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Abstract

In order to measure the radiation losses of a theta pinch plasma
(electron density n, = X -5x 1016cm_3, electron temperature

A ¥ 150 - 350 eV), a grazing incidence spectrograph is absolutely
calibrated in the range 10 - 200 %. This is done in two steps:
First the measured intensity ratios of lines emitted by hydrogen-
like ions are compared with their calculated values thus yielding
the relative sensitivity of the instrument. The result is con-
firmed by incorporating well known intensity ratios of lithium-
like ions. Secondly absolute calibration is possible by hanging
the spectrograph on an absolutely calibrated monochromator via

the branching-ratios of lithium-like ions.

Radiation losses from the plasma turn out to be negligible as |
compared with heat conduction losses and the whole energy radiated
is found to be small compared with the energy content of the
electrons, if the impurity concentration does not exceed 0.5 per-
cent. The radiation is found to be predominantly emitted by the
resonance lines of the oxygen and carbon ions O VI, O VII, O VIII,
C, V, C VI whereas continuum radiation and the contribution from

other ions are negligible small.

However in discharges where the oxygen concentration reaches

5 percent, radiation losses can exceed the losses by heat con-
duction during the early phase of the discharge. But still the
final electron temperature is not significantly influenced by
the impurities.
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1. Introduction

The production of a plasma in a theta pinch is characterized

by two phases: 1. Fast compression that is completed in a few

100 nsec and raises the energy of mainly the ions by shock heating;

2. subsequent slow, adiabatic compression that raises the energy

of the ions and electrons in the same way. In both phases the

electrons also gain energy by ohmic heating. At the end of the

first phase the ions have a higher temperature than the electrons;

this difference should disappear after a sufficient long time as

a result of relaxation. Numerous measurements /e.g.l/ now show

that such energy equipartition is usually not achieved, rather

does the electron temperature remain below the ion temperature.

There are apparently loss mechanisms that cool the electrons more

strongly than the ions. Two explanations have been suggested:

1. Energy loss due to both continuum and line radiation /2/,

2. Loss of electron energy due to thermal conduction to the
vessel wall, provided that the plasma touches it at a few
points at least /1/.

This report is concerned with the first mechanism, the main
purpose being to investigate the line radiation quantitatively.
While the free-free or recombination continuum radiation can be
fairly reliably calculated if the electron temperature and
density and the chemical composition of the plasma are known,
this is not possible with the line radiation for various reasons.
One would have to know the concentration of the ionization

stages of the impurity atoms, the populations of the excitation
levels, and finally the corresponding transition probabilities.
The latter are the most likely to be known; For calculating

the populations it is frequently necessary, viz. when the plasma
is not in thermal equilibrium, to know the excitation and
ionization cross sections in addition to the plasma parameters.
This applies particularly to the levels of the high-energy
resonance transitions, which are very seldom thermally populated.
Knowledge of the cross sections and hence of the rate coefficients
is still very sketchy. Only with ions of very simple structure

such as hydrogen-like or lithium-like ions can they be estimated,




and this only allows the radiation losses to be predicted to
within one order of magnitude /2 - 5/. It is therefore attempted

here to determine experimentally the energy losses due to line
radiation.

The spectral range in which the bulk of the radiation will occur
can be roughly defined by simplification: The electron temperature
in a theta pinch reaches a few 100 eV. Impurities therefore
mainly occur in ionization stages requiring energies of between
100 and 1000 eV for further ionization. For the principal im-
purities: carbon, nitrogen, oxygen, and silicon, this means

the stages C V-VI, N VI-VII, O VI-VIII, Si V-XII. The most
energetic transitions /6/ of these ions are mainly in the range
10 - 200 &. At an electron temperature of between 100 and 500 eV
the maximum of the free-free continuum radiation also occurs

in this region. The investigations were therefore only conducted
within the given limits.

