektronix 502
oscilloscope, In these measurements, temporal fluctuntions up to 10 Ke/s
could be detected, Dach channel was subsequently calibrated - voltoge against
antensity - by a second measurcment of the oscilloscope deflcction corresponding
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to the known intensity of a standard tungsten lamp, as measured through the
same optical system,

3.3 Results

Temperatures given in Table 2 were measured at a faxed height of 0,7 cm
above the cathode, looking through the centre of the jet under standardized arc
rumning condations, These results are discussed in the following sections.

TABLE 2

Tvpicel plasma temperatures oand electron densities
from atomic hydrogen spoctra

1LV 9Cv 7N
Method cf Are v 2908 DECR 2854
measurement | conditiens I
Ne o™ T % Ne cm™ T X Ng cm™ T %
{Assuning no
HB profile ) carpon con- | 5.9t x 10'® | 11850% | 5.27 x 1016 ] 11656% | k.35 x 1016 |[11350%
(Plate &) tanination)
{Assuming no 16

HB preflle | oarhon con- 342 x 10 10950%
(Plate B) tamination)
Hy (Assuming no
(Llue wing} | carbon cen- 2,96 x 1016 1074,0%
{Plate B) taminatien)
Intenslity
ratis Time-averaged

. {phctographic 10280%
H@ 3 HY
(Flate B) detection)
Intensity Time-resolved
ratio {photoelectric ?ggg?;
HB & Hy detection} -

NOTE;

Experiments investigating the change in spectra with arc conditions
produced results typifaed by those from Plate A,
of'ten obtained from these experaments,
on which analysis of the Hy line was possible,

3. 3.1

Spectrum-line intensities of HB and Hy

Results on Hy were not
Plate B was one of the few resultis

Temperatures obtained from the timc-averaged line-intensity ratios of the
HB and Hy lines were subgect to the usual emulsaion calibration error, Since
the temperature 18 sensitive to small changes in intensity ratio, an uncertainty
in the intensity measuremcnts duc to emulsign calabration of 64 leads to
uncertaintics in temperature of up to £1680°K, Errors duc to the presence of
interfering background spectra wcre also ain evidence, In the red wing of the Hy
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line, 4340 & - 4390 &,spectra of the Co (Swan) 2-0, 3-1, 4-2 bonds were
frequently detected, For example, an the quoted results using measuremcnts

on Plate B, the intensaty of the Cp rediation contributed sbout 5% to the
total measured intensity in the regron of the Hy line and an approximate
correction was made to the value of the Hy intensity before the temperature
was computed., In the majority of measurements taken on the HB and Iy profiles,
the contribution of the Cop backgroumd radiation was so great that temperatures
could not bhe calculated with any confidence,

Time-resolved temperatures were subject to an uncertainty of i1400°K,
through uncertainties in calibration of the photoelectric detection system.
Again, this is a manifestation of the sensitivity of the line-intensity ratio
method to errors in the measured aintensity ratio. The time-resolved results
are also susceptible to the effects of anterfering spectra, Thus a further
uncertainty 1s added to the temperature values,

3.3,2 Intensity distributions of HB ard Hy lines

Theoretical and experimental intensity distrabutions in the HP ard Hy
lines taken from Plate B are shown in Fags,8 and 9 respectively. The parti-
cular electron densities calculated from these profiles are also shown on the
figures and in Table 2, The poor agreement between theoretical and experi-
mental intensities in the line wangs of both lines 1s undoubtedly due to the
fact that intensaties in the line wings were measured making use of the
insensitive "toe" of the emulsion characteristic curve, Errors in intensity
arising through inaccurate calibration of the emulsion in this region could be
consistently greater than the average value of &5 and, consequently, the line
wings hsve been largely ignored in determining the best fit between experimental
and theoretical line profiles,

The overall fit between theoretical and experamental Hy profiles is seen,
in F1g,9, to be inferior to that ohtained with the HE profiles, particularly
in the case of the red wang, 4340 K - 4390 2, for which the experimental
intensities are greater than the theoretical intensaties, Thig effect is due
to the interference of the backgrourd spectrum of the Co (Swan) 2-0, 3-1, 4=2
bands. Although the wagnitude of this contribution to the total measured
intensity an the region of the Hy line has been estimated to be less than 5%
of the total intensity, the Hy profile cannot be corrected precisely enough
in order to obtain a better fit between theoretical and experamental profiles,
Therefore, only results of electron density obtained from the blue wings of the
Hy linc have been included although even thecse may not be completely free from
the effects of background intensity of disturbaing spectra,

