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_ ABSTRACT

A wall-stabllized arc of novel design was tested and used
for spectroscoplc lnvegtlgatlions of departures from local ther-
modynamic equilibrium (LTE) at reduced pressure., Stable arc
operatlion was achleved 1n argon, nltrogen, hydrogen, water
vapor, and alr at pressures as low as 0.0l atm and currents u
to 200 A, The spectrometer can vlew the arc radially(side—ong
and axlally (end-on). Since a prilor investlgation had shown
the absence of axlal temperature and pressure gradients, we
used the arc preferentially in the end-on mode, in order %o
detect intrinsic departures from LTE wlth a minium of labori-
ous data reductlon, The core temperature of an argon arc at
1l atm, 0.1 atm, and 0,01 atm pressure was determined from the
measured absolute lntensitlies of atomic and lonlc lines. The
Planck-Klrchhoff method, based on concurrent emission and ab-
sorptlion measurements was also used, but the accuracy of the
temperature derlved by thils method was conslderably less than
for the temperature obtalned from intenslties of optically-
thin lines. The electron density ln the core of the arc was
derived from the measured half-wldth of HB'

The exlstence of LTE was demonstrated at 1 atm pressure;
0.1 atm we corresponded to a transition reglime, whlle at
0.0l atm notable departures from LTE were observed, Although
in an argon plasma at 0.01 atm pressure the population over
exclted states of a glven specles 1s still determined by a
Maxwell-Boltzmann distribution,the concentrations of dlfferent
specles no longer correspond to thermal equllibrium, In
particular, the measured electron denslty 1s much lower than
the equilibrium density conslstent wlth the temperature de-
rived from the intensity of Ar II lines, In a nitrogen plasma
at+0.02 atm pressure we observed a large overpopulation of
Ny energy levels,
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EXPERIMENTAL EVIDENCE OF DEPARTURES FROM LOCAL THERMODYNAMIC
EQUILIBRIUM IN ARC PLASMAS AT REDUCED PRESSURE

Lothar Klein and Harold J., Babrov

The Warner & Swasey Company, Control Instrument Division

I, INTRODUCTION

A, Development of an Improved Plasma~-Source

In order to lnvestigate departures from local thermo-
dynamic equilibrium systematically, and also to determine the
experimental condltions most favorable for the accurate measure-
ment of transition probabllitles, plasmas of different gases
have to be studled over a wide dynamical range of pressures and
temperature. The advantages of the wall-stabilized arc (1)* as
a source of controlled plasmas are well known; however, most
arcs of previous design are unsultable for operation at reduced
pressure and with the exception of prior exploratory work by
Klein and Babrov (2), no experiments at reduced pressure using
the wall-stabilized arc have been reported in the literature.

We have bullt a wall-stabilized arc, shown in Fig. 1 and
schematically on Fig. 2, which incorporates some significant
n.'v design features. Positlive arc stabilization is achieved
by bullding each of the six sectlons comprising the arc channel
as a stack of thin, water-cooléd copper washers, separated by
speclal insulating spacers. The sections are tapered and
separated by quartz rings sealed with O-rings. This arrangement
allows radial observation of different arc portions while
minimizing arc bulging between sections. The electrode design
permits also spectral measurements while viewing the arc "end-
on" in the axial direction. Gas flow in the arc 1s arranged so
that only test gas fills the constricted channel; 1n the elec-
trode chambers, filled with argon as shield gas, the arc 1is
essentially free-burning.

*¥ Underlined numbers in parentheses denote references listed
at the end of this report.
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Experiments have heen made with different test gases
(4, He, N, air, H,O0, CO, CHy, CN formed from N and CC), and

in all cases the arc operated stably at pressures from
atmospherlic down to 0,01 atm at currents up to 200 A. Previous
attempts to use alr as a sample gas in the wall-stabilized arc
appear to have falled because of stabllity problems, The ex-
perliments with a water plasma are also notewcrthy since the
spectrum shows a remarkable stabllity (of the order of 3% fgr
the peak of the strong lines), and the OH bands around 3000A
are very prominent. The Balmer llnes of hydrogen are also
exclted in the water plasma, which facllitates the plasma
diagnostlcs. Thls source appears, therefore, to be very
promisling for studying the transition probabllities of the

OH radical, which so far has only been done using flames.

B. Advantage of End-On Measurements

In ovrder to derlve the spectral data pertaining to homo-
geneous arc zones from slde-on measurements, spatial scanning
of the arc and an Abel inversion (13) of the experimental data
are requlred, Although ldeally one obtalns by thls means the
complete radlal distribution of emisslon wnd absorption data,
in practlice only the values for the arc core are meaningful,
Because of the small contribution of the outer zones to the
measured Integrated emlssion and absorption, the attalnable
accuracy for data corresponding to radial zones close to the
arc perlmeter is poor. Thls ls especlally true for absorp-
tion measurements (3). Furthermore, and apart from the ex-
perimental inaccuracy, any departure from LTE detected in the
outer zones may be spurious 1ln the sense that it 1s only caused
by the steep temperature gradients (4).

From a practical point of view, the required computational
effort also has to be considered, and this erfort can become
very laborlous especlally when line shapes are studled and an
inverslon 1s required for each of a large number of closely-
ipaced wavelengths above and below the center wavelength of

he line.

Although, in vilew of the foregoing, the experimental
advantages of measurements in the end-on mode are obvious,
they have only been rarely used by other investigators;
mainly because of the following reasons:

1. Since the spectrometer has to view a unlform gas
sample, thls requires the arc plasma to conform to axial
symmetry and to be homogeneous along lts axls. The optical
path-length must be well defined and the contribution of the
end~zones (shield-gas reglon in our arc) should be small,

2, It must be experimentally feasible to obtaln radilal
temperature proflles of different arc sections, in order to
establish the unlformlty of the arc core,

3. In the end-on mode the optlical deprth of the plasma
becomes more than an order of magnitude larger than for slde-
on measurements, and consequently the effect of self.-absorption




becomes much more Important. Thls severely limits the useful-
ness of end-on measurements 1n the usual siltuatlon, where the
plasma 1s at atmospheric pressure and absorptlon measurements
are not made., However, 1f the absorptlion 1s measured, the
greater optical depth 1ls a slgnlficant advantage since 1t
increases the dlagnostic possibilitiles.