The radiation is spectrally resolved with a grazing incidence
spectrograph and recorded with photographic plates and scintillator-
SEM assemblies. Absolute calibration of the spectrograph presents
problems since there is no radiation standard in the spectral

1)

region investigated ‘. One therefore has to hang the spectrograph
on a radiation standard in the visible range, this being possible
by the branching ratio method /7/. This only allows calibration
at very few points of the spectrum, and so relative calibration
covering the whole spectrum if possible has to be attempted as

well.

The first part of the report briefly describes the experimental
set-up. The major part following deals with the calibration method,
while the remaining part gives the results of the radiation

measurements.

l)Using an electron synchrotron was rejected for technical reasons.



2. Experimental set-up and plasma parameters

The measurements were made on a linear theta pinch (ISAR II).
The technical details of this device are given in /8/. Only
the most important data on which the experiment was based are
listed here:

Charging voltage 25 kv
Stored energy 195 kJ
Maximum magnetic field 51.5 kG
Magnetic field rise 28.9 kG/psec
Quarter-cycle 2.8 psec
Crowbar time constant 50 usec
Antiparallel bias field O - 500 G
Filling pressure 10 - 80 mTorr deuterium
Coil length 100 cm
Coil diameter 10.7 cm
Vessel diameter (inner) 9 cm

The coil is divided in two sections to allow symmetric current
feed and double the applied voltage relative to the charging
voltage. This results in a fast magnetic field rise and hence
effective shock heating in the initial phase.

The plasma parameters were measured by K&ppenddrfer et al. /9/,
the electron density being determined by three independent
methods: 1. absolute measurement of the continuum radiation

in the visible range, 2. absolute measurement of scattered
laser light, 3. interferometric measurement of the refractive
index of the plasma. The electron temperature was determined
both from the laser scattering measurement and by the X-ray
absorption method. Lastly, the ion temperature was found from
the measured neutron yield. Details are given in /9/. Only
the results of the laser scattering measurement are shown in
Fig.l, since they allow the most accurate temperature deter-
mination and also because knowing the electron temperature was
important for calibrating the spectrograph, as will become

apparent later.
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Fig. 1 Electron temperature and density as functions of time
(measurement by Thomson scattering of laser light in
the mid-plane of the coil on the axis).




3. Calibration of the spectrograph

3.1 Technical data of the spectrograph

The spectrograph used was a McPherson Model 246, which is suitable
both for recording time integrated spectra on photographic plates
and for time resolved photoelectric recording of radiation. It was
screwed end-on to the discharge tube at a distance of about 2m from
the coil centre. The vessel was filled about 1 sec before the
discharge, and so only a small amount of deuterium had time to flow
into the spectrograph through the narrow entrance slit: The pressure
rise at the time of the discharge was smaller than 10-'5 torr. The
technical data of the instrument are listed in the table below, only

the settings actually used in the experiment being included.

Spectrograph:

Diameter of the Rowland circle 221.7 cm

Angle of incidence 86.5 °

Aperture ratio * 1 : 100

Entrance slit width 0.010 mm

Exit slit width 0.025 mm

(in multiplier operation)

Grating:

Manufacturer Bausch & Lomb

Material Gold

Ruling 600 lines per mm

Blaze angle 1.5°

Detector:

1. Ilford Q 2 plates 2" x 10" x 0.04"

2. Scintillators X'< 40 & plastic scintillator
NE lo2 A coated with

aluminium
A > 40 £ liumogen /10/

Multiplier RCA 1 P 28 in all cases




The fluorescent light is directly recorded, i.e. without use
of a light pipe.

The resolution,for the given entrance slit width is governed

by purely geometrical considerations /11/. The apparatus profile
should be rectangular in shape and have the width A A = d.b/R
irrespective of the wavelength (d= grating constant, R = diameter
of the Rowlandcircle, b = entrance slit width). Substituting

the values from the table provided yieldsA)\ = 0.075 . For

X = 100 X 'the Besohution is therefoce AN/ N =7.5x10%8.
This value was in fact obtained with careful adjustment.