The HP line appears to be relatively free from background spectra and,
except in the far line wings, measured intensities agree with theoretical
intensities to well withain the 206 accuracy claimed for the theoretical
profile by Griem, Kolb and Shen'l,

The elcctron densities, N,, obtained from the HB ard Hy (blue wing) using
the results frop Plate B were:- Ne = 3,42 x 1016 em=3 from the HP profile and
Ng = 2,96 x 1010 em~3 from the Hy profile (bluc wing), The latter value of Ng
is considered to be consistent with the value obtained from the IR profile
within the limits of the anticipated accuracy of the method,
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Plasma temperatures have been calculated from the measured values of
electron density according to the method outlined in Appendax 3. Ideally, the
calculation can only bhe performed 1T the exact composition of the plasma 1s
known, Pusey, Lapworth and Metherell!l have performed the calculation assuning
a pure water plasma, In this work, howcver, othsr sources of electrons arise
from i1onization of carbon and impurities from the electrodes and from the air
entrained in the Jet. As carbon was considered %o be the major source of
contamination at the higher plasma jet temperatures the calculation of plasma
temperature has been extended, here, taking only the carbon contamination into
account, The variation of temperature waith degree of contamination has been
caleulated (Apperdix 3) ard this variation 1s shown in Fag, 10, {The degres of
contamination 1s defined, here, as the nuiber of carbon atoms per oxygen atom
imtially present in the constituents of the water plasma),

No reliable means has been found of measuring thas contamination, darectly,
erther in the jet or the arc, but the degree of contamination has been roughly
eatimated as follows, PFrom Fig,10 2t can be seen that 1f the plasma 1s assumed
to be uncontaminated with carbon, the calculated plasma temperature correspond-

ing to Ng = 3.42 x 1016 cm"3 was 10950°K {as shown in Table 2), The tempera-
ture obtained at the same time and urder the same conditions from the ratio of
total line intensities of HB ard Hy (Scction 3,3.1) was 10080°K (:1680°K), As
the relative intensities of these lines are indeperdent of the amount of carbon
in the plasma, 1f the dafference in temperaturc cobtained by the two methods as
assumed to be due only to carbon contamination, then reference to Fig, 10 shows
that for the temperature difference of 87OOK the degree of contamination would
have to be of the order of 0,75. That i1s, there would be 0,75 carbon atoms per
oxygen atom 1n the plasma

3.4 Comments on the results from atomic hydrogen spectra

Whilst reasonably consistent values of electron density (Ng) and tempera-
ture were obtained from simultaneous measurements of HP and Hy intensity
profiles, measuremcnts of Ng from the HB profile obtained from several spceiro-
grams did not give reproduciblc values as a comparison of the results from
Plates A ard B a1n Table 2 indacates, Thas urplies that the piasma was not
reproducible eather in form or tomperature between one measurerent and the
next, and oné must concludec that, in most of this work, inconsistencies arise
as much from the instabality of the jet as from lack of scensitivity of
measuring technique, Since all the intens:ty measurements were integrated
values throughout the whole thackness of the plasma, for the duration of the
spectrun exposure times, all the effects of the measured intensiiy fluctuations
also influence the interprctation of these results, but as the results from the
molecular spectra are similarly affected = more detailed discussion of the
effects of jet instability on all the results is deferred until Sectron 4. 2.

L GENERAL DISCUSSION OF RESULTS

b Comparison of tempcratures from hydrogen spectra with tempcraiures
from molecular spectra

Tables 1 ard 2 contain representative results of temperature measurements
from both molecular and atomic spectra and demonstrate the large differences
between temperatures obtained from the molecular spectra on the onc hand and
hydrogen spectra on the other for identical arc conmditions, Discounting, for
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the moment, the exceptions of the high tomperatures obtained by the Integrated
Band Proflle method the othcr mathods ousing molecular spectra all gave,
temperatures which are L4000 % to "500 °k below the temperatures obtained using
the hydrogen spectra,