II. APPROACH
A. . Valldlty Test for End-On Measurements

Since we had declded to use the arc preferentially in the
end-on mode, lts symmetry characteristlcs and axlal homogeneity
had flrst to be established by intercomparing the radlial distri-
butlons of the emlsslon coefflclent** for different arc sections,
obtalned from an Abel lnverslon of slde-on measurements at each
of the flve ring-windows. Axlal homogenelty of the arc can be
considered established, 1i': (l,) the peak emission coefficients
correspondlng to the arc core are ldentical for the five sectlons
and correspond to the geometrical center of the arc channel and,
(2.) the emission coefficlent of the arc core, derived from
slde-on measurements, multiplled by the arc length, equals the
spectral radlance of the arc core measured directly in the end-
on mode. A spectral feature must be used which prior
absorptlion measurements 1in the end-on mode have shown to be
gptically thin, in order to rule out the effect of self-absorp-

lon,

The usefulness of these measurements 1s enhanced 1f the
spectral radlances of several spectral features are measured
concurrently., Assuming the plasma to be in LTE, the temperature i
profile of the arc can then be simply derived from the radial !
dlstrlbution of the emlssion coefficlents., Agreement between :
the temperature proflles obtalned from different spectral i
features 1s a necessary - but 1ln general not sufficient - : 1
condition for the exlstence of LTE, Further probing into !
the equilibrium siltuatlon requires absorption and line-width
measurements, which are more convenlent to make in the end-
on mode, as explalned above, '

B. Absorption Measurements

In emlssion, one measures the intensity of a spectral
line, which 1s proportional to the population of the upper
energy level for the transition, while from absorption
measurements information 1s gained on the population of the a
lower level, The 1lmportance of absorption measurements %
becomes evident when one considers the first gour exclted ’
levels of the argon atom, belonging to the 3p°4s configuration.

** emlssion coefficiént 1s deflned as spectral radiance per
unit length | .




Two of these levels are metastable, ‘transitions from the

other two levels to the ground state lle 1n the experimentally
inaccessible vacuum ultraviolet. Therefore, thelr populations
cannot be determlned from emlsslon measurements., However, the
strong Ar I llnes in the near infrared belong to transitions
to these levels, thus the steady state distributlon between
these and higher excited levels can be determined from
absorption measurements.

The extreme brightness of arc plasmas poses specilal
experimental problems 1n the measurement of absorption, An
evaluatlon of avallable background sources was required, and
a high~-pressure xenon arc proved to combine the desired char-
acterlstics of high intenslity and great stabllity. Our work
with the xenon arc has already been published (3) and, there-
fore, 1s lncluded in thls technlcal report by reference only.,

C. Determlnation of Plasma Temperature

The radiance of an optlcally thin spectral llne correspond-
ing to a transltlon between two dilscrete energy levels, p and q,
1s proportional to the population density of the upper level p,
and the constant of proportionality is glven by A(p,q), the
Einsteln transitlon probabllity for spontaneous transitions.
If the concentratlion of emltter 1s constant over the optical
path length, L, we have:

‘Il hV

Ip,a) = [ ax [NO) ax = =B 400 (o)L (1)
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Where N(X) 1s the intenslty as a function of wavelength (the
line shape), n(p) 1s the population density of the upper level,
h 1s Planck's constant, and qu 1s the frequency of the transil-

tion, The wavelength interval A)\ includes the line in question,
but no other lines., Therefore, the measurement of line inten- ;
sity provides essentially a means for determining the population ;
density of the varlous specles (molecules, atoms, lons) present

in a plasma, If energy transfer by radlation ls small, and

dlssoclation, lonlzation, and excltatlon are effected by collis-
lons with electrons possessing & Maxwelllan veloclty distribution,
the population dilstribution over the different energy levels i1s
also thermal (ﬁ). Although over large distances, inhomogenei-
ties (mostly temperature gradients) are usually present, one

can define a small homogeneous plasma volume over which the
plasma 1s in local thermodynamic equilibrium (LTE). A plasma

in LTE of known chemical composition and pressure 1s then
completely described by its temperature, The population
distributlon over all specles and energy levels can be

calculated uslng the Boltzmann and Saha equatlons, the 1ldeal

gas law, and the condltions of plasma quasl-neutrality.

Therefore, when LTE exlsts n(p), the population of the upper
state p, is a unlque function of the temperature.,  There

stlll exlst theoretical uncertainties related to collective
effects in plasmas (e.g. the lowering of the lonization potential),




but these phenomena are of little consequence in plasmas at
reduced pressure,

Assuming that LTE exlsts, we have calculated the pop-
ulations of the varlous energy levels as a functlon of temp-
erature, at different pressures (1, 0,1, and 0,01 atm), using
avallable tables of specles concentration and partition
functions (5), It is then a simple matter to infer the plasma
temperature from a measurement of absolute line intensity, by
use of Egq, (1) and the calculated functilonal relatilonship
between n(p) and the temperature,

Similarly, the plasma temperature can also be derived
from the spectral radlance of the continuum,which in the case
of argon takes a partlcularly simple form ir the measurements
are llmlited to the visible and infrared part of the spectrum:

o)
N =
- 1a~31 g (M)

where Ne 1s the number of electrons per cm3 and 5(A} 1s a
slowly varylng functlon of wavelength.

