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Abstract

Vacuum ultraviolet observations from a low-q, high-beta pinch plasma
(Extrap-Tl) are presented and related to other plasma parameters. Qual-
itative analysis of the line emission from low ionization stages of carbon
and oxygen, which dominate this spectrum, gives information on the
ionization stage distribution and on the power balance. It is found, that
the ionization stages rec.ch a steady state during the equilibrium phase
of the discharge, and that line radiation does not dominate the power
balance. The energy balance of the plasma discharge is analyzed from
the vacuum ultraviolet line and continuum spectroscopy data. Further-
more it is found, that the time behaviour of the plasma resistance can
be understood using the results from the spectroscopic observations.



1. Introduction

Plasma spectroscopy for diagnostic of important plasma parameters and
studies of the energy balance in a pinch plasma requires special atten-
tion to temporal developments during the discharge. In this paper we
present first results of observations and analysis of vacuum ultra-violet
(VUV) spectroscopy from a high-beta discharge experiment performed
on the Extrap-Tl device. We describe the experiment and the spectro-
scopic observations of relevance for the characterisation of the impurity
behaviour in the discharge. Spectroscopic observations are performed
both in the visible and the VUV wavelength regions. They show, that
the main radiation comes from carbon and oxygen in their low ionization
stages. Studies of the VUV spectrum indicate that ionization equilibrium
is achieved during the peak current period of the discharge and that the
energy balance is not dominated by radiation losses during this period.

A requirement for studying radiative properties as a function of major
plasma parameters is the need to characterise the plasma discharge with
a suitable radiation model. The time duration of the discharge is compa-
rable to ionization-excitation times of the ionizatioo stages under study.
Some comparison can be drawn with previous theta-pinch (GRIEM 1988)
and reversed field pinch (ORTOLANI et.al. 1985) observations and with
the special study by CAROL AN and PIOTROWICZ (1983) of impu-
rity behaviour in conditions out of coronal equilibrium. Current atomic
data for carbon and oxygen are introduced into the analysis (see Ap-
pendix). A modelling of the total radiation balance (ZASTROW et.al.
to be published) and a study of the impurity behaviour in the visible
region (BRZOZOWSKI et.al. to be published) are subjects for separate
papers.

2. The Extrap-Tl experiment

Extrap Tl is a low-q, high-beta discharge bounded by a magnetic sep-
aratrix with four x-points in the poloidal field produced by currents in
four toroidal rings placed outside the perimeter of the discharge cross-
section (LEHNERT 1982 and 1983). The device is a toroidal, high aspect
ratio configuration with a major radius of 0.45 m and a weak toroidal
field B(t, <0.3 T . The vacuum vessel is stainless steel and consists of
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eight toroidal sectors with intervening insulated gaps made from 10 mm
thick polyethylene frames. The internal dimensions of the vacuum vessel
are 0.25 m x 0.1S m. A schematic of the Extrap-Tl geometry is shown
in Fig.l. The octupole field rings are manufactured from a copper and
chromium alloy and are silver solded to a stainless steel support frame.
They constitute the first wall for the scrape-off layer outside the separa-
trix. The inside aperture of the frame is 0.13 m x 0.13 m.
The toroidal field is produced by a 48-turn coil (not shown in Fig.l)
wound directly on the vacuum vessel. Also, a nearly homogeneous verti-
cal magnetic field produced by an external coil system is used for plasma
equilibrium control. An iron core transformer induces the octupole field
ring currents and the plasma current. A short microwave pulse, or a small
spark-gap electron source, are used to initiate the plasma discharge. The
filling gas used is usually hydrogen with pressures in the range of 2 - 15
mTorr.
In Fig.2 we show the time evolution of the plasma discharge current, the
resistive component of the loop voltage, the plasma resistance and the
line-of-sight integrated Balmer a emission from hydrogen. The first stage
of the Ohmic heating power is allowed to oscillate and a predischarge
pulse during the first period provides additional preionization. The main
discharge then starts during the second cycle of the first capacitor bank
and a second, larger bank is triggered to sustain the longer main discharge
pulse for about 100 //sec. The resistive loop voltage and resistance are
evaluated from loop voltage and ring current measurements using a model
that accounts for the inductive component of the loop voltage. The
Ohmic power input is derived from this resistive loop voltage evaluation
(DRAKE et.al. 1989).
In the experiments described here, Ip was in the range of 15 - 40 kA.
The electron temperature Te, estimated from the loop voltage and from
Thomson scattering, was in the range 5 - 40 eV at the current maxi-
mum. The electron density ne, from Thomson scattering, was in the
range 0.3 - 3.0 -1015cm-3. (BRUNSELL et.al. 1988, DRAKE et.al 1989,
KARLSSON 1989)