If this difference in temperaturc arises from the effccts of temperature
gradients in the jet, then the molecular species would be confined to the
cooler regions whereas the atomic hydrogen would occur in the hot region of
the jet, Some attempts have been made to obtain a quantitative description of
the jet structure in order to determine the zonal distributions of the various
species, In the separate experiments in which the jet spectrum of a complete
horizontal section from the vertical jet was anmalysed, only radiation from the
cooler molecular species was found to originate Irom outer periphcral regions
in the jJet - no atomic hydrogen could bc detected in these regions  On the
other hand, one cannot infer from the rcsults obtained in these experiments
whether the molecular species were present in significant gquantities in the
central regions of the Jjet, or not, However the results show quite definately
that atomic hydrogen cxisted only in the central regions,

Had the jet approximated to a stable, axially-symmetrical discharge, then
measurements of spatial side-on intensity distributions could have been trans-
formed into radial spatial-intensaity distributions by numerical solution of
the Abel integral cqnation11; radial temperaturc distributions and
consequently radial distributions of relative concentrations of the various
radiating species could then have been deduced from the radial intensity
distributions, However, because of the gross instabilities ain the form of the
plasma jet, any assumption that the jet was sufficiently stable and axaially
symmetrical for the Abel transformation to be applied could not be Justified
and for this reason no further analysis of the measured side-on intensity
distributions was carried out,

Even though the experimental evidence for the existence of discrete zones
of radiating molccular species and radiating atomic hydrogen is not conclusive,
there are strong theorctical reasons for belioving that these zones cxist,
Simple calculations using the dissocistion cquations (equation 4,21, Ref.15) of
CN and Cpy show that in regions of high temperatures, very lattle CN or Co could
exist, for these molecules would be almost completely dissociated., In the
cooler peripheral regions, the degrees of dissociation would not be excessively
high and these molecules could then exist in significant quantities. For
example, the degree of dissociation of CN or 02 molcculcs would ke between two
and three orders of magnitude greater at 10,000 °K than at 6000° K, depending on
the partial pressure of CN or Cp in the plasma A similar calculatlon using
the excitation equation {equation 4. 5, Ref,45) for the hydrogen atom shows
that the degree of excitation in the excited states corr33pond1ng to ihe Balmer
series 1s four orders of magmitude greater at 10,000°K than at 6000°K,

The complexity of the chemical constitution of the Jet arises from the arc
plasma, already containing an unknown quantity of carbon, being discharged into
and reacting with atmospheric air in the characteristically unpredictable
fashion of this jet. In spite of this complexaty and although only order of
magnitude calculations on the jet contents have been possible, the concept of
temperature zones containing different radiating species seems to be supported
by all the above rcsults,
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L,2 Effects of et instabilities

The lumainosity of the jet varied comsiaderably during any single run, due
to changes in the amount of carbon contemination in the Jjet. This an turn
depended upon ablation retes at the anode and cathode, and the stability and
variations in diameter of the water vortex channel all of thesc being features
of the plasma jet apparatus which could not be controlled., Such factors as
these presumably account for the lack of consistency between mcasurcments talken
at dxfferent times using the same method e.g., the differcnces in electiron
density obtained from HB profiles indicated in Table 2,

During any single mcasurement, of a Few tenths of a second duration, the
intensities were averaged over many cycles of apparently random, large magmi-
tude intensity fluctuations of the iype 1llustrated in Fig.7 and integrated
over regions in the jet containing stcep tenperature gradients, The tempera-
tures then deduced from these mecasurements could only be some indeterminate
average value,

It has been suggested15 that temperatures calculated from the mean values
of intensity (obtained from time-averaged mcasurement) could be almost as high
as the tomperatures correspording to maxinum intensitaes (obtained Crom time-
resolved measurement) due to the exponential factor in equations 4 or 5. To
test the applicability of this suggestion to the present results, the intensity
waveform in Fag,7 which shows the pcak-to-peak intensity fluctuaticns in the
HE line to be Z507% about the}mean intensity, hasIbeen substituted by a square

I

. . . m P I
waveform, maximum intenslty —5 , minimum value 5 (Im 18 the mean value of

intensity). Using the method of comparison of intensitics of HS and Hy the
temperature obtained from the values of mean intensaty Iy, is only 0.5% greater
than the average temperature obtained by taking into account the square-wave
fluctuations of intensity, Thas dafference in temperature would be cven smaller
if the actual waveform in Fag.7 were used in the calculation, When a simlar
calculation was made on the rotation-line intensities of the CN 0-1 band the
difference in temperaturc was 4%, Clearly in the case of the plasma jet,
temperatures obtained from time-averaged intensity measurcments do not differ
greatly from actual mean temperaturcs averaged over a typical cycle of
intensity fluctuation However, the temperatures are stall averaged over the
temperature gradients in the Jet beceause the jet structure camnet be resclved
by the Abel transformation technigues in the usual way,