(2)

In the derivation of Eq. (2) i1t has been assumed that
second lonlzatlon ls unimportant, which 1ls st11l valid at the
highest temperatures reached in our are., The units of
Noont (\) in Eq. (2) are watts cm™ um™t sr~Y, It should be
noted that, if the weak temperature dependence glven by the

-1
T 2 factor ls dlsregarded, the measurement of the continuum

Intenglty ls essentlally a measurement of the electron density
N .

Ne

The factor g(A) appearing in Eq. (2), although not
strlcetly a constant because of a very weak temperature depen- .
dence, 1ls not unlike the transition probablility for line Van
radlation since it also has to be obtalned elther from //
theoretlcal calculatlions - whlch have more the character of
estimates - or experimental measurement, Notwithstanding the
claim of hlgher accuracy put forth by various authors, the
numerlcal value of the transltion probabllity for argon lines
can in most cases only be consldered firmly established to
within a factor of 2. Thus for the Ar II K348 line, which
has been extenslvely used in thils investiggtion, Olsen (6)
has reported a measured value of 1.15 x 10°; Garstang (77 has ‘

calculated a value of 1.28 x 108, but Popenoe and Shumaker (8),
in very careful experimental work more recently determined the

transition probablllity to be 2.4 x 108. Because of the
uncertalnty 1in the transitlon probabllities comblned with the
lnaccuracy inherent in intensity measurements, n(p) or n(p)/n(p')
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(1f the ratio of line intensities 1s used) must be very
sensltlve functlons of temperature 1f reasonable accuracy in
the measured temperature 1s to be attained,

Because the spectrum of atomlc argon does not ‘contain
llines lying in the same spectral region but emitted from
levels wlth reasonably large energy gaps, the otherwlse
appeallng method of measuring temperature from the relative
intensltles of spectral lines, called Boltzmann plot method (2),
is inherently so lnaccurate as to be practically useless for
precision work, The small gain in accuracy by using lines in
different spectral reglons %requiring a change of detector)
is mostly nulllfled by the increased inaccuracy of intensity
measurements under these clrcumstances, In this investigation
we have used elther the absolute intensity of atomle and lonilec
lines or the ratlo of the lntensity of an atomie 1line to that
of an lonlc line. The energy gap 1s very large, so the ratilo
of Intensltles between atomic lines and lonic lines of the
same atom 1s a very sensitlve function of the temperature,

An error estlmate can be made from Table I.

TABLE I
Fractlional Intensity Increment for a Temperature Increment

of 100°K at a Temperature of 12,000°K (argon plasma.at 1 atm).

I (Intenslity or Intensity Ratio) AL/I for AT = 100°
Absolute Intensity of Ar I 4345A 32%
Absolute Intensity of continuum at 43454 34%

| Absolute Intensity‘of Ar II 43483 60%
Intensity Ratio of Ar II 4348 / Ar I 4345 38%
Blackbody Intensity at 81154 1.5%

It follows from Table I that around 12,000°K an error of
100% 4a the intensity of the lonic line due to the use of |
lncorrect transiltlon probabilitles induces an error of only
1.4% in temperature when the absolute intensity of the ionic
line is used to determine the temperature., Thls error is not
large. The method based on the Intenslty ratlio of the ionic
and atomic line offers, however varlous advantages for our
investligation, notwlthstanding 1ts smaller sensitivity:




0 l. Since the detector response 1s flat over a few
Angstroms, in principle no intensity callbratlon ls required
and the temperature can be derived simply from the measured
slgnal ratilo,

2. Because of thelr close proximity, both lines can be
qulckly scanned, avoldlng errors due to temporal arc varlatilons,

3. Knowledge of the optlcal path length 1s not required,
which 1s Important for end-on measurements. In fact, a self-
conslstency check can be made by first derlving the temperature
by thls method and dividing the measured absolute intensity
of each llne by the calculated intenslty at thls temperature.
If essentlally the same factor ls obtained for both lines
and thls factor 1s close to the geometrlcal length of the arc
seen by the spectrometer, it can be assumed - unless one has
an unlikely case of compensating errors, =~ that the arc i1s
unlform along its core and that neutrals and lons are in a
Saha equllilbrilum,

The last entry in Table I refers to the Planck-Klrchhoff
method (see e.g. Ref.: (3))using the measured peak emission

and absorptlon of Ar I 8l15A. It is obvious that thils is a
poor method, especlally in the case of low absorption (say
around 10%), where measurement errors as large as 20% can
easlly occur, leadlng to errors ln temperature of more than
1000°K. Thils explains the large data scatter which we
obtalned in the measurements of <ile argon arc at 0,1 atm
pressure (see Sectlon IV C).

D. Line Intenslty Peaklng by Arc Current Varlation

In an LTE plasma, the population of excilited states relative
to the total number density of particles of the same specles
1s glven by the Boltzmann factor, whilch lncreases monotonically
with temperature. Increasing temperature, however, also affects
the total number density because of dissoclation or ilonization
losses. The number density of emltters reaches a maximum at
a certaln temperature calculable from theory - the "normal"
temperature ~ beyond which it decreases agaln.,

The Fowler-Mllne method, introduced in arc-plagma
diagnostics by Larenz (9), uses this fact to determine the
temperature proflle of an optically thin arc-plasma, if the
radlal Intenslty distribution for a line 1ls peaked off the arc
center. Thls method 1s important because no prior knowledge
of the transitlon probabllity i1s required; in fact, it should
be possible to derive both the temperature and the transition
probablllty from such a measurement. The usefulness of <hils
method 1ls Impaired 1n practice, however, since small experi-
mental scatter 1n the measured intensities may induce a
spurious off-axls neak in the lnverted data and lead to
temperatures whlch are much too high. For instance, Olsen (;g)
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has pointed out +that hi. previously reported measurements
were vitlated by an inaccurate use of the Larenz method, and
the high temperature of an RF arc as determined by Reed (11)
appears to be strongly affected by thils error. -

The dlfficulty of false off-axls peaks can be avolded
in end-on measurements, since varlation of the arc current
provlides a slmple means of changing the core temperature while
changes 1n the intenslty of a spectral line can be directly
observed on the recorder dlsplay., Provided the arc can be
run at a current large enough to exceed the normal temperature,
1t 1s then posslble to adjust the are current accurately and
unamblguously for peak intensity of the spectral line. If the
spectrum of the arc core 1s measured at this value of the arc
current, we then know that lts temperature equals the normal
temperature for the "thermometer line".