3. VUV-spectroscopy at Extrap-Tl

3.1. Spectrometer performance with typical data

The VUV spectrometer is a McPherson 251 grazing incidence instrument
covering a spectral range of 100 to 1700 A using two toroidal gratings
(450 //mm and 290 //mm) which give a flat field focus. The VUV spec-
trometer in the present configuration is described in detail elsewhere
(BRZOZOWSKI et.al., to be published) and only the features of interest
for the present discussion will be described here (See Fig.3). A simi-
lar spectrometer has also been installed at the Princeton Large Torus
(FONCK et.al. 1982) and at the Joint European Torus (BEHRINGER
1986).

The detector consists of an open microchannel plate (MCP) with an
image intensifier / converter which is optically coupled to a self-scanning
photodiode array (PDA). The MCP is covered with a 1000 Å thick layer
of Cul to enhance the photon sensitivity at longer wavelengths. The PDA
is controlled and read out by an optical multichannel analyser (OMA)
system. The PDA, which is 2.5 mm high and 25 mm broad, consists of
1024 diodes and detects simultaneously a spectrum of 100-1100 Å with
« 3 Å resolution, alternatively 155-1700 Å with « 4.5 Å resolution.
A time resolution of l//s on a shot-to-shot basis is obtained by gating
the multichannel plate in the intensifier stage of the detector. Ultrahigh
vacuum is maintained in the spectrometer vessel by a turbomolecular
pump. Differential pumping is achieved by an additional turbomolecular
pump and an aperture of 14x12 mm (See Fig.3). The aperture defines
the field of view of the spectrometer.

The spectrometer vessel is insulated electrically from the Extrap vac-
uum vessel by two ceramic insulators with a grounded stainless steel net
of mesh size 0.5 mm. The light transmission of the mesh is 50%. A
bellow provides the mechanical isolation and a manual valve is used to
disconnect the spectrometer from the plasma vacuum vessel.

The line-of-sight of the instrument is positioned along a horizontal minor
axis of the torus and parallel with a major axis. The central volume of
the plasma thus observed has an area of 18x16 mm perpendicular to the
line-oi'-sight. This is to be compared with the diameter of the current
channel of about 80 mm.



A typical spectrum is shown in Fig.4. The most prominent lines originate
from C+ 1 . C+2. C+ 3 , and O+ 1 , O+2. O+ 3 . and O + l . An indication of
presence of 0 + o is also observed. The main sources of carbon and oxygen
impurities are probably the vacuum vessel and the insulator frames. The
vacuum vessel is conditioned only with a light bake of about GO °C. Some
weaker lines are not yet identified, candidates could be lines emitted from
F, Cl, Al and S.
Table 1 gives a summary of the most prominent spectral lines from carbon
and oxygen ions. The criteria for choosing a line for further analysis are.
that the line is sufficiently strong, preferably from a resonance transition,
that the line intensity is not affected by optical depth, and that the line is
not blended by other spectral lines. The latter requirement can however
not be fulfilled for O+4.

The observed time development of carbon and oxygen lines shows a fast
ionization during the current rise phase of about 30/is. For comparison
we show in Fig.5 the time evolution of plasma current //>, total ohmic
input power PJ7l and total radiated energy Eyuy for a discharge. Fig-
ures 6 a-g show the time evolution of spectral line intensities of different
ionization stages of carbon and oxygen. In order to get an idea of the
relative importance of the different ionization stages to the energy bal-
ance, the intensity from a spectral line representing a single ionization
stage is divided by the total normalised line-of-sight radiation from all
representative spectral lines for carbon or oxygen, respectively. Details
of these results will be presented in section 4.