3.2 Principle of the calibration method

The instrument is calibrated together with the photographic
plate. If a certain energy E passes through the entrance slit

at a wavelength a\ . part of the energy E’ is reflected by the
grating and impinges on the plate. The resulting density is then

_ El > ’ E _
D = 4 log £ = /y 1ogS—E:—- = 4 log (sE) (1)

D = density, ﬁ’ = slope of the density curve in the linear part,
5= speed of the plate, s’ = permeability of the instrument.

All these quantities are functions of A . The above relation is
only valid, of course, in the linear part of the density curve.
Calibration constists in determining the quantities?()\) and

s (A).

The value ﬂ can be obtained in a relatively simple manner: One

can record the line spectrum of the plasma being investigated
placing meshes of known geometric permeability at a suitable point
in the beam path. This provides defined reduction of the energy
input and the differences in density measured with a microdensito-
meter give the density curve or g? as a function of the wavelength.
This is conditional upon the light source, in this case the plasma,
radiating with reproducible intensity over the whole wavelength ran-
ge. This was achieved by strictly ensuring equal initial conditions
for the discharge (charging voltage, filling pressure, impurity
concentration). Four spectra of different densities could be recor-
ded together on one plate, and so four points of the density curve



were obtained for every sufficiently intense line. Each set of
four points fixed the straight line with the least square error,
its slope representing the 4 of the respective wavelength. The
function4? (A ) thus measured is plotted in Fig.2.

The plates were always developed

(with Kodak developer D 19 b)

under the same conditions, and

so the‘y = values for various 4

plates only differ slightly. It 054 'Y

was therefore not necessary to gg:

determine the density curve 02—

again for each plate in the 01+ — A
actual radiation measurements. 0

T T T T T
40 80 120

The measuring error for /3 is 60 2004
about 20 %; it is determined

from different results for closely

spaced lines.

Fig.2 Slope of the density curve for
Ilford Q 2 emulsion as a function of
the wavelength.

Measuring the quantity s in eq. (1), which allows for both the per-
meability of the instrument and the speed of the plate, is a much
more difficult proposition. This calls for a light source of known
spectral intensity distribution. Such a light source is afforded by,
for example, the continuum of an X-ray tube, whose intensity distri-
bution could be measured with a proportional counter, but not very
accurately, or the continuum of a suitable plasma whose composition
and state variables are known with sufficient exactness. Both cases
involve only low intensities thus making long exposure times neces-
sary. Furthermore it is difficult to discriminate against scattered

radiation from intense lines that are superposed on the continuum.




If continous calibration in the whole spectral range is dis-
pensed with and only individual spectral lines of known inten-
sity ratio are used, these disadvantages can be avoided. Cali-
bration is then obtained at individual points of the spectrum,
between which one has to interpolate. This approach was adopted
here since enough suitable line pairs were found and it could be
assumed that the calibration curve is smooth between the lines.
The emission coefficient § of a spectral line is given by:

g = ——%%%— n A (2)
where hy is the energy of the emitted quantum, n the population
density of the upper level, and A the transition probability.

If absorption can be neglected (optically thin case), the inten-
sity ratio Jl/'J2 of two lines is

R = Jl = .—%1_ - Aznl—Al (3)
Jo €, Agn, A,

If the two lines originate from the same ion, it can also be
assumed that

le dt 5 El ) (4)
f J2 dt E2

With equation (1) this gives
s (}\ )

TTh,) R

The function s (A ) can thus be determined relatively if the
intensity ratios of a sufficiently large number of line pairs
are known. This relative calibration can then be made absolutely
if the intensity of at least one line is measured absolutely.

In order to determine R (eq. (3)), the ratio of the populations
nl/nz is also required in addition to the wavelengths and transition
probabilities, which are frequently known. Calculating this ratio
turns out to be the real problem because the populations in the
non-equilibrium plasma investigated cannot be handled simply by
using Boltzmann factors. In some cases it was possible to calculate



the population ratio, in others the branching ratio method /7/
could be used because the lines originated from the same level
and hence the population ratio was exactly 1. The next section

deals in detail with the line ratios used.

