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ABSTRACT

We have used the PISCES-A facility in order to study the behavior of carbon containing
molecules in a representative plasma with parameters close to that of a tokamak boundary layer. CH,,
C,H,, C,H,, CO, and CO, molecules were introduced through a slit aperture into a helium plasma and
the radiation from these due to electronic excitation was spectrographically recorded. The imaging of
the plasma onto the entrance slit of an 1.33m McPherson optical spectrometer was chosen in such a way
that simultaneous information about spectral and spatial distribution of the emission could be obtained
by an attached photographic camera and an optical multichannel analyser (OMA). The recorded spectra
show thzt many features in previously obtained spectra from limiters originate - beside from
hydrocarbons - from carbonoxides, which seem to play a mayor role in the transport of carbon and
oxygen. It was also possible to calibrate the radiation intensity of several molecular bands versus the
known molecular influx so that an absolute determination of these fluxes from the wall of a fusion
device could be done. Measurements of the attenuation of the individual species were carried out,
which describe the penetration of carbon, oxygen, and hydrogen atoms into a discharge by taking into
account individual steps in the molecular breakup process.



I. INTRODUCTION

In present day tokamaks carbon is one of the most widely used materials for limiters and wall
coatings. However, carbon shows strong chemical reactions with oxygen and hydrogen, which can lead
to an enhanced erosion by chemical sputtering. Therefore, it is important to know to which extent
carbon containing molecules like CH, or CG play a role in fueling and impurity release during plasma
discharges. In the past there were several attempts to demonstrate the importance of molecuiar influxes
into the plasma boundary layer especially for relatively low temperatures (around T, = 20 eV); e.g. in
TEXTOR [1],[2], JET [3], ASDEX [4],[5], DITE [6], and TFTR [7]. But these investigations mostly
lacked a direct measurement of the molecular influx at the location, where it actually originates.

In order to overcome this problem emission spectroscopy is used in this work.

By this technique one can determine the strength and nature of the molecular sources even at locations,
which are not easily accessible, and it can also be used to study the molecular breakup processes. From
TEXTOR and JET, there are already spectrographic data on the molecules in the region of plasma
facing components due to plasma surface interactions [1], [8]. However the identification of the bands
is not so easy as one might think, as the existing spectra so far, which could be used for comparison
(see e.g. [9]), have been mostly exclusively obtained under non-plasma-boundary-like conditions.
Therefore a unique identification of the observed bands is difficult; e.g. for the investigation of the
CH-band structure an alcohol flame was used (which inevitably also displays interfering OH-bands).
In addition there exists presently not many information concerning observable lines or bands with
reasonable intensities, needed for absolute measurements for the interesting molecules in a plasma of
tokamak boundary like conditions.

Therefore an attempt has been made to use a representative plasma with parameters close to
that of a tokamak boundary layer in order to obtain a more reliable spectra and data base for present
and future fusion devices in regard to carbon containing molecules and their radicals. A specific
interest of this work is to study the following important breakup processes (for the ions indicated as
well as for the neutrals): |

a) CH,) — cH® -~ cH,® — cH®) -~ cu*, c), B
b) CO — CO* — C*), o)

The significance of chain a) for an all-carbon-machine has already been demonstrated by [10] and [11]
and the rates for the respective processes have been collated by [12]); the latter are not yet
experimentally verified. As the molecular break-up chains are relatively long, small errors in the first
steps can lead to strong deviations in the calculated CH-, C-, and H-distributions. Therefore it is
important to measure the respective distributions as far as possible and compare these with calculations
from Monte Carlo Codes.



The cross sections and/or the respective rate coefficients for chain b) have been published by
e.g. [13])and [14], and it is still important to verify these experimentally, as the role of CO in a tokamak
plasma in a carbon surrounding seems to be a significant one [15].

II. EXPERIMENTAL PROCEDURE

A schematic diagram of the whole experimental apparatus is shown in figure 1. For simplicity
the orthogonal planes of observation and main gas stream out of the nozzle are projected into one
plane. In the following the experimental systems will be described in detail.

A. The PISCES- A facility

We have used the Plasma Interactive Surface Component Experimental Station A (PISCES-A)
for the production of plasmas with parameters close to those of the tokamak boundary layer. The
plasma is produced by a radiatively heated lanthanum hexaboride cathode supplying primary electrons
to a reflex arc discharge. A uniform axial magnetic field of 0.02 to 0.14 Tesla confines the plasma to
a cylindrical shape with a diameter of 6 to 10 cm. Steady state plasmas with densities in the range of
10 to 10!3 cm™3 and electron temperatures up to 30 eV are readily generated. These values correspond
to typical conditions in the edge plasma of tokamaks. In standard operation, the sample, which is at
the "floating potential”, is immersed in the plasma column for testing through a modified end plate.
More Details of PISCES-A operation can be found in the references [16],[17],[18].

For the measurement of the basic discharge parameters two probe systems were available in
the observed plasma region of interest:

a) a stationary water-cooled Langmuir probe, the characteristics of which could be swept through
from the ion- to the electron saturation current, and which allowed the determination of T, and n,
for one spatial point on the axis. From the measured characteristics the electron distribution function,
which plays a major role in the excitation process by electron collisions, could be derived.

b) a fast scanning ( < 400 msec), pneumatically driven combination emissive/mach probe diagnostic,
which allows to take a vertical profile within one "shot". Profiles of n_and T, can be routinely obtained
by measuring the floating and the plasma potentials. A differentially pumped sliding seal allows the
probe to be positioned for a fast vertical scan at various axial distances. By vertically scanning the
plasma column through its centerline at uniformly spaced axial locations, a complete map of plasma
parameters in the near presheath can be assembled. More details for this diagnostic technique can be
found in [19].