The solid line in Figures 6 a-g is the plasma current averaged over about
30 discharges. In these figures relative intensities and plasma current are
normalised to an arbitrary value (set to 0.95 of the maximum value).
The general trend in the time histories shown in Fig.6 is that the lowest
ionization stages (C+ 1 , C+ 2 , O+ 1 and O+2) appear early in the discharge
with maximum intensities, while the higher ionization stages (C+ 3 ,O+ 3

and O+4) are delayed by about 10 to 20 /is with respect to the current
maximum.

We can roughly divide the time behaviour of impurities present in the
plasma discharge in three phases. The first phase of approximately 25
/is duration is the ionization phase. The plasma current is increasing to-
wards its maximum value, the lower ionization stages are burned through
and their relative intensity decreases to lower values,while the higher ion-



ization stages radiate with increasing relative intensity. The next phase
is a transient equilibrium phase with a duration of approximately GO //s.
Here, the lower ionization stages are at radiation minima, probably em-
anating from the outer regions of the plasma, and the intensities of C+ 3

and O + 3 reach their maximum radiation levels. The maximum radiation
level of the line representing O+ 4 is not clearly observed. This could be
due to the large shot-to-shot variations, which effect this line stronger,
since it is blended by a line from O+ 3 . The third and final phase is of
about 30 /.is and we call this the recombination phase. The radiation from
higher ionization stages is decreasing and radiation from lower ionization
stages is dominating.

3.2. Analysis of spectra

The spectra are analysed by performing a least squares fit of symmetrical
lines over a stepwise linear background to the spectrum in counts per
Å(See Fig.4). The fitting program is supplied with a list of expected
wavelengths for carbon and oxygen ions (WIESE et.al. 1966) as well as
with those of unidentified spectral lines which it then assigns intensities
to. Currently, this list consists of 170 identified and 30 unidentified
spectral lines. Spectral lines that do not coincide with actual peaks
within an interval of approximately 0.2 • AAi, where AAi is the full
width at half maximum, are usually dismissed as a result of the least
squares fit.
Since the position of the lines are known, it is the spectral dispersion,
that is fitted (see below). This is the main difference to a normal fit-
ting procedure, where the spectral dispersion would be kept and the line
positions would be fitted. Thus fitting 200 spectral lines does not mean
fitting 200 line positions in addition to 200 line intensities, but rather
just the four parameters for the spectral dispersion. Apart from a sig-
nificant increase in speed this also improves the fitting accuracy for the
line intensities of weak and blended lines.
The spectral dispersion, the relation of wavelength to pixel number, is
represented by a third order polynomial.

A [A ] = a + b • n + c • n2 + d • n3

where n is the pixel number, n G [1,1024]. Since the gratings will not be
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exactly in the same position after being interchanged, all four parameters
are subject to the fit. The spectral dispersion is also used, to convert
counts per channel to counts per A. (See table 2 for numerical values for
a, b. c and d for a typical case).
The symmetric line shape, normalised to the peak intensity, is assumed
to be the same for all lines, since it should be only instrumental. It is
given by

/(A) =
/ \ / A — Arv \

1+4

Q is a parameter that determines the line shape. For a —• 0 this function
approaches a Gaussian function, for a —> 1 a Lorentzian function is
obtained. For values of a > \/2 the area under the line would become
infinite. Since the exact instrumental line shape is not known, both
parameters are actually fitted. The lines are fitted within ±10 • AAi
around the line center.
A further instrumental parameter for the description of spectra is the ra-
tio of 2nd and 3rd order to 1st order line intensities. 3rd order diffraction
can be neglected for the 450 //mm grating, since there are no sufficiently
strong lines in the spectrum below 1/3 of the upper limit of its wave-
length range. 2nd order difffraction can be neglected for the 290 //mm
grating, since the relative diffraction efficiency into 2nd order is less than
0.02 for this grating.
The result of the fit to the instrumental parameters is summarised in
table 3. Only lines which have a line-to-background ratio higher than
0.5 contribute to the fitting of the instrumental parameters. Weaker
lines, when included, give rise to enhanced wings, i.e. line shape param-
eters close to 1, since the wings are then fitted to fluctuations in the
background.
Table 1 gives a summary of the most prominent spectral lines from carbon
and oxygen ions. We have only listed lines, that are separated from their
closest neighbour by more than AAj..