The possibilities of non-equilibrium conditions exasting in the jet were
also examined, An average temperature of 10,5500K'was cvaluated with some
degree of consastency using the Integrated Farst Band method and the unresolved
intensity distributions in the CN 0O-4 band obtained with the SOV - 2604 arc.
This temperature 1s clearly very dafferent from all other temperatures obtained
from melecular spectra. If the difference had been due to a departure from ther-
mal equilibrium, one would have to submit that the CN molecules were not fully
relaxed vibrationally even though vibration relaxation rates, at atmospheric
pressure, are known to bc very fast compared with the rates of cmisslon of
plasma from the arc into the jet, If non-equilibriwn comditions dad prevail,
then the temperatures in question would be "rotation" temperatures whilst those
obtained from the top-height ratios of the CN 1-2 and CN O-1 bands would
approximate to "vibration" temperatures, However, tempceratures obtained from
the Rotation-Lane Intensitics and Intersection Yave Nurber metheds would also
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be "rotation" temperaturcs in the cvent of non-equilibraum conditions
prevailing in the jet, Since these lotter results are seen to be more
consistent with the "vibration" temperaturcs obtained by the top-height ratio
method, the CN molecules in the jet were almost certainly fully relaxed and
the high "rotation" temperatures mcasured by the Integroted First Band method
are anomalous, From the above discussion, therefore, it 1s rcasonsble to
conclude that conditions of thermal equilibraum prevarled in regions of the
Jet containing the radrating CN molecules and that the anomalous results were

due to the strong sclf-absorpticn in the rototion lines in the CN O-1 band
atructure,

5 CONCLUDING REMARKS

The existence in the plasma jet of at lcast two separate zones, one
containing radiating CN and Co at temperstures around 6000%K and the other
containing rodiating atomic hydrogen at temperatures around 40,000°K is
strongly irdicnted by all the mencsurements described in this paper, However,
since no account has been token of the effects of radial temperature gradionts
or the random intensity fluctuations in the jet, these measurements lack
precision ard consistency which might otherwise have been achicved, Apart
from the anomalously high temperatures cobteined by the Integrated First Band
method, all other results arc considered to be not inconsistoent with one
another within the limits of accuracy imposed by cxperimental errors in the
intensity measurcments, the existence of self-absorption in the molecular
gpectra, ard the gross inhomogeneity of the plasma jet,

In consadering the suitability of the various temperature measuring
techniques for applicntions in other circumstances, 1t 1s unfortunate that
this plasma jet has proved to be an unsuitable source with which to test these
techniques to their ultimeate limits, The moin reasons for this were that the
form of the plasmn jet was always unstable and its chemical constitution could
not be determined duc to the unknown amounts of carbon contamination in the
water-stabilized arc, Neverthelass, there are a number of conclusions which
can be drawn concerning the use of the various methods. These are sunmarised
below,

Of the methods applied to molecular spectra, those involving fully-
regsolved rotation specctra gave the more reproducible results, The Intersection
Wave Number mcthod is particularly attractave within i1ts range of applicability
(37OOOK - 5800%K for ON 0-1} sincc calibration of the photographic emulsion is
unnecessary and the method is insensitive to self-absorption, Hence the effects
of two major sources of error can be mimmiscd. However, the method is
unsuitable for applications where spatial resolution 1s necessary and the
temperature obtained by this method will always be averaged along the line of
sight, Spatial resolution could be achicved with the Rotation-Line Intensity
method provided that the geemctrical form of the source was known and provided
that self-absorption was negligible,

Samilar criticisms apply to the Top-Height Ratio method but, because the
lines in the band head are not resolved, 1t is often more difficult to decide
from subsequent aintensity measuremcnts whether the criterion of optical thinncss
in the source hag been satisfied., However, the method has the advantage over
the Rotation-Line Intensities mcthod that it measures an approximate viabration
temperature in non-equilibrium corditions and that it could be adapted to high-
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speed time resolution techniques using photoclectric detection., The Integrated
First Band method suffers from all the disadvantages and few of the advantages
of all the previous methods, The disadvantages of 1ts sensitivity to self-
absorption and interfering background radiation outweighs any advantage that
1ts sensitivity to tempecraturc changes maght have, Yet this method might st1ll
provide the only mcans of deducing rotation tcmperatures in unresolved mole-
cular spectra,