B. Gas injection system

The gas injection system consisted of an absolutely calibrated pressure gauge, a capillary tube
(d = 0.2 cm) and a slit aperture (see fig.1 and 2). The slit aperture had a size of 4 mm in the direction
of the spectroscopic observation and 9.5 mm in the direction normal to it. This geometry had been
chosen in order to simulate a larger, particle releasing object (e.g. a tokamak limiter) and to support
the assumption of a plane geometry in the vertical direction as close as possible.

In order to keep the influx of particles as constant as possible during the experimental duration
(occasionally up to 10 minutes) the gas flow was controlied by a needle valve and the total upstream
pressure in the differentially pumped upstream volume was measured by a baratron (MKS 227AA-
00001 A). The flow rate Q into the PISCES-chamber was then given by

Q = pup-tream xC (l)

where C is the conductance of a long capillary tube and given by

4
c=327x1029_% | (2)
nt
where
D : averaged pressure 0.5 Pupstream (in PISCES) [Torr)

: viscosity of the gas used [g/(cm sec) = poise]
: diameter of the tube [cm] = 0.2 ¢cm (in PISCES)
: length of the tube [cm] = 140 c¢m (in PISCES)

. 0O 3

Taking these PISCES parameters into account, the resultant flow rate from equ. (1) will be:

2

Pups
Q=187 x 107 —“",;“"“ [torr x 1/sec] (3)
or
p?
Q = 5.88 x 102 —l‘ﬂ'r;—"i'“— [molecules/sec] (3a)

The n is assumed to be pressure independent and is given by
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where

M,: atomic mass unit, T: gas temperature in [K], o: the diameter of the molecule in [cm]
For the gases injected the following values for ¢ (in units of 10"®cm) were used:

CH, 3.24, C,H,: 4.16, C,H,: 4.16, CO: 3.15, CO,: 3.24

C. Spectroscopic diagnostics

The optical diagnostic system for the observation of the light emission from the injected
molecules consisted of a McPherson 1.33 m monochromator, which was equipped with a gratihg of
1200 groves/mm resulting in a linear dispersion of 6 Angstrom/mm. The plasma was focussed by a
single lens (focal length = 50 ¢cm, @ = 5 cm, magnification = 9) onto the entrance slit in such a way
that simultaneous information about spectral and spatial distribution of the emission could be obtained
(see fig.2). In order to achieve this a CaF,-prism had been mounted in front of the entrance slit, which
- by a rotation of 45° - turned the vertical entrance slit into a horizontal position in the observation
volume. In combination with the magnification by the lens, a slice of 0.6 mm in vertical and 9 cm in
horizontal direction (from a 70 ym x 10 mm slit) of the plasma volume could be observed.

For spectrographic recordings of the emission a camera was attached in the focal plane of the
exit slit. As recording material a high speed polaroid fiim was used with a sensitivity of ISO 3000/36°.
It has a spectral sensitivity 'rom &~ 7000 A down to ~ 3000 A. The upper wavelength iimit is the well
known boundary to the irfrared, the lower limit, however, is probably partly determined by the instant
coating, which preserves the {ilm against scraiching. Polaroid films with even higher sensitivity (type
612: 1SO 20000/44°) but no instant coatings display a much lower limit (s 2000 A) [1}. This fact -
unfortunately prevented spectral measurements in the near UV, where mary of the investigated
molecules emit intensive bands, although the optical components were capable of transmitting near-
UV radiation. The size of a print was 8.5 x 10.8 cm, which allowed to record a spectral range of
~ 500 A in one take. The two-dimensional recording over such a wide wavelength range can serve as
a superb mean in order to obtain a qualitative overview over spatial and spectral distribution of the
optical emission from a radiating species.

However, for quantitative results, one part of the information had to be omitted. Two types
of detectors were attached to the spectrometer and could be alternatively used by turning a mirror in
front of the exit slit. In order to obtain the total integrated photon emission along the line of sight,
as experimentally described above, a photomultiplier with an S 20 cathode response was used as a
detector. This sensitivity allowed to detect photon emission from the UV up to the near infrared.
Thus light at A = 8446 A from oxypen atoms could just be detected photoelectrically. For the detection
of carbon atoms, which emit at A = 9095 A only the optical multichannel analyzer (OMA) could be



used. Both systems had been absolutely calibrated by a tungsten ribbon lamp, which was placed at the
emission velume for that purpose.

The integrated photon emission along the penetration path into the plasma is a measure for the
amount of flux of released particles per unit length of the source (in out case in the vertical direction),
provided that the atoms (or molecules) are completely attenuated by electron collisions within the line
of sight [1], [20). The total number of particles is then obtained by multiplication with the whole
length of emitting components. A formula to convert the measured brightness B, into particle fluxes
can be found e.g. in [21]. For completeness‘ the derivation will be repeated here and the simplifications,
which are valid for PISCES conditions, will be especially noted.