We estimated, that the optical depth of the resonance line of C + 2 line
at 977 Å is higher than 1 for carbon concentrations higher than 0.2 %
for Extrap plasma conditions. The long wavelength and high oscillator



strength of 0.S1 (WIESE ct.al 10GG) make this line the only candidate
for optical depth effects in the spectrum. We will therefore not use this
line as a representative for C+ 2 .
In addition to the lines in table 1 we have labelled weaker carbon and
oxygen as well as unidentified spectral lines in Fig.4. The possibility, that
some of these lines stem from nitrogen has been checked, by examining
spectra doped with 10% nitrogen in the filling gas. This possibility could
therefore be excluded for most of the lines, apart from those that are
labelled as nitrogen lines.

3.3. Ionization balance

In this chapter we present the measure for the degree of ionization of
carbon and oxygen ions in the Extrap-plasma derived from the observed
spectra. We choose strong, well isolated spectral lines from the different
ionization stages to represent the stage. For O+ 4 no unblended line is
available, the line we chose is however resolvable from the O + 3 line at
625.4 A with the 450 //mm grating. Our measure for the ionization
balance is given by the ratio of the intensity of the chosen lines divided
by the sum of lines representing all the observed ionization stages of the
same impurity.

(C)

£(C)
+3\ — ^(^384. l)

S(C) = I(C&iA) + J(C+i6)

(O)

(O)



-Kö*3) = IJ^-

S(O) = /(O+'8.5) + HO£.9) + /(O#9.4) + /(O+4
97)

In the interpretation of the results it must be considered that, while
the ionization stage reaches its maximum abundance (dependent on the
model) at a certain electron temperature, the emissivity from a line will
reach its maximum at a higher electron temperature.
Because of the line-of-sight integration, the above ratios will reflect line
integrated abundances and not the conditions in the plasma center. If
the central electron temperature becomes higher than that for the maxi-
mum emissivity of a line, its emission shell will move outwards in radius.
Since the width of the shell decreases, the line integrated intensity will
also decrease. At the same time, the intensity of lines from higher ion-
ization stages increases. Therefore, the ratios represent the trends in the
ionization balance.
The photon energy dependence of the instrument efficiency has not been
taken into account. For the wavelength region chosen the variation in
efficiency will be small. We will, however, in this paper refrain from
relating the results to absolute values for the fractional abundances.

3.4. Radiated energy

Another quantity that can be derived from the spectra is the total radi-
ated energy that is detected by the spectrometer.

1024

E\'UV =

where In is the intensity in counts per Å in channel n and Tiujn is the
energy of the photons. Since the radiation losses outside the wavelength
range of the spectrometer are not included, and also the photon energy
dependence of the detection efficiency is not considered, this energy sum
is only a qualitative measure of the total radiated energy.
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The energy balance of the plasma can be studied by calculating the ratio
of E\ i\ to the ohmic input power during the integration time of the
.spectrum.
We will also use the fraction of the total detected radiated energy that
is in the form of line radiation.

1021

ELines — 2L (In — &n) ' ^ ' n
n = I

& Lines
Lines — "p;

Jbycv
Here, Dn is the result from the least squares fit for the continuum con-
tribution to the intensity in counts per A in channel n. Usually, fLines
is in the range of 0.4 to 0.5 with the 450 //mm grating and between
0.45 and 0.55 with the 290 //mm grating. Thus we can choose to use
the spectrum acquired with the 450 //mm grating to represent the main
characteristics of the energy loss from the Extrap-Tl plasma.
From model calculations in coronal equilibrium it is expected, that the
maximum power lass for oxygen in its different ionisation stages occurs
at an electron temperature of about 20 e \ \ between the temperatures of
maximum emission from O + 3 and O + 4 (See Appendix). For the carbon
ions the maximum occurs at 10 eV, between C + 2 and C+ 3 . Thus, the
ratio of Eyuv to the ohmic input power is expected to be maximum
at low electron temperatures up to 20 eV, and to decrease for higher
electron temperatures.