Although 1n end-on measurements the effect of spurilous
off-axls peaks can be avolded, in practice it 1s stlll not a
good method to determine the plasma temperature, since close
to the normal temperature the spectral radilance of a line is
In general a very insensitive function of temperature (see
Figs. 12 and 14), The line-peaking method has, however, many
advantages when studying departures from LTE and has been
applled repeatedly 1n thils lnvestlgation, Since in an LTE
plasma the peak spectral radlance ls a unique function of
pressure alone (which can easily be measured), departures from
LTE become lmmedlately evident 1f the discrepancy between
measured and calculated peak intensltcy 1s larger than can be
explained by uncertalnties in the transition probabilities.

ITI, EXPERIMENTAL

Figure 3 shows the experimental set-up, and in Fig. 4

the optlcal system used for concurrent measurements of emission -

and absorption 1s shown schematically., The spectrometer was

a l.5m Czerny-Turner instrument built 1n thls laboratory. Be-
cause the llght beam had to be stopped down to small.apertures,
only a small portlon of the large ruled area (150 x 206 mm) of
the avallable grating was actually used. The grating, blazed
for a first order wavelength of 6um, was used in higher orders;
dlscrimination against unwanted orders was effected by a hind-
prism {(shown in Fig. 3 wlth the cover removed). The detector
was elther an RCA 1P21 or 7102 photomultiplier, and the spec-.
trum was dilsplayed by a strip-chart recorder after synchronous
rectification of the chopped slgnal. For absorption measure-
ments, light from the cathode spot of a high-pressure xenon
arc, run at 2.2 kW electrical power input, was focused on the
arc plasma and passed through the arc plasma to the entrance
slit of the spectrometer. By selectlvely modulating the
Xe-arc background source with the absorption chopper‘(CH2 in
Flg. 4), fairly accurate absorpticn measurements could be made
even when the spectral radlance of the arc plasma was consider-
ably stronger than the background source.




For intensity calibration, a tungsten strip-lamp was
imaged on the entrance slit by rotating a mirror., Since both
llght path and window transmlgsion losses were ldentlcal for

arc and strip-lamp, callbration was simplified. A combilnatilon
of fleld stops (entrance slit masks) and aperture stops (masks
on the imaging mirror shown in Fig. 4) ensured that only light

from uniform plasma reglons fell on the detector. In most
cases the sllt helght was iimlted to 0.25 mm and the aperture

for end-on measurements to £/135, ' An experimentally calibrated

set of larger aperture stops was used for the intensilty cal-
lbratlon with the strlp-lamp, since otherwlse the strip-lamp
signal was mostly too weak. This technlque 1s preferable to
incereasing the slit helght or width, since the sensitivity
of' the detector 1ls in general not uniform over 1lts surface.

The wall-stabillzed arc was mounted on an x-y table
(precision 0,01 mm ), elther horizontally for end-on measure-
ments, as shown in Flg. 3, or vertically for slde-on measure-
ments., It was thus posslble to refer the lateral lntensity
proflle, obtalned by spatlally scanning the arc in the slde-
on mode at the location of the flve ring-windows, to the
geometrlcal axls of the arc channel,

Electric power was supplled by a pack of three Miller
welder rectiflers wlth line voltage compensator and ripple
filter., Because of their excellent stability (3) recourse
to elaborate current monitoring systems, as used by other
Investigators (8) did not appear to be Justified. Their
versatility in Open circult voltage setting (75-900V) is
a posltive advantage, since optlimum operatlon was achleved
when the 0,C.V. was approximately three times the operating
arc voltage. The wall-stabllized arc was effilclently cooled
wlth distilled water (to minimize side-arcing) under 5 atm
pressure, reclrculated through a heat exchanger cooled with
clty water. :

The arc was always started at atmospheric pressure
while belng flushed wlth argon, by introducing and quickly
withdrawlng a thin (4.8 mm diameter) tungsten rod. Since
the arc electrodes were also of tungsten, carbon impurities
were completely avoilded, For operatlon at lower pressures,
the arc was evacuated with a pump of large capacity (Kinney
KDH 150). Operation at pressures as low as 0.0l atm posed
no speclal problems, since at lower pressures the gas flow
also can be reduced,

The gas flow pattern 1s shown schematically in Flg. 2.
Shleld gas was admitted at two ports in each electrode
chamber to effectively shleld the electrodes; test gas was
introduced into the. arc channel at two symmetrically posi-
tloned ports. The gas ports were deslgned for uniform
tangentlal inflow around the arc perimeter, such that a
weak vortex fleld was 1lnduced. The six gas flows were
independently monitored by precision rotameters. No gas
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was blown in or out at the mldpoint of the arc channel seen
by the mlddle ring window, and thls was the location of a
pressure tap. A mercury manometer and a Wallace & Tlernan
Bourdon gauge were connected to the pressure tap. The
Bourdon gauge was used to get accurate readings in-the range
0-20 torr, &#nd the manometzr was used to measure pressures
higher than 20 torr,

For qulescent arc operation, the flow of shleld gas had
to be conslderably higher than the flow of test gas, but as
long as the flow reglme was balanced, the arc parameters and
the measured spectral intensltles were qulte insensitlve to
relatively large changes 1n gas flow. When pumplng the arc
down from 1 to 0.0l atm, the flow rates could be reduced
approximately by a factor of five, and the total flow rate
of test gas was then of the order of 70 cc¢/min, while the
flow of shleld gas was typlcally an order of magniltude
larger. The low flow rate requlred for the test gas in the
evacuated wall-stablllzed arc can be contrasted with prilor
work at reduced pressure using a gas-vortex stabllized plasma-
Jet, where the required flow rate was three orders of magnhltude
higher (2).