The flux of atoms into a plasma, which is assumed to be equivalent to the numbers of
ionization events, is given by:

d ¢,(r)
p — = n,(r) n(r)<opv,> (5)
r
or as integral version:
Ty
ba = J n,(r) n(r)<ov,> dr (5a)
]

On the other hand, the emitted photon intensity following electron excitation is given by:

Ta
Biot = —%—r-[ n,(r) n(r) <op v >dr ©6)
1

where

n,(r) :impurity density profile

n(r) :electron density profile

<opv,> : ionization rate coefficient (a function of T,)

<TgmV.>: excitation rate coefficient for level m (a function of T,)
r : branching ratio

By taking the ratio of equation (5a) and (6), one obtains a relation for the flux ¢, as function of the
measured total intensity:
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I n,(r) ne(r)<o,ve>(r)dr
4= ¥ B, 2 )
AT tot I, :
‘ ,-[ n,(r) ne(r)<aEmve>(r)dr
1

where one has to substitute
00 r

2
n,(r)= n,(0) J“f(vA) exp[ - ;1,1 f ne(r)<alve>dr Jdv,
v=(0 ry

with

dr
dn,(r)= —n,(r) n <opv > _V;

v 27 -2
df(v,)= ;g;-x dvA[l +[ -\712—] ]

A general solution of equation (7) is therefore only possible, if n(r), f(v.), <ov>=f(r)=f(T,),
<aEmve>=f‘ex(r)=fu(Te) are precisely known or have only a weak spatial dependance. Fortunately the
latter case is true in PISCES, where the n,- and T,-profiles do not reveal a strong (axial) dependance -

unlike in a tokamak boundary layer, where these profiles change considerably in (radial) direction.
Therefore equation (7) can be strongly simplified to:

4r <oV>
$p = — B, ———
r tot <OpmVe> (8)

which relates the measured total intensity to the particle flux via the ionization events per emitted

photon <ov,>/(I'<og, v.>). The last expression is mainly referred in the literature as S/XB.
We need this formula in the rearranged form:

$a <OV>

4xB, , I‘<0Emv & %)

where the ionization events per emitted photon can be determined, if the total number of injected
particles ¢ and brightness B, , is known.

In the case of molecules the radiating particles can now not only be ionized within the
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observation volume (as in the case of atoms) but also dissociated or even neutralized. Therefore the
cross section oy has to be replaced by a more general one o = oy + op + oy (Where D denotes dissociation
and N neutralization) and the expression <ov,>/(I'<op_v,.>) describes the general loss events per
photon, which represents the flux of the molecule or molecular radical per respective photon emitted.
By measuring this numter for the molecules injected and photons counted it should then vice versa
be possible to obtain spectroscopically numbers for the specific molecular fluxes from edge components
in fusion devices.

The OMA in front of the exit slit used (EG & G model 1460) consisted of a linear array (S-
type) of 1024 pixels with a spacing of 25 um and a height of 2.5 mm. These dimensions provided a
spectral resolution of 0.15 A and a total range of 153.6 A with the grating used. For a spatial recording
of the penetration of the molecules and their radicals through the plasma, the OMA was rotated by 90°.
The total brightness was then obtained by an integration of the attenuation profile. In this mode the
spatial resolution was 0.23 mm and the total possible detection range 230.4 mm. The spectral resolution
was determined by the height of pixels (2.5 mm = 15 A) as no limiting exit slit could be placed at the
position of the array. Therefore the width of the exit slit for the PMT measurements was also chosen
to be 2.5 mm ’(in cases were this was necessary e.g. broader band structures) in order to be compatible
with the OMA measurements. |

ITl. RESULTS

All the experiments were carried out using helium as the working gas. The reason for this
choice was to avoid possible interference with molecular band emission from the background and the
injected gas. In general, three plasma regimes were chosen for the experiments: High T, (=30eV),
low n, (= 1x10'%/cm®); medium T, (%20 V), medium n, (~2.5x10'%/cm?); and low T, (%10 eV), high
n, (m 5x10'2/cm3) in order to simulate three cases of a tokamak boundary plasma. For a characteristic

high T,- and low T,-case the radial and axial electron density end temperature profiles were measured

by the probes and are shown in figure 3. The plasma column had a width of about 4-6 cm and the
electron density and temperature was relatively constant in axial direction except for the last 2 cm in
front of the nozzle in the high temperature case. The reason for this is probably that - especially for
lower plasma densities - the "shine-through" of the high energetic, non-Maxwellian electron velocity
component is not completely blocked. The existence of such a component fog‘ a few discharge
conditions may explain some of the peculiarities in the results (see below). . ;,‘ 1

]



A. The spectra

Spectrograms for each gases were taken for two different plasma conditions: High T, (=30 eV),
low n, (= 1x10'?/cm®), and low T, (s10 eV), high n, (= 5x10'2/cm®) in order to simulate the two
extreme cases of a tokamak boundary plasma. The whole spectrum was generally composed out of 15
individual takes; the exposure time for most of these was ~ 60 sec, slightly varying with the changing
sensitivity of the film. The occasional appearance of a continuum at longer wavelengths at the bottom
of the spectra is a reflection of the emission from the hot LaBg-cathode at the far end of the tube.
According to the condition of the nozzle, which tended to be covered by a carbon layer after longer
operation of injection, the reflection for this radiation from this irregularly shaped layer could be
remarkably different. The gas enters the plasma through the nozzle from the bottom of the spectro-
gram and can be followed up to 10 cm through the plasma. Penetration depths of about 2 cm can in
general be qualitatively derived for the molecular species and/or their radicals. The long, non
attenuated lines are helium lines, which readily serve as wavelength and deconvolution standards for
the instrumental function. This function is somehow wavelength dependent as the CaF,-prism in front
of the entrance slit acts as a dispersive element. As general identification aid concerning photographic
recorded spectra the references {1]and [22] were used. Concerning the molecular spectra level numbers
and signatures the works from [23] were very helpful.