The usefulness of the Spectrum-Line Reversel method depends on the
quality of the background source, ard the xenon lamp used in this work has
already been criticized in this rolel10, The temperature indicated by thas
method would always be averaged along the line of sight and would lie within
the lunits of the extremes of temperature in the source, Therefore, spatial
resolution of temperature cannot be obtained by direct application of the
method, which 1s best applied to temperaturce measurcments on a umiform volume
of radiating gas or & gas containing stecp temperature gradients in which the
rediating species under cbservation are highly localized.

The Line-Intensity Ratio method 1s adapteble cather for spatial or
temporal tempcrature resolution and could be adapted for simultansous spatial
and temporal resolution if cnough channecls for measurement could be made
availoble The application of the method to the hydrogen HB and Hy lines does
not yield very accurate results because of the sensitivaty of temperature to
errors in the intensaty ratio The method as, therefore, very susceptible to
the emulsion calabration errors and interfering background radiation.

In any radiating body of gas contoining hydrogen, clcectron density can be
reliably evaluated from the HB or Hy intensity profile provided that the
profiles are unaffected by any interfering background spectrum, Spatial
resolution of electron densities in a stable source could be achicved
satisfactorily using mcasurements of the FB profile which is more sensatave than
the By profile to changes in c¢lectron density., Subsequent accurate calculations
of the eguailabrium temperature using the measured clectron-density values then
depend upon detailed knowledge of the concentrations of the gas constitucnts.

The photographic emulsion has contributed to so many uncertainties in
intensity measuremcnts that, wherever possible, any future spectroscopy would
be performed using photoelcctric detection for intensity measurcments., Under
certain circumstances, however, e,g. studics of spectrum detail using short
duration exposures the photoeclectric detcctor 1s unsuitable and the photo-
graphic plate would still be necessary,
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APPENDIL A

SUMMARY OF TIITORY OF T MEPLRATURE MUASURFEMENT
USING BAND SPLRCTRA

The nature of the spectra of diatomic molecules and the urderlying theory
are to be found in a most comprehensive treatment by G, Ilerzberg’  In the
Tollowang paragraphs, the mimmum thecry necessary to establish the temperature
dependence of the intencitics of molecular spcctrum lines has been exilracted
from Herzberg's treatment,

A whole bard sysiem such as the B22+ - K22+ CH wviolet system or the

Ajﬂg - XBHu 02 Swan systom avrises from a single clectronic transitaon in the

molecule, any band in the system corrcsponds fo a single transit-on between a
pair of vibrational cnergy statcs and each line ain a bard corresponds to a
gaingle transition between o pair of rotational encrgy states.

The cnergy of any sitatc in the molecular sysiem is comprised of the
energies of electronic, vibrational and rotational creitations.

(7)

E = E + E
'V'

+ B
el

1b rot

The vavenumber of any rotation line in the system 16 guven by

- R
v = T
he
2

! ! ' 1 t2 !
v+ [BLd (T +1) =D T7(F +1)7]

- [B] g - D; 3" e 0 (8)

where the permitted ftransitions
A = -1 P - Pranch

Ad = 0 Q - Brarch Y A = J ~ J
Ad + R - Branch [

I

lead to the branch structure of rotation lines in a band, Jo has a
unique value for eaoch band in the system, The values of ‘;o’ B, and Dv can be
calculated from basic spectresceopic data given in Herzberg5 or Peocrse and

Gaydon?,

For a system in thermal eguilibraium in which the energy states are
populated according to the Maxwell-Boltzmann distrabution, the absolute
intensity of any rotational line is given by equation 9 belew
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Appendix 1

! 1 t

B +E .. + E

_ heyAgN _ el vib rot
1= 9o % XT 2

The intensity of any rotational line arisang from the transition

(v",3") = (+", ") relative to the liine J; = 1 in the first band of the

sequence Av = v'-v"=constant is then given by equation 10 below, (Takaing the
first band in the sequence to correspond to ihe vibrational transition

v =m -~ vli= n).