3.3 Intensity ratios of lines in the grazing incidence region

3.3.1 Line ratios in the Lyman and Balmer series of hydrogen-like ions

Line ratios can be readily calculated by using hydrogen-like ions
because owing to their simple structure the transition probabilities
are well known /12/ and the excitation coefficients /13/ fairly
well known. Table 1 lists the wavelengths /14/ of the transitions
observed in the hydrogen-like ionization stages of carbon, nitrogen,
and oxygen.

Transition g-q’ c Vi NV O VIII
1= 2 33.736 24,781 18.969 Lyman
1 -3 28.466 20.910 16.006 series
1 -4 26.990 19,826 15.116
2 - I8J0.186 r33.82 102.43
2 - 134.95 99,13 15. 80 Balmer
2= 120.50 88.51 67.76 series

Table 1 Wavelengths of hydrogen-like ions (in £ units)

It is readily seen that the wavelengths of the transition CVI 2 - 4
almost coincides with that of the transition NVII 2 - 3. The same
holds for the tranitions NVII 2 - 4 and OVIII 2 - 3. Thus, if the
ratio of the first Balmer lines 2 - 3/2 - 4 is known for all these
ions, the spectral range 76 - 182 £ can be covered more or less
completely. Line ratios in the Balmer series will therefore be cal-

culated first; the same reasoning can then be extended to the Lyman
series,
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According to Griem /15/ the collision limit for CVI with the

given plasma parameters ngis l-4x lolecm-B and kTe = 200 -
off = 5.8. That is,

above the level g = 6 the population is approximately thermal,

300 eV is at the effective gquantum number q

while below g = 5 it is governed by corona equilibrium. According
to Table 1 the levels of the Balmer series are below Qegg = S5J8.
Corona equilibrium /7/ can therefore be used to calculate their
population ratios. If only excitation from the ground state is

considered, it holds approximately for the first two Balmer linesl):
n_n.X n; s A, -n,A (6a)
eM¥13 = 73 }%m 4P43
nNiXy4 o Ny - ZA4q (6b)
3;4
Dividing then gives:
Do d ey Bl B (6)
n4 X14 2A3q ZA3q

where nq is the population of the principal quantum number q,

Aqq' the transition probability between g and q’, qu the excitation
coefficient from the ground state to the principal quantum state g.
With a Maxwell distribution of the electrons, it holds for the
excitation coefficients according to Allen /13/:

v
X, £ i%_ exp (~E) /KT,) . P(E; /kT) (7)
(kro) B

where flq is the absorption oscillator strength of the corresponding
allowed optical transition, E,, the excitation energy, and kT, the
electron temperature. P(Elq/kTe) is a function varying weakly with
Elq/kTe. The ratio of the two excitation coefficients is then

X 13 £

I~
I~
X 14 £

13 A3y
14 a1

exP(E34/kTe) oy 11 (8)

l)Thta- approximations are discussed at the end of this section.
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This ratio depends only slightly on the temperature since

E34=¥ 30 ev QLkTe, and so it is sufficient to insert an approximate
temperature. It is now possible to calculate the required intensity
ratio of the first two Balmer lines from eqgs. (8), (6), and (3):

T35 = AgoPi, o A Z By Niad sik(o)

exp (E, ,/kT_) T
T 4275 N3P As1 esss JIEE Y34

The calculation for the ratio of the transitions 4 - 2 / 5 - 2
is completely analogous. It should be noted,however, that the

level q = 5 for CVI at least is already very close to the collision
limit and may be depopulated into the continuum by electron colli-
sions. So the intensity ratio of the higher transitions calculated
under the assumption of corona equilibrium should only be regarded
as correct for OVIII and NVII; deviations may already occur for CVI.

The same applies in the Lyman series. Eq.(9) in appropriately modi-
fied form allows the ratios 1 - 2 /1 - 3 /1 - 4 to be calculated
for each ion. However, the wavelengths of individual transitions
for various ions do not coincide in the same way (see Table 1) as
in the Balmer series. The ratios for various ions thus do not
directly adjoin one another, and the shortwave part of the spectrum
cannot be completely covered. It was therefore attempted to join
this region directly to the long-wave part of the spectrum by means
of branching ratios and use the line ratios in the Lyman series

for intermediate points only. The branching ratios are discussed in
a later section; first a few critical remarks will be made on the
line ratios calculated above.