In this section the general display of the respective spectra will be discussed; for the parts of
the spectra, which have been seleéted for quantitative measurements see section B below. A complete
set of the bands, which were identified in the spectra can be found in table 1.

1. Methan r H

Figure 4a,b shows the main features of a hydrocarbon spectrum with a single C in the visible
spectral range. The most obvious features are the bands of the CH-radical. First the 4300 A-system
(A%A - X21), which is degraded to the violet. The Q-head of the (0,0)-band is at 4314.2 A. A line-
like feature at 4324 A is the piled up Q-branch of the (2,2)-band. And second the 3900 A-system
(B2E - X211), which degrades to the red. There are no other bands in this region of the visible spectrum
(from the two lowest lying electronic states into the ground state) and therefore these two systems are
the most prominent ones.

Lines of the Methylene radical (CH,) band could be detected - a wide band between 4500 and
9000 A (t~)1B1 - ﬁlAl) displaying line-like features -, but are barely seen on the spectra (better
detectable with the OMA) [24]. Bands of CH* from the Douglas-Herzberg system (A'll - X!T) ,
which are degraded to the red, could be identified, but the (0,0)-band is so strongly blended by the
4300 A-system that the observation of the (0,1)-band around 4780 A should be preferred. Both bands
have also already been observed by laser induced fluorescence technique in [25].

Also the atomic lines of hydrogen were found - the product of the dissociation process - ,



whereas lines frem singly ionized carbon could hardly be seen on the CH,-spectra taken. It is in

addition interesting that the intensity ratio of H /CH is growing with the electron temperature,

ap,
thus indicating that the cross section for producin: ;i@’ﬂn-radiation from CH, is smaller than those
for CH-band emission for lower temperatures. This has already been found by [26]. The reason for
this is obviously the very low lying A2A-state.

No explanation we have so far for the fact that iri fig.4a a C,-molecular band at 3600 A seems
to be present, As methane should not be able to split into C,-molecules. Perhaps carbon, which had
been deposited on the nozzle after dissociation from methane has led to the appearance of such

features.

2. Acetviene and ethvlene spectra (C,H, C,H,)

Figure 5a,b and 6a,b show the main features of a hydrocarbon spectrum with an additional
C in the visible spectral range. These are: a) the Deslandres-d'Azambuja system (c1IItx - blnu) from
» 4000 A and b) the Swan system (A"’Hz - X'%11,) from ~ 6200 A down to the violet. Particularly the
latter system has such a remarkable structure that it can easily be identified. Lines from singly ionized
carbon can now clearly be seen, especially for the higher temperature cases, which is the result of the
larger C/H-ratio. The penetration depth seemns to be slightly smaller for these molecules than for
methane because of their larger masses.

3. Carbon oxide spectra (CQ g;Q_Z)_

These spectra are the most structured of the ones taken (F' -~ 7a,b and 8a,b). And although the
CO molecule has been investigated for more than a century, it * ill belongs to the most intensively
studied diatomic molecules. The results of investigations of its sf :ctrum and energetic structure have
been collected by [27], [28], and [29]. But even today new bands n the emission spectrum of CO have
been detected [30]. There are also remarkable differences between the low and high temperature cases.
Therefore it is not astonishing that long available evidence of the existence of CO bands in tokamak-
limiter spectra were not identified as such [1].

In the long wavelength range around 6000 A the low temperature CO spectrum is mainly
governed by four bands: the Triplet Bands (434 - a®M), the Asundi bands (a'3E - @®M), the Angstrém
system (B'S - AIT), and the Herman bands (¢ - a®1). These four bands overlap partly and even
for experts in molecular spectroscopy it is not always easy to distinguish them perfectly as
demonstrated in contruversial publications [31]. In the direction to shorter wavelengths the Third
Positive Bands (6T - a®IT) and the CO flame bands ('B, - X'E*) are added.

The high temperature case reveals a somehow simpler picture. Now the most prominent
throughout the whole spectrum is the so called Comet tail system (A%l - X2%) of CO*. As CO is a
rather stable molecule, it also shows an intensive molecular ion spectrum. The Comet tail system is
characterized by two strong R-heads with corresponding Q-heads lying from 5 to 1.5 A to the r»d of
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the R-heads. The bands are degraded to the red. A weaker system of CO™, the Baldet-Johnson system
(B2Z - A™I) is now also visible in the blue part of the spectrum. Particularly remarkable is the fact that
the red part of the spectrum is now completely governed by the comet tail system of CO*, whereas the
Triplet Bands, the Asundi bands, and the Angstrdm system practically disappeared. This strongly
changing display of the CO-spectrum leads to the different spectra, which are published in the
literature and makes identifications partly rather difficult.

Also the lines of singly ionized oxygen and carbon can be detected - of course better in the
high temperature case. It is also astonishing that the origin of these lines is directly at the front of
the nozzle, which could lead to the assumption that the ions originate directly from the molecule
without an intermediate atomic step. An exotic band in the CO spectrum, which obviously always
seems to appear are the bands AA2883 and A)2896 (A?Z* - XII) of CO,* around 2990 A. These were
also found in our CO spectra.

The CO,-spectra are in wide parts identically with the CO-spectra - especially for the high
temperature case -, which shows that the break-up process nearly completely includes the formatioa
of a CO(*)-molecule. Only the CO-flame bands (IB2 - X!E*) are slightly better visible and a CO,*~
band, the Fox, Duffendack and Barker's system (A%Il - X2I1) additionally appears. But these facts
make it rather difficult to distinguish spectroscopically between a CO- and a CO,-molecule, if the
bands are only weakly visible and other strong lines or bands are interfering.