To check for pressure gradlents in the arc, we measured
the pressure at different locations 1ln the arc, For thls
test the current was 624, argon was the shleld gas, and
nitrogen was the test gas. The argon flow was more than
ten tlmes the flow rate of nltrogen. The measured pressure
was 6,9 torr at the midpoint of the channel,6.2 torr in the
cathode chamber, and 5.5 torr in the anode chamber, This
demonstrates the absence of pressure gradients due to the
flow fleld, but the sllightly higher pressure in the conflned
channel - notwlthstanding the smaller flow rate - can onl
be attributed to the self-magnetic compression effect (12 .
~In the scheme used by us, the arc burning 1ln shield gas 1s
purposely unconfined, to weaken the Lorentz force, slnce
this force directed axially inward, comblned with the oppos=-
ing flow, mlght induce penetratlon of shield gas into the
arc channel and even bending of the arc ("sausage asymmetry"),
as observed 1in an arc of older design (g). A special geometry /
was also chosen for the cathode (see Fig. 2), so that the
cathode jet is deflected and does not Impinge on the plasma
in the arc channel.

It 1s a distinct advantage of the wall-stabillzed arc
as compared wlth other sources that for an argon arc at a
given pressure the plasma regime (e.g. the temperature profile)
is determined by only one external parameter, the arc current,
At a fixed current setting, the reproducibillty of the core
temperature for an atmospheric argon arc was better than
wilthin 1.5% (as determined by the varlatlons in line intensities
from run to run). Over a run the temperature could mostly be
kept constant within 0.5%, ' |
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IV, MEASUREMENTS AND RESULTS

A, Silde-On Measurements of the Argon Arc at 1 atm

0
The three contiguous spectral features: Ar I 43454,

[+]
Ar IT 4348A, and the continuum at U4350A were used for this
“study. Absorptlon measurements in the end-on mode had shown
these features to be optically thin (peak absorptilon less
than 3%). The measurements were done at an arc current of
76A., The arc was set up 1ln the vertical position and its
axls accurately aligned wilth the y-axls of the sllde table.
The 1ntenslty of the three spectral features was recorded
while the mldplane of one of the five ring windows was
traversed across a posltlon cptically conjugate to the
entrance sllt of the spectrometer., The arc was then
moved vertlcally to bring the next window in focus and
the traverse repeated. Thus we obtalned for each of the
three spectral features the intensity distribution correspond
ing to the different arc sectlons seen through the ring
windows, Flgure 5 shows such a plot of the intensity dis-
tributlon for the middle window. The intenslty dip of a
few percent near the center of the dlstributlon was typical
for most measurements and has also been observed in prior
work (2). It appears to be caused by reflection effects
and 1s not of particular significance. The center of the
lateral Intensity distribution was found from these plots
by folding (23), and the position of the arc center rela-
tive to the geometrlcal center of the arc channel was
thereby determined. In all cases, both centers were
colncident within the estimated experimental accuracy
(about 0,2 mm)., ,

Barr's method (13) was used for the Abel inversion of
the lateral intenslty distributlon into a radlal profile for
the emlsslon coeffiecient (see Fig. 6), and finally the temp-
erature profile of the arc at the different arc sections was
derived as explalped in Section II C., For the continuum
intensity at 4350A we used Wende's experimental value of

g (A) = 2.05 (14) which agrees to within a few percent with
theoretical calculatlons by Schlueter (15) and Biberman (16).

For the Ar I line at 43454 we used A = 2.8 x 10° sec™t (17),
and for the Ar II line at U4348A we used Popenoe and Shumaker's
value of A = 2.4 x 10° sec™? (8).

Flgure 7 shows the temperature profile for different
sectlons of the arc, as derived from the contlnuum intensities.
Only one profile 1s shown for each palr of symmetrically posi-
tloned windows since the differences were only small and of
the same order of magnitude as the experimental scatter in
the data. Although not of large magnitude, there are, however,
noteworthy dlfferences between the three proflles 'shown, cor-
responding to dlfferent gas flow regimes. In the midplane of
the arc (window 3), where no gas flows in or out, the core
temperature is slightly higher (by about 100°K) and its

11




profile is flatter and broader, caused by the bulging of

the arc. The slight gas inflow at the location of wlndow

2 and U4 decreases arc bulging, leading to a steeper temp-
erature profile, but has only a small effect on the core
temperature, At the 1llp of the arc channel (wilndows 1 and 5)
the core temperature had not changed, but the temperature
decreases more rapldly towards the periphery., It follows
from these profiles that the arc core (defined as the arc
region over which temperature variations are of the order

of 1%) is axisymmetrlc and has a diameter of about 1 mm.

The temperature profliles of the same arc sectlon as
obtalned from the three spectral features corresponding to
different degrees of freedom are compared in Fig. 8 (window 3)
and Fig., 9 (window 4), It appears that the temperature profiles
agree wlthin the experimental accuracy.

B. End-0On Measurements of the Argon Arc at 1 atm

In order to complete the wvalidity test for end-on measure-
ments (see Section II A), the spectral radlance of the three
spectral features used for slde~on measurements was also
measured in the end-on mode. For the arc operating at a
current of T6A the following effective pathlengths, L¥*, were
obtalned by dlviding the spectral radiance (end-on5 by the
peak emission coefficient (side-on):

o]
1) L* = 11.5 cm from the continuum intensity at 43504
2) L¥ = 10.0 cm from the intensity of the Ar II line at

43484
3) IL* = 13.8. cm from the intensity of the Ar I line at
L3454

Within the measurement accuracy, L¥ agrees with the
physical length of the confining channel, which was 10 cm.
The total distance between electrodes was 14 cm, but the
contribution of the unconfined end-zones appears to be
small, especially at the cathode end, where the arc is
deflected downward out of the narrow solid angle accepted
by the monochromator.