We have tacitly proceeded from a number of assumptions:

1) Sub-levels with the same principal quantum number but different
orbital angular momentum gquantum number are populated according
to their statistical weight.

2) The ratio of the excitation coefficients xlq 7. xl(q+1) can be
set equal to that of those excitation coefficients for which
there are corresponding optically allowed transitions. That is
excitation transitions from the ground state to the gP level are

representative of all other collisional transitions.
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3) The population of all higher levels by collisions starts from
the ground state only.

4) Radiation transitions from levels g’> 4 do not contribute to
the population of level g = 4. .

Assumption 1) is certainly not sufficiently satisfied. Statistical
population would be present if sufficient collisions take place
in the sublevels before transition to a lower principal guantum
number occurs. According to Allen /13/ and Wiese et al./l12/ an
2l (kT, = 200 eV, n_ = 4 x 10
cm—3) is obtained for the fine structure transition 3 251/2 -

3 2P3/2 for NVII. This value has to be compared with the transition

B MO a0 DI XA RN B0 S6re

excitation rate of nex33:= 107 sec mia

probability A3P15
radiative transitions to the ground state per unit time than
collisional transitions in the sublevels, which means that

the sublevels need not be statistically populated by any means.
Strictly speaking, it is consequently not legitimate to take

corona equilibrium for the whole set of levels with the same
principal guantum number; instead this has to be done separately
for each sub-series with the same orbital angular momentum. The
calculation then contains ' all excitation coefficients, including
those for collisional transitions without corresponding radiative
dipole transitions. As very few excitation cross sections are

known for hydrogen-like ions /16/, this procedure cannot readily
be carried out. In order to get at least an idea of the order of
magnitude by which a detailed calculation deviates from the overall
result (eq.(9)), the intensities of the Balmer lines were calculated
again on the basis of excitation cross sections of atomic hydrogen
/17/ completely neglecting collisions between sublevels. It was
found that the results differ only about 15 % from the previous
values although devations of up to a factor of 20 from statistical
population occured. The small difference is mainly due to the fact
that assumtion 2) proved to be well satisfied. The calculation
showed that in this case deviations from statistical population
only slightly affect the intensity ratio. This, of course, applies
only to atomic hydrogen. But it should not be very much different
for ions because it is always only the ratios of excitation coeffi-
cients that are used, not absolute values.
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The deviation from statistical population is in fact certainly
smaller than that resulting when collisions in the sub-levels are
completely neglected. There are experimental grounds to support this:
Firstly, the intensity ratio of the fine structure components of

the Balmer lines can be calculated from the population of the sub-
levels. Secondly, this ratio can also be measured. It is then found
that the experimental value deviates 30 % from the calculated one.
This means that the real population is closer to the statistical
value than the simplified calculation predicts. The difference of

15 % between the detailed and the overall calculation is thus further
reduced. Only the simple result (eq. (9)) was therefore used for
calibration.

Assumption 3) is probably well satisfied because for all levels

there are large transition probabilities to all lower levels, and

so their population is small relative to the ground state. One
exception is the metastable level 2S, which can only be depopulated
by collisionsl). Electron collisions induce transitions to 2P and

3P with a ratio of about 2 : 3. Ion collisions, however, shift the
ratio in favour of the 2P level owing to the small energy difference
between 2S5 and 2P. For this reason the additional population derived
by level 3 from the metastable level 2S is of hardly any significance,

and so the intensity ratios are not affected much.

The correctness of assumption 4) is relatively easy to check. In
eq. (6a) the term n,A,;, which allows for the radiative transition
from q = 4, proved to be small compared with the collision term

n n.Xx This must be all the more true of the neglected terms

e 1713’
nqu3 (g > 4) . Furthermore, radiation transitions from these

levels contribute to the additional population of all lower levels,
and so the error incurred in forming the ratio of the populations is

partly cancelled.