B. Absolute intensity/flux calibrations

In order to determine the ratio of the total loss events by the number of emitted photons (S8/XB)
for different electron temperatures of the working gas according to equ. (9), the integrated absolute
brightness for a number of bands and lines was measured as a function of the of the molecular influx
(acenrding to equ. (3a)). This total influx was distributed over a (vertical) length of 0.95 cm (of the
nozzle) so that the total particle number per sec was practically identical with the number of molecules
/ (sec x cm {!)). Fig 9 shows the specific lines and bands, which have been used for these
measurements. Although it was tried to use normally the brightest band of the respective molecule
or one of its radical in the vicible spectral range, the choice was occasionally (particularly for CO)
influenced by the possible observability in a tokamak limiter spectrum, where strong ¢ ~r' on and
oxygen ion lines are always present in the foreground. The hatched areas always deline the wavelength
range of 15 A (exit slit width = 2.5 mm, see I1.C), which was used as integration in the case of a
molecular band, and which can also be easily covered by an interference filter with a similar half-
width.

For the measurement of the CH-radical the (0,0)-band of the (A%A - X’IT)-transition at 4315
A was used (Fig.9a). The hatched arca covers about completely the whole Q-branch, whereas the P-
branch unfortunately interferes partly with the (0,0)-band of the (AIl - X!E) of the CH*. Therefore
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for the observation of the latter the (0,1)-band of the same transition at 4780 A is of much better use
(Fig.9b). For the C,-molecuie the (0,0)-band of the (A’Hg - X'%11,)-transition at 5165 A proved to be
the best one (Fig.9c); occasionally its (1,2)-transition at 5585 A was used. For CH, the region around
6330 A was used as a rather arbitrary choice for the observation of the (t-)IB1 - a'A,)-transition
(Fig.9d). For CO a region around 6072 A was selected, were a band of the Triplet band (dsA - aSH)
offered the most undisturbed possibility for the observation of CO (Fig.9e). For CO* a band of the
comet tail system (A2l - X2%) at 5505 A proved to be the best one (Fig. 9f). Beside the molecular
bands the H°- and ClI-lines at 6563 and 6582 A respectively (Fig. 9g), the OlI-lines at 8446 A, and
the brightest of the CI-lines at 9095 A were observed.

For all lines ¢r bands given photoelectric measurements were made for at least two different
moulecular flux rates ( = 3.5x10Y7/(sec x cm) and =~ 1.0x10*8/(sec x cm), but for some selected ones
for a whole flux range (from = 2.0x10'6/(sec x cm) to w~ 5.0x10'8/(sec x cm)). For the lower fluxes
the resulting molecular density is = 0.8x10'%-1.1x10!%/cm3, which is in the order of the electron
density, for the higher fluxes, however, this density is with & 4.5x10'3-2.0x10**/cm® an order of
magnitude higher than n,, but still in the range as expected from a surface in 2 tokamak. Therefore
some deviations from the measured T, might be expected for the latter case, although for all cases
the electron temperature was measured with the molecular stream gon by the probes & 1 cm in front
of the nozzle. As for the low temperatures the electron density is always high (~ 6x1012/cm®), the
disturbing effect is certainly a minimum, but that might be different for the high temperature cases.

Unfortunately it was practically not possible to separate temperature and density dependent
effects (if there were any on the latter at all) on the photon emission from each other, as T, and n,
of the discharge could not be varied independently. Fig.10 illustrates the behavior of the CH-band
emission for a fixed CH,-flux for discharges with different (T,,n,)-parameters. The change of the
photon emission by a factor of 3 is accompanicd by the same factor in the T, -change, whereas a
factor of more than 6 is needed for n,. Therefore the electron temperature of the discharge is obviously
a much more sensitive parameter for the photon emission than the density.

Absolute intensity/flux measurements were made for four molecular species: CH,, C,H,,
C,H,, and CO and the results are displayed in the figures 11 to 14. For test purposes also D, was used
as injected gas. The diagrams in the left column of these figures show the dependence of the measured
integrated photon intensity for one wavelength or wavelength-band on the molecular influx for three
different T, ( =~ 10 eV, ~ 25 eV, =~ 35 eV) as parameters. One can notice already that no major
deviations occur from the linear dependance of injected particles to the detected photons. The ordinate
was then converted with the help of equation (3a) into loss events per photon (S/XB), and the resulting
graphs can be found in the right columns. If the amount of injected particles would not play any role
at all, one would expect three perfectly straight lines parallel to the abscissa. This is not completely true
(vet an excellent example of such a behavior is shown in fig.12f), ut stronger deviations can
practically first be noticed for fluxes greater than 10*8/(sec x cm). The reason for the occasionally
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several "ups” und "downs" in these lines - they are not within the errors - is not yet understood; a
change in the population of a molecular/atomic level by a change in the exciting collision mechanism
maybe one probable explanation. The latter graphs were replottet with T, on the abscissa for two or
three selected flux rates, varying from = 3.5x1017/(sec x cm) to & 1.0x108/(sec x cm) (see above).
Some examples of these plots are collected in the figures 15 to 18 for the individual gases injected
together with some additional bands or lines, which are not displayed in the foregoing figures. By
choosing different molecular fluxes as parameters one may produce additional graphs S/XB.

An interesting comparison of the behavior of the C,/CH band intensity ratio for acetylene
and ethylene can be demonstrated in figure 19. This ratio is systematically larger for acetylene for
all electron temperature ranges, which proves in an impressive way the stronger force of the carbon
triple bond in C,H, versus the double bond in C,H,.