The core temperature of the atmospheric argon arc
corresponding to other values of the arc current was Ob-
tained in the end-~on mode from the intensity ratio of
Ar II 4348 and Ar I 4345, The effective pathlengths L*
were also calculated to check for self-consistency. In
some cases L* turned out to be considerably smaller than
10 cm, but the discrepancy could always be traced to an
incorrect arc alignment (arc alignment is critical for this
type of measurement), and these measurements were discarded.

12




We also determined the core temperatures independently by the
Planck-Kirchhoff method, using the strongly absorbing Ar I 8115
and Ar I 8104 lines. In Flg, 10 a typical emlssion-absorption
record 1s shown.

In Fig. 11 the core temperatures as calculated by the
Planck-Kirchhoff method (solld circles) and by the ratio of
Ar I to Ar II line intensitles (open cilrcles) have been plotted
~as a functlion of arc current, The solld circles are shown as
palrs wilith a vertlcal line between each pailr to show the
experimental scatter ol these temperatures calculated by the
Planck-Klrchhoff method. The experimental scatter of the temp-
eratures calculated from the ratlio of lntensities of the Ar I
and Ar II lines were too small to plot on this graph. It is
evident from thils filgure that the temperature derived by the
intenslty ratio method 1s more reliable, since thils is a more
sensltlve method., The temperature derilved by the Planck-
Kirchhoff method shows considerable experimental scatter and
the dilscrepancles between the temperatures measured by these
two different methods can hardly be attributed to departures
from LTE.

In the case of the atmospherlc argon arc, the electron
density could not be convenlently determined from the half-
wldth of the H, line, since the total width of this line was
larger than thg bandpass of the order-sorting prlsm spectrometer
(determined by the free spectral range in the 12th,grating order).
We used the measured halfwldth ¢f Ar I 4345 (1.29A, measured
wilth a spectral slitwldth of 0.24) g derive for the 76 ampere
arc an electron density of 5,2 x 10-° based on Griem's tables (18).
This corresponds to an equilibrium temperature orf 11,650°K in
good agreement with the temperature derived from line intensities.

Finally, the 76 ampere argon arc in the end-on mode was
used to determine the transitlon probabilities of a few atomlc
lines in the blue region of the spectrum. These transition
probabllitlies are presented in Table II below. ///g

TABLE II
Transitlon Probabllities For Some Ar I Lines
A x 1072 (sec"l)

Line This Work Gericke (17) Olsen (6) Popenoe (8) =

Ar I 4259 28 24,6 I 1
Ar I 40266 2.4 2.8 ;

. it
Ar I 4272 6.1 7.1 3.68 9.4 i

Ar I 4300 2.7 3.4 f 4.1
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The accuracy of our values ls estimated to be not better
than + 30%, but they offer evidence in support of Gericke's
values. The transitlon probabllltles derlved by Popenoe and
Shumaker appear to be too hlgh.

C. The Argon Arc at Reduced Pressure

Lowering of the arc pressure has a striking effect on the
appearance of the argon spectrum, The reduction of the electron
density leads to a marked decrease of the continuum intensity
(proportional to Ng%, see Eq, 2), such that at 0.0l atm the
continuum was everywhere too weak to be measurable, Stark
broadening, which 1s the leadlng mechanlsm for line broadening
at atmospheric pressure, ls depressed and the lilnes become
much narrower., Because of these two phenomena, discrimination
agailnst overlapplng lines and spectral background - a source
of conslderable error at hlgher pressures - 1s much simplified.
At 0,01 atm the wldths of the atomic lines (whilch are broader
than the lonic lines) were always smaller than the relatively
narrow spectral slltwldths used, so that the ilntegrated inten-
sity could be inferred dlrectly from the recorded peak signal,
avolding laborious planlmetering of llne areas on the strip
chart record.

It follows from the equllibrium relatlons for plasmas
that at constant temperature a decrease of pressure alone
should lead to an lncrease of the degree of lonlzation. This
effect was clearly observed, and at 0,01 atm pressure the
atomle argon lines 1n the vislble were too weak to be measured,
since the Rowland ghosts of nelghboring strong Ar II lines
were of comparable strength. Visually one notlces that the
arc acqulres a deep blue color due to. the promlnence of the
Ar II lines 1In the blue reglon of the spectrum. Representa-
tlve spectra showlng the effect of lowering the pressure
' have been presented in Ref., 2.

_ Measurements were made in the end-on mode at 0.1 atm »
and around 0,01 atm pressure. Although the stablllity over :
a particular run was mostly qulte good, the line intensitles - //
especlally of Ar II lines - measured in different runs at the

same arc current and pressure, showed often notable dilscrep-
ancles, This is agaln attributed to arc misalignment, whlch
at reduced pressure can actually lead to an lhcrease of
measured line intensity This effect occurs 1f radlation

from the "cathode spot" (a small inhomogeneous region of

higher temperature surrounding the cathode, which expands at
reduced pressure) 1s seen by the spectrometer. In two con-
cordant measurements at 0,1 atm and 80A, whilch met the self-
consistency test (L¥* ~ 10 cm) we determined from the intensity
ratio of Ar II 4348 and Ar I 4345 a core temperature of 13,500 +
300°K. This temperature was conslistent wlth the measured
intensity of a number of other Ar I and Ar II lines in the
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spectral range 4200 - 50004, The temperatures derived by
the Plank-Kirchhoff method are shown in Table III,