4. Results

4.1 Behaviour during the equilibrium phase

The spectra we have analysed to obtain the results in this chapter have
been measured during an interval arouud the current maximum. Specif-
ically, the integration time of 10 f.is started not earlier than 15 /is before
and finished not later than 15 //s after the current maximum. During
this time interval the plasma conditions are fairly constant.
All results in this section are based on spectra taken with the 450 //mm
grating. We present the spectroscopic results as a function of the average



plasma current. Through the scaling of Te with plasma current, which
is about 1 eV/kA (DRAKE ct.ai. 1989), these results can be related to
the electron temperature.
In Fig.7 a-c we present results for the ionization balance of the carbon
ionization stages and in Fig.7 d-g for the oxygen ionization stages as a
function of the plasma current (see 3.3.). Figure 8 shows the ratio of
the C ^ A to the C^g 6 line as a function of the ratio of the O*89 4 to
the O*0

2
7 9 line. This figure confirms the trend visible in Fig.7, namely

that the first three carbon and oxygen stages behave very similar. This
is expected from ionization balance calculations in coronal equilibrium
(see Appendix), which result in the emission shells of C+ 1 , C+ 2 and C+ 3

coinciding approximately with those from O+ 1 , O+ 2 and O+3.
In Fig.9 we show the ratio of the total radiated energy detected with the
VUV spectrometer to the input power as a function of plasma current
(see 3.4.). The ratio shows its maximum at around 32 kA, where the
normalised intensity of the OT"8

3
9 4 line in Fig.7 f becomes constant and

that of the O^g.? line in Fig.7 g starts to appear. From the Te scaling,
the central electron temperature at a plasma current of 30 kA is around
30 eV.

Thus it follows, that the impurities have a detrimental effect on the en-
ergy balance for maximum plasma currents up to about 30 kA. For higher
values the radiation channel of the energy loss becomes less important.
This means, that the width of the region in the plasma, where Te is
between 10 eV and 20 eV is decreased sufficiently, so that the ratio of
radiated energy to input power starts to decrease. This is also confirmed
by the decrease of the relative intensity of lines from the low ionization
stages of carbon and oxygen, which contribute most to the energy loss
by radiation in this temperature region.

4.2 Time evolution studies

In this chapter we present results from spectra with the 450 //mm grating
frön, a series of plasma discharges with a peak plasma current of about
40 kA, a peak input power of about 20 M\V and a filling pressure of 4
mTorr. The integration time of the spectra was 10 //s. The time evolution
was studied by acquiring spectra at different consecutive times during a
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series of similar discharges. Several spectra were recorded during the
same time interval, to determine shot-to-shot variations.
The plasma current was reproducible to within ±1.5 kA, while the input
power varied by ± 3 MW. The maximum input power is delayed by about
15 //s with respect to the plasma current (See Fig.5 a). Also the total
detected VUV energy (Fig.5 b) is delayed by this time intervall. The large
variation of the radiated energy, up to 50%, is assumed to be caused by
shot-to-shot changes in impurity concentration.

The time evolution of the fraction of the energy radiated in lines pre-
sented in Fig. 10 shows, that a level of about 40% to 50% is reached
during the current rise phase, which is then sustained long after the cur-
rent maximum. The variation is 20% and is significantly lower than that
of the total radiated VUV energy. The build up of the fraction of the
energy radiated in lines, which is finished about 15 //s before the current
maximum, could be due to impurity influx.

Resolving this fraction of line radiation into lines from different ionization
stages (See Section 3.3) we can observe the successive ionization of carbon
and oxygen in time up to the current maximum (See Fig.6 a-g) and then
recombination, .vith increasing line emission from the lower ionization
stages relative to the higher ionization stages.
When we examine the data for the fractional abundances from the current
rise phase as a function of plasma current, we note that they agree with
the results from the equilibrium phase of discharges with corresponding
lower peak currents (see Fig. 7 a-g). Data from spectra taken after the
equilibrium phase are however outside that range. This indicates, that
the impurities reach equilibrium during the current rise phase, but that
during the recombination phase the equilibration time is longer than
the timescale on which the plasma conditions change. However, if we
look at the fraction of radiated energy to input power as a function
of plasma current, this fraction is higher both before and after current
maximum than observed during the equilibrium phase of discharges with
corresponding peak currents (see Fig. 9). This is an indication, that the
impurities are in fact not in equilibrium, neither in the current rise phase
nor in the recombination phase, but only during the equilibrium phase.