In order to strengthen also the confidence in the absolute numbers measured for the loss events
per photon, the carbon containing molecules were replaced by deuterium molecules (D,). For this gas
experimental values concerning loss events per H_-photon are already available, obtained in similar
types of experiments or even in tokamaks, where D, had been puffed through a limiter into the plasma
boundary layer ([32] or [33]). We preferred deuterium for these kind of experiments, as its mean free
path is shorter than that for H, because of its larger mass. The results of these measurements are
displayed in figure 20. The numbers obtained (loss events per D_-photon = 140) are about a factor of
2.5 larger than those cited in [32] (s 52). But this difference is not surprising and can be explained
by the fact that in PISCES the integration does not cover the whole attenuation length in the case of
deuterium atoms, which is in the order of 80 cm (see fig.20a) and will account for a similar correction
tuctor. Having this in mind, the photons are primarily produced by dissociative excitation and the
number for this process is given in [33] as about 100. Therefore, no strong systematic errors should be
involved in the respective measurements for the carbon containing molecules, where the respective
attenuation lengths are in the cm-range.

C. Axial beam attenuation measurements

For these kind of measurements - a spatial recording of the penetration of the molecules and
their radicals through the plasma - the OMA was rotated by 90° so that the total possible detection
range was theoretically 230.4 mm, but it was practically limited by the aperture of the window (@ =
100 mm). The linear conversion factor was 2.25 cm for 100 pixel. As no limiting exit slit could be
placed at the position of the array, the spectral resolution was determined only by the height of pixels
(2.5 mm = 15 A). This OMA measurements. This restriction in the spectral resolution was e.g. the
reason why the lines from the (0,0)-band of the Douglas-Herzberg system (A'Il - X!£) for CH* could
not be observed, because they are strongly blended by the 4300 A-system of CH, and the observation
of the (0,1)-band around 4780 A was preferred instead.
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Beam attenuation measurements in the axial direction of the discharge were made for the
molecular species CH,, C,H,, C,H,, and CO for three different (T,.n,)-conditions and two molecular
fluxes. Thu results are collected in the figures 21 to 35. The integration time for the individual
measurements was between 10 and 60 sec depending on the amount of flux and/or the discharge
conditions. The traces shown in the figures are already reduced by the individual background (recorded
without injection for the same wavelength range and the same integration time) and deconvoluted with
the apparatus function obtained via discharge (He)-lines in the same wavelength region (see section
IILLA). A correction for a possible beam dilution was not applied and is probably only necessary for
atoms with a long penetration depth, which could escape the discharge column without having been
ionized (e.g.H® or D° (see II1,B). Put model calculations, which try to simulate the break-up and the
path of the resulting radicals and atoms should have in mind the injection geometry (a 1 cm long slit
in the vertical direction) and the optical integration along the line of sight!

In order to test the influence of the surrounding chamber walls on a possible flux of reflected
particles, which would distort the measured profiles, the diameter of the discharge was varied and
looked for a possible change in the attenuation profile. No change was detected during these tests
within the error bars so that such an influence could be exciuded.

IV. DISCUSSION

If one compares the spectra taken in PISCES-A with those published in [1], which were
recorded during tokamak operation from one of the main (carbon)limiters, a few of the so far
unidentified bands can now be uniquely attributed. Although in the latter reference the 4300 A-system
(AZA - XI) of the CD-radical was already identified, its strange behavior to the violet (a second
hump at 4220 A) can now be explained by the appearance of the Douglas-Herzberg system (Al -
X!Z) from CD*. (There is in fact a slight difference in the CD- and CH-spectra but the lines are only
shifted by a few Angstroms and the general appearance is unchanged.) Traces of C,-bands are also
observable for lower electron temperatures (= 10 eV), particularly the (0,0)-band of the (A!"IIK -
X'3[1,)-transition at 5165 A and the (1,2)-transition at 5585 A of the Swan system. There is a strong
suspicion that the carbon limiter spectra also show higher order carbon molecule bands from Cg, ,
which display several line-like features (which in reality are whole rotational band structures), but as
no such C-containing were injected and the information found in the literature is very scarce, no
identification for these sorts of molecules could unfortunately be made.

It was suspected that, beside hydrocarbons, carbonoxides seem to play a mayor role in the
transport of carbon and oxygen in the boundary layer of a tokamak. This is now also spectroscopically
confirmed by the fact that vadoubtedly molecular bands of CO and CO* could be identified in tne



specira of [1] by comparison with those obtained in PISCES-A for injected carbonoxides. Particularly
the Triplet Bands (43A - a®IT) and the Asundi bands (a’SE - a%1) are strongly dominant in the region
between 6000 and 6500 A. Originally it had been assumed that the lines found there wouid belong to
the molecular deuterium spectram. One can indeed find coincidences with the spectra from the latter
molecule, but the recorded tokamak spectra reveal obviously much more similarities with those from
carbonoxides in that spectral range. Between 5400 and 5800 A the bands (A2l - X25) from the comet
tail system of CO* are now clearly visible. This identification would not have been so easily possible
than by the PISCES spectra.