P-branch
1 _(P) = "\ —:—MV' Y1) 5(p) exp ~ 22 {e(v,0) - &(m,0)
rel T\ 7, F(m,n KT ’ d

+ B;(J"—1)(J")-D'V(J"-1)2(J")2} (10a)
Q-branch

; L}' t 1t
U—Q‘> BY oY) 5(q) exp - 22 [s(v',o) - (m,0)

F(m,n

T...{Q) =<

rel

+ B_;(J"+ 1)(3") - D (3"+ 12" )2} {(10b)

R-branch

<y =it
o |m

+ B3 +1)(3"2) - DL(T"+ 1)2(3"s 2)2} (10¢)

Le1l®) = (

F{v',v") the Franck-Cordon factor for the v'»v" transition, and F(m,n) the
Franck-Cordon factor for the reference vibrational transition, are the vibration-
dependent factors in the transition prohabilities,

5(P), 5(Q), S(R), the rotetional-line strengths for the appropriate branch given
by the Honl-London Formulae, equations IV~-81 to IV-83 in Herzbergd are the
rotation dependent factors in the tromsition prubsbalities,

e(v',0) is the energy (in cm—1) of the v' state above the v" = O state,
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Appendix 1

In the case of the BQE+ - XZE+ CN band system, there are no Q-branches

in the rotational siructure and the relative line intensaitics in a singlc band
can be represented by equation 11 below,

=l " 1
1(P) & 3f 0 exp (= By /D)
- 1 t
[(R) o« FE(Tn+1) exp (= B /T) (14)
The dependence of E;ot on J° has aiready been 1llusirated in equation 10,
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2ot v
Ratios of Franck-Condon factors F(v',v")/F(m,n) for the CN B2~ ~ X
Z

APPENDIX 2

VALUZS OF FRANCK-CONDON FACTORS

22+

transitions and the 02 (Swan) Ajﬂg - Xjnu transitiong were averaged values

taken from the available literature.

For CN:
g(é:é = 0,8% Ref, a, b, c
g g,f = 1.78 Ref, o, ©
and for C2
g é,é = 0,464 Ref, a, b

(2)
(b)
(e)

J, C. Burns, W.R.E. Adelaide (private correspondence).
Frazer, Jarmain and Naichols, Astrophysical Journal, January 1954.

Legkov and Vasil'eva, transactions of the 11th All Uniaon Conference on
Theorctical Spoctroscopy: Moscow 1957,

The wvalue of F(1,2)/F(0,1) for CN given by Leskov and Vasil'eva of

1,62 0,02 has not been used in this work, If theoretical Tog-Hclght Rotaios
are computed using this velue, temperatures in excess of 7000°K are obtained
from the measured band-head intensity ratios. Since the values of F(1,2)/
F{0,1) for CN given by Burns, and Frazer et al are mutually consistent and the
measured temperatures using the average of their values {Section 2,3.2) are an
reasonable agreement with temperatures deduced from the resclved rotation
spectra (Section 2,3.,4), the result of Leskov and Vasil'eva appears to be
anomalous,
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APPFNDTX 3

CALCULATION OF PL.SMA TOMPERATURY dROM
MES SURED VATUES OF LLECTIRON DENSITY

1 DETURMINATION OF BLUCTRON DUNSTTY

The electron density of the plasma was evaluated from the dastirabution of
intensity an the HP or By profale using the method described in detasl in
the paper by Puscy, Lapworth and Vethorell s,

Briefly, this method involved normalizang the intensity daistribution,
Then the normalized distribution was multiplied by an appropriate factor, ¥y,
so that the daistribution fitted the theoretical dastrabution of the HP or Hy
profile caleulated by Grieri, Kolb and Shen'l, Theoretical and experamental
intensity distributions for one of the better experimental HP profiles iz shown
in Fag.8 The corresponding distributions for Hy arc snown in Fig, 9.