In Fig. 11 we present the time evolution of the conductivity, in order to
relate it to the presented spectroscopy data and the impurity content
of the plasma. The conductivity reaches its maximum 15 //s before the
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current maximum. The classical conductivity scales like

3

Ti

Here Te is the electron temperature and Zeff is the effective charge
of the ions in the plasma. The time evolution of the conductivity can
be understood in comparison with the time evolution of the fractional
abundances of carbon and oxygen ions. Before current maximum and
immediately after the plasma breakdown the ions are in low ionization
stages and the impurity concentration is still building up and therefore
Z c / / is lower. At current maximum the ions are in higher ionization
stages and the temperature is still high. The decrease of the conductivity
after current maximum is then slower than its rise, reflecting the slow
recombination of the ions, a fairly stable impurity concentration and at
the same time a decreasing electron temperature.

5. Conclusions

Spectroscopic observations of the vacuum ultraviolet line radiation from
carbon and oxygen have been analysed for the Extrap-Tl experiment. It
is observed that the temporal evolution of the line radiation can charac-
terize the plasma discharge into three different phases. During the central
part of the discharge and for the highest plasma currents in Extrap-Tl,
we conclude that a burn-through is achieved and that the plasma impu-
rity radiation has no major effect on the energy balance of the plasma.

Appendix : Radiation model

The plasma radiation model under development for diagnostic of Ex-
trap plasmas has to take into account the high electron densities typi-
cal for these high-beta discharges. Currently, electron impact ionization
data from PHANEUF et.al. (1987), total radiative recombination rates
from HAHN (1989) and dielectronic recombination rates from BADNELL
(1989) and HAHN (1989) are used for the ionization balance calculation.
The population of excited states is calculated from data compiled by
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SUMMERS (private communication), taking into account electron tran-
sitions between excited states.

Acknowledgements

Running a machine like Extrap is a team effort. We would especially
like to thank J. Drake for leading the project and for carefully reading
the manuscript. We would also like to thank E. Lagerström, R. Land-
berg and J. Tonks for the reliable technical assistance in operating the
spectroscopic equipment. H.-E. Sätherblom supplied the code for the
input power calculations and P. Brunsell helped in collecting a manifold
of plasma data needed in the analysis.

13



References

BADNELL N.R. (1989) Physica Scripta T28,33

BEHRINGER K. (1986) Rev.Sci. Instrum. 57,2000

BRUNSELL P. and TENNFORS E. (TRITA-PFU-88-10, 1988), Mag-
netic field profiles in Extrap-Tl

BRZOZOWSKI J.H. et.al. (to be published) VUV spectrometer for im-
purity studies of Extrap plasmas

BRZOZOWSKI J.H. et.al. (to be published) Visible spectroscopy for the
Extrpa-Tl experiment

CAROLAN P.G. and PIOTROWICZ V.A. (1983) Plasma Phys. 25,1065

DRAKE J.R., HEDIN E.R., KARLSSON P., JIN LI and
SÄTHERBLOM H.E, (TRITA-PFU-89-01, 1989), Experimental stu.lies
of equilibrium in the toroidal Extrap-Tl experiment. To be published in
Physica Scripta

FONCK R.J., RAMSEY A.T. and YELLE R.V. Appl. Optics 212115

GRIEM Hans R. (1988) J.Quant. Spectrosc. Radiat. Transfer 40,403

HAHN Y. (1989) Physica Scripta T28,25

KARLSSON P. (TRITA-PFU-89-06), Thomson scattering measurements
on the high beta pinch Extrap-Tl

LEHNERT B. (1982) in "Unconventional approaches to fusion",p. 135,
Plenum Publ. Corp., New York, 1982, Eds. Brunelli P. and Leotta G.G.