In order to calibrate the intensity of several bands and lines, the measured loss events per
emitted photon as a function of electru.. temperature- as shown in the figures 15 to 18 - can be used.
It should be noted here that for spectral lines from atoms and ions this ratio is generally a
monotonously growing function of T, in the range between leV and 200eV (see e.g. [20]). However,
in the case of molecules there can be a minimum, which is the result of a necessary dissociation process
(for this see e.g. [33]). A fortunate conclusion of this behavior is that in our case this ratio can often
be treated as relatively constant (see eg. CH-band for CH,, fig.15a). For H_ even a decreasing function
was measured (see fig. 16b). On the other hand the CO bands at 4827 and 6072 A (see fig.18¢c,d) show
the same functional dependance as those for atoms and ions (as actually expected). The appearance of
a remarkable minimum in some of the S/XB-graphs in figs. 11-20 can be an additioral effect of a
finite particle confinement time for the neutrals [34]. This would have, of course, a very pronounced
influence in the case of hydrogen or deuterium. |

So far no known calculations exist in order to compare them with our measured values, There
are experimental excitation cross sections for the 4300 A-system (A?A - X2I1) of the CH-radical and
H_ for a number of hydrocarbons (inclusive our injected ones) in ref [26], [35] and [36]. There an
electron beam was sent through a hydrocarbon gas with known density, and the emitted radiation was
detected by an absolutely calibrated spectrometer. As the electron density in these experiments was
very low (in the 107/cm™ range), the measured cross sections are perhaps not directly comparable,
because multistep processes, which are needed to produce a CH-radical, are relatively unlikely. But
this has to be clarified by a more intense analysis of the differences between the experiments.
Nevertheless, as these were the only available numbers in our case, they were used in combination with
the loss events taken from [12] to calculate the loss events per photon emission (S/XB) for some of our
hydrocarbon cases. Unfortunately no comparison of this kind could be made for the carbon oxides. For
methane these values are included in the graphs for CH and H_ (fig. 15a,b) and agree surprisingly well
with our experimental ones. For the other hydrocarbons this agreement is not so expressed.

The measurements of the penetration depths (fig. 20-35) may serve as an experimental
background in order to test Monte Carlo codes, which try to solve the complete breakup process, and
the rates used therein [12]. On the other hand, when doing this, several experimental peculiarities
should be obeyed. The B-field in PISCES-A is parallel to the direction of injection and the electron
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distribution function consists occasionally out of two components, the hotter one of which is not a
Maxwellian one. This and additional plasma effects (e.g. the trapping of ions in front of the nozzle),
could be a determining factor in the spatial dependence of the ionized species. Therefore it is
recommended to repeat similar injection experiments in tokamak machines, where the B-field has a
different direction.

But the following conclusions concerning the fueling efficiency of a tokamak discharge by
hydrocarbons may already be drawn out of our experiments: The far largest penetration depth for all
products was measured for CH,! In the case of C,H, and even more for C,H, a practical complete
attenuation for all products occurs within a few centimeters (Compare e.g. fig. 21a and 25a for the CH-
radical). This means that other hydrocarbons than methane play a relatively minor role in the fueling.
The onset of the hydrogen - and very often also the ClI-production occurs very near the injection
nozzle. This fact leads to the suspicion that some species - and even ions - are produced rignt away
from the origin of the molecules and not only at the end of a long breakup chain.
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FIGURE CAPTIONS

Schematic experimental arrangement.
Observation geometry

Radial[x] and axial[y] electron density and temperature profiles measured by
the scanning probe for a characteristic high(a) T,- and low(b) T,-case.
V, floating potential, ® : plasma potential. The O d¢notes the calibration point
from a fixed Langmuir probe. T (x,y) is uderived via aT°=d>p-V,.

CH, (methane)-spectrum for:
a) low T, (=10 eV), high n, (~5x107%/cm?
)

b) high T, (30 V), low n, (»1x10%/cm

C,H, (acetylene)-spectrum for:
a) low T, (10 eV), high n, (~5x10'%/cm}
)

b) high T, (v30eV), low n;, (x1x10%/cm

C,H, (ethylene)-spectrum for:
a) low T, (~10 eV), high n, (wleO”Z/cms
b) high T, (~30 V), low n, (x1x10'%/cm®)

CO (carbonmonoxide)-spectrum for:
a) low T, (%10 eV), high n, (m5x10'2/cm®)
b) high T, (30 eV), low n, (1x10'%/cm®)

CO,, (carbondioxide)-spectrum for:
a) low T, (~10 eV), high n,_ (ss5x10'2/cm®)
b) high T, (%30 eV), low n, (x1x10'%/cm?)

Specific bands and lines, which have been used for absolute intensity/flux
calibration measurements. The hatched areas define the wavelength range of
15 A (exit slit width = 2.5 mm), which was used as integration in the case of
a molecular band,

a) CH :(0,0)-band of the (A2A - X*IT)-transition

b) CH* : (0,1)-band of the (All - X!I)-transition

¢) C, : (0,0)-band of the (AN, - X**II,)-transition (Swan band)

d) Cl, : (b, - a'A,)-transitién

e) CO": (d3A - a®M)-transition (Triplet band)

f) CO* : (A% - X%%)-transition (comet tail band)

g) H,CIL: H_ (A = 6563 A), CII (A = 6578 A and 6582 A)

h) CI : A =9095 A ‘

CH-band emission for a fixed CH -flux (9.6x1017/(sec x cm)) for discharges
with different (T,,n,)-parameters.

a) CH-signal vs electron density

b) CH-signal vs electron temperature

For figures 11-14 the following definitions are valid:
Left column: integrated photen intensity for one wavelength(band) for different T, as

parameters.

Right column: loss events per photon ((S/XB) acc. to equ. 9) vs the molecular influx for
the same measurements.