According to the treatment given in Ref,13 and 14 the clectiron density
Ne is related to the scaling factor Fg by equation 11,

2
P = 2.61eX, /3 (e.s,u.) 1)

2 DETERMINATION OF THD TRITPERATURE

The plasma 1s assumed to be an ideal conducting gos in thermal
equalibrium at the equilibrium temperaturc, T,

The constituents of the plasma are assumed to bei-~

Ne electrons per cmj

NH hydrogen ators per o’
+ 3

NH hydrogin 1ons plr om

NO o¥Xygen alomsg per cm“7

N; OXyLen Lons per cmj

Nc carbon aloms per cm3
+ 3

N carbon 1ons per cm

c

Second ionization products have been neglected as sccond ironization potentials
of oxygen and carbon are hoth lorge compared with their first ionization
potentials

The equilibrium concentrations of atoms and ions of the constituent
elements in the prescnce of the electrons at the equilibraum temperature, T,
are given by the Sahe equations for these clements,
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H ogen
+
Nﬁ Ne
Ny
Oxygen
+
No Ne
N
(8]
Carbon
+
NC Nc
NC
In a gereral Saha furnction
3
2(omnkT) /2
w = h3

(

Apperdix 3

= Yy (12)
= ¥, (13)
= g (14)
_BBi) exp - o X ;TAX)

3/
2
2<2KH‘§T) is the partation function for the elcctrons,
h
-31 r
m = electronic mass = 9,108 x 10 Kem
k = Boltzmann's constant = 1,380 x 10723 joule ok~
h = Planck's constont = 6,625 x ¢0—54 joule~sec
B*/B is the ratio of the partition functions of ions and atoms
X is the ionization potential (eV)
e is the elecironic charge 1,602 x 1017 coul,
Ay is the reduction of the ionization potential duc to broadening of the
bound energy states near the ionization level
-1
by = 7.0 x 107' Ne/3 eV (N in o)
The corditron for charge neutrality is assumed to hold within the plasma
and:-
+ + +
Ny + N+ N = N, (15)
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Appendax 3

The plasma is assumed to be an 1deal gas, the total pressure of which is
comprised of the sum of the partial pressurcs of ¢ll the constituents.
(Dalton's Lawv of Partial Pressures)

vl

..1.

+ +
K = T 16
Ne P N+ N+ No + NO + N, + NC p/k (16)

11 H C
The effecis of any de-mixing proccsses occurring in the plasma have been

1gnored ard the proportions of hydrogen ions ard atoms to oxygen aons and atoms
are taken to be the samc as for pure water,

Therclore

+ + i
W+ M o= 208 4 W) (17)

The evaporation of carben into the woter plasma occurs at a rate which
could neither be measured nor deduced so the concentration of carbon ions and
atoms 18 made the parometer of these cjuations,

Let there be x atoms of carbon for cvery atom of oxygen in the plasma,
Then,

+ +
Ny o+ Ny o= x(Né + No) (18)
Considering T as the dependent variable, the equations 12-48 contain

eight irdependent variables, Ny, ¥ _, I, N, N;, NE, %, No» N is obtaincd from

measurenents on HB or Hy profiles and x 15 the paramctor of the cquations,

Simultancous solution of the scven equations 12-18 gives ~ result which
can be reduced to the form:-

(3 + x)N 2 1 X (19)
P = N A + N 19
(_ﬁ‘--Ne) (*-E+’I> = 49 -|-6-+1
¥y Yy Yo

When the case of the purc water plasma 18 considered, x = O, ard
equation 19 1s identical to the equation (4, 3,10) deduced by Pusey, Lapworth
and Metherelll¥ For the relationship between Ng and temperature,

The ratio of statistical veaghts for a temporatuic of 1O,OOOOK and,
1onization potentials talken Ifrom "Astrophysical Quantities" by G, W, Allent?
were as follows:-

B'/B (eV)
Hydrogen 0.5 13,595
Oxygen Ol 7 13, 64k
Carbon 0, 602 11,256

Substituting these nurerical valucs in equations 12, 13, 14 we get.-
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1
(157810 - 0,008121 N /)

gy = 2.415 x 1072 Tj/2 exp - 5 (20)
/3

¥, = 2,159 x 100 172 e - ke O'TOOMA it (21)
: /3

¥ = 2,908 x 107 172 e - 190670 - 0',11008124 e (22)

The measured value of electron density taken was 3,42 x 1016 cm."3 from
Section 3.3,2, and equation 19 has been solved graphically for T using valucs
for x of 0, 0,1, 0.25, 0,5, 0,75, 1.0, The solutions for T are given in Fig, 10,

Printed wn Bnglond for Her Majesty's Stationery Office by
the Royel Aircraft Establishment, Famborough., W.P.50 K.u.
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FIG. 10. THEORETICAL DEPENDENCE OF WATER PLASMA
TEMPERATURE ON CONTAMINATION WITH CARBON.
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TEMPERATURE MEASUREMENTS ON A PLARMA JET. Wells, A. and 9255.33

Eennett, R.H, February 196h.