TABLE III
Core Temperatures of an Argon Arc at 0,1 atm Pressure
derived by the Plank—Kirchhoff‘Method using Two Strong
"Ar I lines in the Infrared.
Arc Current (A) Line Peak Absorption (%) Temperature (°K)

i

70 8104 9 12,600 .
8115 15.2 12,700

80 8104 9 13,600
8115 15,7 15,600

90 8104 11.5 13,700
8115 2l.5 12,900

Table III indlcates the nolse 1n the data, and absolute
errors 1ln measured absorptlon of the order of 4% could

easlly have occurred which would lead to errors in temper-
ature of the order of 2000°K {see Section II C), It is not
assumed that a real dlscrepancy exlsts between the temper-
ature derlved from intensities of optilcally thin lines (which
is a4 much more sensitive method) and from emlsslon-absorption
measurements. -

' A notable discrepancy was observed in the measurement of
the electron denslty from the half wildth of the Hﬂ line. Three

independent measurements for dilfferent runs at 0.1 atm and 80A
gave a value for the electron density, N, of (1.30 + 0.1) x

1016 cm"3. For an Argon plasma at 0.1 atm pressure and in LTE,
thls electron densilty corresponds to a temperature of 11,700°K,

while the electron density at 13,500°K is 2.25 x 100 cm™3.

The results of the continuum measurements, although not complete-
1y unambiguous, appear to support the electron denslty derived
f'rom HB‘ It should be noted, however, that from 13,500°K to

11,700°K the intenslty of lon lines, as calculated from theory,
drops. by more than an order of magnitude., Therefore, our
measurements of the intensitles of Ar II lines cannot be
reconclled wlth the equilibriumtemperature derived from the
measured electron density.
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TABLE IV
Core Temperature of an Argon Arc at 0,0l atm Préssure and 80A
Current, derived from the Absolute Intensiltles of Ar II Lines,

Line E, (eV) A x 10~8 (sec”l) Ref, for A Temperature °K

4806  19.1k 0.79 (6) 14,300
4848 19,22 1,1 (18) 14,200
4352 19,22 0,092 (18) 14,400
4348 19.41 2.4 (8) 14, 200
4880 1.9.60 0.66 (6) 14,200
3588 22,85 3.0 (18) 14,400
3576 22,92 25 (18) 14,500
3548 23,00 0.8 (18) 14,500
3559 23,06 2.7 (18) 14,500
3561 2l 52 3.0 (18) 14,500

In Table IV, the core temperatures of an Argon arc¢ at 0,01

_ atm pressure and 80 A arc current derived from selected Ar II
lines are presented. Inh most cases the transitlion probabllitiles
calculated by Griem (18) have been used, since they glve con-
.sistent results., If wWe had used Olsen's value (10) for Ar II 3588,
which 1s smaller by a factor of flve, this line would have gilven

a temperature hlgher by about 2000°K,., Our measurements, there-
fore, seem to support the theoretlcal transitlon probabllitles

for the UV lines,

Of particular interest are the measurements of the strong
Ar I llnes in the near IR, At a pressure of 0,01 atm these llnes
were found to be optically thin. The intensity of Ar I 8104
and 8115 were measured at different arc currents between 50 A
and 150 A, but no Intensity varlation larger than the nolse in
the data zless than 30%) was observed, Furthermore, for an 80 A
arc, the slgnal lncrease observed when sltting on these lines
and increasing the aperture from /135 to £/50 corresponded
exactly to the signal increase measured wilth a source of uniform

brightness. Using the value of A = 0.22 x 10° sec™l (6, 19)
for the Ar I 8115 line, and assumlng L = 10 cm, the measured
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intensity for this line corresponded to the peak of the pop-
ulation for the upper level of the transition (2p9) for an

argon plasma at 0,01 atm and in LTE. Tl... calculated varia-
tion of the population of the 2p9 Jevel with temperature is

shown in Fig, 12 and 1t can be seen that in the neighborhood
of the maximum 1t 1s a slow varying functlon of temperature.
‘The experimentally establlshed constancy of the population
over most of the arc cross section and over a wlde range

of arc current would indlcate ~ wlthin the LTE assumption -
a temperature range of 11,000 to 13,000°K under all investi-
gated conditions., Identilcal results were derived from the
measured intenslty of Ar I 8104,

In the run at 0,01 atm pressure and 80 ampere current,
the half-wldth of Hy was 2.258, as measured with a spectral

s8lit wldth of 0.83. We correlate this measurement with an

electron density of (7‘i 1.5) x 1014 em”3 rhich, at LTE,
corresponds to a temperature of 9300 + 200°K, In a plasma
in LTE, the electron density at 0,01 atm 1s almost constant -

(2.6 + 0,1) x 10%° em™ - from 11,500°K to 14,500°K, but four
times hlgher than the value calculated from the half-wldth of
the HB line, On the other hand, 1f we accept the temperature

corresponding to the measured electron denslty, themeasured
intenslty of the lon lines would be almost three orders of
magnitude larger than calculated for the LTE model,

D. The Nltrogen Arc at Reduced Pressure

Some exploratory experiments were made wlth nitrogen as
a test gas, at a pressure of 0,02 atm. The arc was vlewed in
the end-on mode. The spectrum of the arc core is dominated
by closely-spaced rotational lines belonging to the NI (1st
negative) system. The strongest band corresponds to %he
(0,0) vibrational transition, and Fig. 13 shows the spectrum
of this band, recorded at an arc current ¢f 40 A and with a
spectral slit wildth of approximately 0.15A, It can be noticed
that the expected intensity alternatlon due to the effects of
nuclear spin (20) is apparent only at the long wavelength side
of the band origin, but 1s smeared out towards shorter wave-
lengths., Thls 1s explalned by the fact that strong P-lines
overlap strong P-~llnes and weak P-lines overlap weak P-lines,
whille In the R~branch the overlap i1s between strong P-lines
and weak R-lilnes, and vice versa. Only the P(26) line which
falls on the band orlgln is not overlapped by a line belong-
ing to the same band (0 <—> O transitions are forbidden),
and therefore, thls line was selected for measuring the
spectral radlance of an indilvidual rotational line. The
Intensity of thls line changed very slowly wilith lncreasing
current but went through a maximum at a current of 40 amperes.