LEHNERT B. (1983), Nuclear Instr. and Methods 207,223

ORTOLANI S., PUIATTI M.E., SCARIN P. and TONDELLO G. (1985)
Plasma Phys. and Contr. Fusion 27,69

PHANEUF R.A., JANEV R.K. and PINDZOLA M.S. (1987) Atomic



data for fusion Vol. 5, ORNL-6090/V5

SÄTHERBLOM H.E and DRAKE J.R. (TRITA-PFU-88-09, 1988),
Measurement of Extrap-Tl plasma resistance

SUMMERS H.P. private communication and SUMMERS H.P. and
WOOD L. (1988) JET-T(88)06, Ionization, recombination and radiation
of impurities in plasmas

WIESE W.L., SMITH M.W. and GLENNON B.M.
(NSRDS-NBS 4,1966) Atomic transition propabilities Vol.1, Hydrogen
through Neon

ZASTROW K.-D. et.al. (to be published) Radiation model for impurity
radiation stdies in the Extrap-Tl experiment



Ion

C 1 1

C+*

C + 3

0 + '

0+ 2

0 + 3

0 + .

0 + 5

Transition

2.<2('S)3(/(2D) -> 2>22/>(2P")
2s2/>2(2P) -> 2s22/»(2P°)
2*2/>2(2S) - • 2s22/»(2P°)
2s2i>2(2D) -» 2.s22;»(2P")

2.s(25)3</(3D) - • 2Ä2/»( 3 P°)
2 . S ( 2 S ) 2 ; , ( I P O ) - 2 N 2 ( 1 S )

2/>2(:'P) -+ 2,s2;»(3P")

4d(2D) -> 2p(2P°)
3/'(2P°) - 2.<25)
3</(2D) —* 2p(2P")
3s\2S) —» 2/((2P°)
2/'(2P°) -» 25(2S)

2p2CP)M(>P)-.2pH2P")
2$2pi('D) -+ 2.s22/>3(2ö")
2.s2y»'(2D) -+ 2.s22/»3(2P°)

2 7 , ( 2 r " )3 r / ( ^ O ) _2/ , 2 ( JP)
2s2;.1(3S") -* 2s22/»2(3P)
2a2// 1( ' r°)-»2a 22/» 2( lD)
2.s2;r''(3P'') -» 2.s22;»2(3P)
2.s2//1(1D<>) -> 2.s22/»2(3P)

2 . , 2 ( ' 5 ) 3 ( / ( 2 ö ) ^ 2 . 2 2 / , ( 2 P o )
2.s2(lS)3.s(2S)-+2.s22;>(2P'J)
2.s('5)2/>2(2P) —» 2«22/^(2P'')
2.s('5)2/>2(25)-+2.522/>(2P'')

2.s('S)V(2ö)->2.s22/»(2P'')

2.,(25)3,/(3D)->2.2;.(3P")
2.<i(

25)2HlP")-»2.s2(lS)
2;,2(3P)-,2.s2M3P")

3;,(2p") _, 2.s(25)
Zd(lD) —» 2/>( ! P°)
3s(25) -> 2/»(2P")

2M2P") - , 2.s(25)

A(A)

GS7.25
904.09

103G.8
1335.3

459.57
977.02G

1175.7

2S9.20
312.43
3S4.12
419.G5

1549.1

518.13
718.54
79G.GG1

305.72
507.93
525.795
703.3G
834.50

238.50
279.83
554.37
G09.35

( 787.710
789.3GJ 790.103

I 790.203

192.85
G29.732
7G0.36

150.10
173.03
184.0G

1033.8 [ 1031 °r>

1
•

1.2
3

•

4
3

*

3

1
•

1

*

2

Table 1 - List of most prominent carbon and oxygen lines observed in
Extrap-Tl discharges (Average wavelengths for unresolved multiplets
from WIESE ct.al. 19GG). Spectral lines marked with * arc chosen to
represent the ionization stages (See. Section 3.3). The comments refer
to :
1 : Only observed in the beginning or end of discharges.
2 : C/JKJG.S is belndcd with one of the components of the O+ 5 doublet at
1037.G3 Å disturbing each other.
3 : Only with 290 //mm grating.
4 : Optical depth suspected.



Grät ng
(//mm)

450

290

Range

100-1100Å

150-1700Å

a

87.2

13S.1

b
(UT3)

861.7

1314.5

(io-6)

208.5

331.9

d
(io-9)

-77.2

-123.6

Table 2 - Coefficients for the third order polynomials representing the
spectral dispersion. (See 3.2 for details).