Temperature meagurements have been performed usipg spectroscoplc
techniques on the plasma jet obtalned from a water stabilized arc with
carbon electrodes.

The Jet spectrum in the visible region consisted primarily of band
spectra of molecular CN and Cp and the Stark-broadened atemic 1line spectra
of hydrogen. Intensitiesa in various parts of thess spectra were measured
and temperstures were then deduced

{a) from unresclved rotaticn lire Intensities in the CN 0-1 band,

(Over)
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TEMPERATURE MEASURRMENTS ON A PLARMA JET. Wells, A. and 35.33

Eennett, R.H, February 1984,

Temperature measurements bave been performed using spectroscopic
techniques on the plasm Jet cbtained from a water stabilized arc with
carbon electrodes.

The Jet spectrum in the visible region consisted primerily of band
spectra of molecular CN and C, and the Stark-broadened atomic line spectra
of hydrogen. Intensities in various parts of these spectra were measured
and temperatures were then deduced

(a) from wresolved rotation line Intensities In the CN O-1 band,

(Over)
AR,C, CLP. Nﬂcm 58-33
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TEMPERATURE MEASUREMENTS ON A PLASMA JET. Wells, A, and 535.33

Kemnett, R.H. Pebrvary 194;.

Temperature measurements have been performed using speetroscopic
technigues on the plasma Jet obtained from a weter stabilized arc with
carbon electrodes,

The jet spectrum In the visible reglon consisted primerily of band
spectra of molecular CN snd Co and the Stark-broadened atomic line spectre
of hydrogen. Intengities In varicus parts of these apectra were meagured
and temperaturesg were then deduced

{a) fram unresolved rotation line intenaities in the CN O-1 band,

(Qver)




(b} from unresolved band intensitles in the CN and C, systems,
(e} from total Intensities in the hydrogen HB and Hy 1lines,
(d) from the Stark-broadened line profiles of the HP and Hy lines.

Temperatures were alsc measured by the method of spectrum~line
reversal on the C, 1-0 band head,

Temperatures obtained simiitanecusly from measurements on the CN band
systems and the line proflles differed considerably; an average tempera~
ture of 5800°K J300°K was obtained from measurements on the CN band
spectrum whilst a temperature of 10,9609k 00K was obtained from the
profile, Thia apperent Inconsistency has been attributed to the existence
of zones at different temperatures in the jet structure,

Observed jet instabllities have been reported and discussed and the
limitations of the experimental technigues have also been commented upon.

(b} from unresolved band Intengities In the CN and C, systems,
{(c) frrom total intensitfes In the hydrogen HB and Hy lines,
{d} from the Stark-broadened line profiles of the HP and By lines.

Temperatures were also measured by the method of spectrum-line
reversal on the Cp 1-0 band head.

Temperatures obtained similtaneously from measuremenis on Lhe CN band
systems and the Hﬁ line profiles differed considerably; an average tempera-
ture of 58009K 100K was cbtained {from measurements an the CN band
spectrum whilst a temperature of 10,960°K #H,00°K was obtained from the HP
profile, This apparent Inconsistency has been attributed to the existence
of Zones at different temperatures In the jJet structure.

Observed Jet instabilities bave been reported and dlscussed and the
limitacions of the experimental techniques have also heen commented upon.

(b} from unresolved band intensitifez in the CN and Csystems,
{c} from total intensities in the hydrogen H,ﬁ and H‘Y lines,
(d} from the Stark-broadened line profiles of the H3 and Hy lines,

Temperatures were alse measured by the method of spectrum-line
reversal on the C, 1-0 band head.

Temperatures obtained simultaneously from measurements on the CN band
systems and the HS line profiles differed considerably; an average tempera-
ture of 5800C°K ¥300°K mas obtalned from measurements on the CN band
spectrum whilst a temperature of 10,960°K #;00°K was obtatned from the HB
Fofile. This apperent Inconsistency has been attributed to the existence
of zones at different temperatures in the jet structure.

Observed jet Instabilitles have been reported and discussed and the
limitations of the experimental techniques have also been commented upon.
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