17
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The end-on spectrum of the 40 ampere nitrogen arc was
geanned from 3700A to lu., Only moleculaﬁ bands appear 1in the
viginvle, but in the infrared around 9000A, three N I lines
werw strong enough for thelr intensltles to be measured. The
atomic Boltzmann plot for these lines gave a temperature of
8650°K, although the precision of this method 1s not very
high due to the relatively small difference in upper energy
levels, Much better accuracy can bhe expected 1f the temp-
erature 1s derived from the absolute line intensity, whilch
1s a very sensitive function of temperature (see Fig., 14).
The following,temperatures were thus derived from the three
lines: 8800°K, £"50°K, and 8T00°K, The average of these
temperatures 1s again 8650°K,

The absolute intensity of N I 41104 - the strongest
atomlc line in the range of the 1P2l photomultipller - was
calculated assuming a temperature of 8700°K, and compared
with the measured absolute intensity of P(26). The latter
turned out to be an order of magnitude stronger and this
explains why the visible atomlc lines do not stand out in
the spectrum but are overlapped by closely-spaced rotatlonal
lines of comparable or stronger intensity. A temperature of
8700°K 1s also consilstent wlth the peak temperature for the
P(26) line (Fig. 14).

Although 80 far no indilcatilon of a departure from LTE
had been found, a marked inconsistency appeared when the
maximum value at 0,02 atn for the absolute intensity of the
P(26) line was calculated and compared wlth the measured
value: tii¢ measured intensity of P(26) 1s 250 times larger.
The theoretlcal value was calculated as follows: The general
expresslon for the intensity of an optically thin line in an
electronlc band of a dliatomlc molecule 1s

| w, we (25+1) N
vt J' _hell Ty I 0 4n vl oIl =E(n,v',J')/kT (3)

mv' g ')_"'n""x Qnuc Q'j_n't m v" 2J"
where N ls the statistical welght due to orbital electronlec //»

angular momentum ( A degeneracy), w- 1s the statistical welght
v I

due to nuclear spiln, the factor (2S+1) 1s the statistical weilght
due to electron spln, and No 1s the total number denslty of

the molecular specles. The energy of the upper state ls glven
by

E (n, v!', J') = [Voo + G (v!) + P, r31) ] he . (4)
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Ag 3" 1ls the transltlon probabllity for the glven electronilc

band, n v! —> m v'", Sgﬁ 18 the angular part of the transition
moment (the rotational line strength)., Qe and Q. are the
nuclear and lnternal partltion functions, respectively. For

the speclal case of the N,* band studled (the v' = 0 —» v" =0
n | B .
band of the Be 2 —> X° z system) Eq. (3) can be simplified.

The Integrated spectral radiance of a P(K=even) line of
the (0,0) N, (lst neg.) band 1s then given by, (in W em™2 sr~t)

. 7T N
oo ] 9T ME) Ry

x e-E(n, 0, K-1)/kT (5)

The transition probability due to Bennet & Dalby (21) has

been used, the number denslty and partition function of N2+ were
taken from Ref. 5, although the value for Qint was found to

depart only lnsignificantly from Qint calculated assuming a
simple rigld rotator-harmonic oscilllator model.

Because of the overlapping of lines, the intensitles of
most rotational lines cannot be measured to the accuracy neces-
sary for a meanlingful molecular Boltzmann plot., We calculated,
however, from theory the lntensity of several line blends,
assumlng a temperature of 8700°K., In all cases the measured
+and calculated intensitles agreed withln the experimental
accuracy. The attempt to measure the electron density from
the wldth of H, falled, because of experimental difficultiles
1n admlxing a @ery small, controlled flow of hydrogen.

The experiments wlth the nltrogen arc at 0,02 atm were
‘repeated in the side-on mode (mlddle wilndow in focus) with a
low-resolution spectrometer, The arc cu¥rent was varled whlle
sltting on the band head of the (0,0) N," (1lst neg.) band.
Again only a surprlsingly small change In intensity (a few
percent) was measured whlle the arc current was ralsed from
80 A to 135 A (or20 kW power input). No atomic lines were
found in the vislble spectrum of the 135 ampere arc.
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Ve CONCLUSIONS

Our results glve clear evidence of departures from LTE in
arc plasmas at reduced pressure, but further work is requlred
before 1t can be attempted to explain the observed phenomena
by a conslstent theory., It appears that although the distribu-
tlon over the energy states for a glven specles can be described
by a certain temperature (l.e. 1s glven by the Maxwell-Boltzmann
law), the steady-state concentrations of different specles in a
plasma at low pressure are no longer in thermal equilibrium.
Over-population of metastable levels has been invoked to explailn
departures from LTE ln argon plasmas at reduced pressure (gg).
Our emiss%on and absorption measurements of the line pair
Ar I 8105A and Ar I 81153 do not sustaln thils assumption, since
no enhancement was found for the transition - Ar I 8115 - whose
lower state 1ls metastable.

Since the concentratlion of specles 1n a plasma can no
longer be calculated from equilibrium relations, low-pressure
plasmas are 11l sulted to determine absolute transition prob-
abllitles, but in many Iinstances 1t can be advantageous to
determine relative transltion probabllities from measurements
at reduced pressure, which can readlly be put on an absolute
scale 1f the transltlon probabillty for only one line belong-
ilng to the same specles 1s known., The usefulness of low
pressure plasmas for this work stems firstly from the fact
that a hlgher preclsion In measured line intensitles can be
achieved (because of the suppresslion of overlapping lines and
the continuum spectrum), and secondly, on can more readily
approach the favorable regime close to the normal temperature
where large errors ln temperature have only a small effect
on the accuracy of the determined transition probability.
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Fig. 12 Population of the upper level for the transitlon of

Ar I 81158 at different pressures in an argon plasma
in LTE.
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