The symbols represent runs with@ O = 10 eV, B = 25eV, and L = 35-40 eV electron
temperatures. (Note exceptions for 12d,f and 14d)

Fig.13

Fig.14

CH, (methane): v
a),b): CH-band (see fig.9a); c),d). H, (see fig.9g)

C,H, (acetylene): :

a),b). CH-band (see fig.9a); c),d): H, (see fig.9g), e),f): C,-band (see fig.9¢)
d:aw~l10eV, @~25eV,and ® = 35-40 eV electron temperatures

f): B 10eV, ox25¢eV, and 13 =~ 35-40 eV electron temperatures

C,H, (ethylene):
a),b). CH-band (see fig.9a); c),d): H, (see fig.9g); e),f). C,-band (see fig.9c)

CO (carbonmonoxide):
a),b): CO-band (see fig.9¢); c),d): OI (A = 8446 A)
dipa~10eV,0~25 eV, and B~ 35-40 eV electron temperatures

CH, (methane):

loss events per photon (acc. to equ. 9) vs electron temperature for one or two
molecular fluxes. The points denoted by "Theory" represent calculated values
using excitation and ionization cross section from published data (see text).

C,H, (acetylene):
loss events per photon (acc. to equ. 9) vs electron temperature for two or three
molecular fluxes.

C,H, (ethylene):
loss events per photon (acc. to equ. 9) vs electron temperature for two or three
molecular fluxes,

CO (carbonmonoxide):
loss events per photon (acc. to equ. 9) vs electron temperature for two molecular
fluxes.

C,/CH band intensity ratio for acetylene and ethylene as a funciion of
molecular influx. For the symbols see figs.11-14

a) attenuation of a D,-beam in the light of D_ and of a D,-line (A = 6150 A)
b) ionizations per D_-photon as a function of electron temperature

Beam attenuation measurements in the axial direction for different molecular species in the
light of the different break-up products. ‘

The following figures are for CH6 and the individual traces are:
a) CI (fig.9h), b) CII (fig.9g), c) H® (fig.9g), d) CH, (fig.9d), e) CH* (fig 9b), f) CH (fig.9a)

Fig.21
Fig.22:
Fig.23

o

discharge condition: T, = 44 eV, n, = 1.64x10'2/cm®
discharge condition: T, = 27 eV, n_ = 1.70x!0'?/cm®

discharge condition: T, = 9.7 eV, n, = 3.94x10'?/cm®
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Fip.24 discharge condition: T, = 8.0 eV, n, = 2.48x10'%/cm® (3.18x10"7/(cm x sec)
Fig.25 discharge condition: as fig.24 but 2.03x10'8/(cm x sec)

Fig.2 discharge condition: T, = 8.1 eV, n, = 5.17x10'?/cm® (3.18x10'"/(cm x sec)
Fig.27 discharge condition: as fig.26 but 2.03x10'%/(cm x sec)

The following figures are for C%Hﬁand the individual traces are:

a) CI (fig.9h), b) CII (fig.9g), c) H® (fig.9g), d) C, (A = 5582 A), e) C, (fig.9¢c), f) CH*
(fig.9b), g) CH (fig.%a)

Fig.28 discharge condition: T, = 43 eV, n, = 1.77%102/cm® (1.27x10%8/(cm x sec)
Fig.29 discharge condition: as fig.28 but 2.61x10*8/(cm x sec)

Fig.30 discharge condition: T, = 12 eV, n_ = 5.69x10*?/cm3

Fig,31 discharge condition: T, = 23 eV, n_ = 2.30x10'2/cm®

The following figures are for C,H, and the individual traces are:

a) CI (fig.9h), b) CII (fig.9g), cs )51° (fig.98), d) CH, (fig.9d), e) C, (A = 5582 A), f) C,
(fig.9¢c), g) CH* (fig.9b), h) CH (fig.9a) ‘

Fig.32 discharge condition: T, = 34 eV, n, = 1.62x10'?/cm®

Fig.33 discharge condition: T, = 14 eV, n, = 5.53x10%2/cm?

The following figures are for CO and the individual traces are:

a) CI (fig.9h), b) OI (A = 8446 A) c) CII (fig.9g), d) CO (fig.9e), e) CO (A = 5602 A), f) CO*
(fig.9f)

Fig.34 discharge condition: T, = 9 eV, n_ = 2.99x10'2/cm®

Fig.35 discharge condition: T, = 19 eV, n, = 3.03x10*2/cm®
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Identification Table for Molecular Bands

(1) Comet tail svstem, A%l - X21
Two strong R heads with corresponding Q heads
lying from 5 to 1.5 Ato the red or R heads

(2) Angstrdm system, B!T - Alll
(3) Swan svstem, A%l - X1,
(4) Deslandres-d'Azambuja system, ¢, - b'I,
(5) 4300 A system, A%a - XN

Q head of the (0,0) band is at 4314.2 A. A line
-like feature at 4324 A is the piled up Q branch
of the (2,2).

(6) 3900 A system, B2L - X
(7) Methylene radical, b!B, - alA,
(8) The Triplet Bands, asa - o’
(9) Third Positive Bands, L - a’ll
(10)Baldet-Johnson system, B2L - A2
(11)Asundi bands, a’3L - &%l
(12)SB_bands, b3L - &%
(13)Herman bands, e’L” - a’ll

(14)Fox, Duffendack and Barker's A3l - X1
System

(15)Bands 222883 and )\)2896 A3zt - X1

(16)CO flame bands 1p, - Xpt

(17)Douglas-Herzberg system Al - X1p
Table 1
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