Grating
{I/mm)

450

290

Analysed
Spectra

360

120

AAi
(Å)

3.6±0.2

5.5±0.4

a

0.90±0.05

0.68±0.05

Factor for
2nd order

0.1±0.02

<0.02

Factor for
3rd order

—

0.12±0.02

Table 3 - Results of the fit for the full width at half maximum AA^, the
line shape parameter a and the relative diffraction efficiency for 2nd and
3rd order lines for spectra acquired with the two different gratings.
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Fig.l - A schematic diagram of a quadrant of the Extrap-Tl experiment
with the vertical and octupole field rings (support for the latter also
shown) together with the vacuum vessel and the plasma. The aperture
in the ring support is 130 mm x 130 mm and the major radius of the
vessel is 0.45 m.
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Fig.2 - Typical Extrap-Tl discharge with 4 inTorr filling pressure, show-
ing the time evolution of I he plasma current (2a), the resistive component
of the loop voltage (2I>), the plasma resistance (2c) and the time evolu-
tion of the line-of-sight intensity of the Balmor rr-line of hydrogen at
65G2.80 Å(2d).
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Fig.3 - Schematic view ( not to scale ) of the VUV spectrometer and
details of the interface to the Extrap vacuum vessel
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Fig.4 - VUV spcctnun acquired with the 450 //mm grating during the
equilibrium phase of a discharge with a peak plasma current of about
40 kA. The acquisition time of the signal is 10/«s. The full spectrum is
divided in three overlapping spectra to expose the details. The crosses
mark the actual number of counts per A and the solid line is the result of
the least squares fit. The most prominent lines from carbon and oxygen
ions are labelled (see also Table 1) as well as some unidentified spectral
lines.
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Fig.5 - Normalised input, power (5a) and normalised total radiatrd energy
in the VUV (5b) for a series of 40 kA discharges as function of time. The
solid line represents the time evolution of the normalised plasma current
for this series. The reproducibility of the plasma current is within ±1.5
kA at current maximum. Doth input power and radiated energy are
delayed by about 15//s with respect to the current maximum.
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Fig.G - Time evolution of the measure for the fractional abundance of
the carbon (Ga-Gc) and oxygen (Gd-Gg) ionization stages with time. The
succesive ioni/afion and recombination is apparent. The solid line repre-
sents the time evolution of the normalised plasma current for this series
of plasma discharges. The maximum abundance for the highest ioni/a-
lion stages is reached approximately at the same time as the current
maximum.



1.00 1 00r

10 00 2000 30.00 40 00

<lr>[kA]
50.00

50 00

100 10O|-

°f00

109

W00 2000 3000 4000

<lP>[kA]
50 00 1000 20.00 3000

<lP>[kA]
4000 5000

0 50r

5000

Fig.7 - Scaling of the measure for the fractional abundance of the carbon
(7a-7c) and oxygen (7d-7g) ioni/ation stages with plasma current during
the equilibrium phase. See text for details.
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Fig.8 - Correlation of doubly and triply ionized carbon and oxygen lines
during the equilibrium phase.
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Fig.9 - Ratio of total radiated energy in the VUV to the total input power
as a function of plasma current during the equilibrium phase.
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Fig. 10 - Fraction of radiated energy in lines as function of time. The solid
line represents the time evolution of the normalised plasma current for
this series. The fraction of radiated energy in lines reaches its maximum
about 15/is before the current maximum.
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Fig. 11- Normalised conductivity of the plasma as function of time. The
solid line represents the ume evolution of the normalised plasma cur-
rent for this series. The maximum conductivity occurs 15 /is before the
maximum plasma current.
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Abstract

Vacuum ultraviolet observations from a low-q, high-beta pinch plasma
(Extrap-Tl) are presented and related to other plasma parameters. Qual-
itative analysis of the line emission from low ionization stages of carbon
and oxygen, which dominate this spectrum, gives information on the
ionization stage distribution and on the power balance. It is found, that
the ionization stages reach a steady state during the equilibrium phase
of the discharge, and that line radiation does not dominate the power
balance. The energy balance of the plasma discharge is analyzed from
the vacuum ultraviolet line and continuum spectroscopy data. Further-
more it is found, that the time behaviour of the plasma resistance can
be understood using the results from the spcctroscopic observations.

KEY WORDS : z-pinch, Extrap, VUV spectroscopy, ionisation equilib-
rium, power balance