3.3.2 Branching ratios of hydrogen-like ions

This section is concerned with the calculation of line ratios
in which one linebelongs to the Balmer series and the second
to the Lyman series. When the initial levels have the same principal

l)Two photon recombination can be neglected owing to the low

transition probability relative to the collision rates.
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quantum number, the line ratio in this case should be given simply

o, A K L

Iq2 ot X o1 P42 (10)
Jql A g2 Aql

Equation (10) is only valid when the sub-levels are statistically
populated. As was shown in the previous section, however, this

is not the case. It will be found that the population actually
present could not be given in detail. It was possible, however,

to obtain appropriately corrected branching ratios from the
measurement of the intensity ratio of the fine structure components

of the first Balmer lines.

The transition 2 - 3 is composed of seven individual transitions,
which can be divided into two groups according to their wavelengths
(fig.3): The transitions ending in the level 281/2 or 2P1/2 con-
stitute the short-wave component, while the remaining transitions
to the level 2P3/2 form the long-wave component. The separation be-

tween the two components is about 0.15 & irrespective of the ion
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Fig.3a Term scheme of the first Fig.3b Densitometer curve of the
Balmer transition of hydrogen = first Balmer doublet for OVIII. (The
letters a - g are used to denote the

same transitions in Figs.3a - 3b).
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and is thus resolvable by the spectrograph. The fine structure
within a component can, however, no longer be resolved, The
branching ratio according to eqg. (10) only holds exactly for the
ratio of the transitions 2S5 - 3P /1S - 3P. Since 2Pl/2 - 3D, ,,
and 2Pl/2 - 351/2 are superposed on 2S5 - 3P, the populations of
the levels 3{)3/2
of the disturbing lines. It is, however, already sufficient to know
and n,_/n because it can be assumed that the

n3p/N3g 3p’ "3p
sub-levels with the same orbital angular momentum quantum number,

the ratios

but different spin orientation are statistically populated. This

assumption follows from two facts:

1) Seaton and Percival /18/ show that the excitation cross sections
j2 = 3/2)
are proportional to the statistical weight 23 + 1, and so the

for sub-levels of different spin orientation (jl - 172

sublevels are statistically populated in the event of collisional
excitation from the ground state, 2) depopulation is only due to
radiation (corona equilibrium), the transition probabilities /12/
having just the values that cause no change to the statistical popu-

lation.

The ratios n3D/n3P-zaa and n3P/nBS§gB thus determine the intensity

ratio (v) of the short-wave to the long-wave component:

3B8A A aff A
v = B 3P2S + 382P + P 3D2P (11)

2 ( + af A

Bisop 3p2p’

For the intensity ratio of the composed individual transitions
2-3/1- 3, on the other hand, the following expression is
obtained:

A
I32sneg0o-08:31 - Pagap +F3pas + *P Papgp (12)

31 A 3, BA3pis

J

It is now seen that when egs. (11) and (12) are combined « and 8

cancel and only the quantity v apprears in the intensity ratio:

have to be known in order to subtract the intensity
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32 =r = M1 A3pas v+l

I3 A3p A3p1s v - 1/2

(13)

It thus suffices to determine the ratio v of the fine structure
components in order to give the corrected branching ratio R. It

is possible to measure v since the two lines are close together

and no change in the sensitivity of the spectrograph is expected

in such small ranges. It is found that v is different for different
ions and depends slightly on the discharge conditions. Furthermore
v does not correspond to the statistical value obtained when

a =5/3 and B = 3 are substituted in eq. (11). But even if v did
correspond to this value, one is still not entitled to deduce a
statistical population for « and B could deviate from the statistical
value just enough so that v is preserved. If the Intensity ratio
(13) with measured v values is used for calibration, the same cali-
bration points are always obtained for s (A ) under different dis-
charge conditions and for correspondingly different v. This is not

the case when the simplified relation (10) is used.

Unfortunately, the method is not too exact. The relative error

A R/R can be determined from eqg. (13) as a function of v and Av/v:

A R i 3v AV (14)
i (v=1) (2v-1) v

The slope of the density curve can be determined exactly to
within 20 %, and hence v can be measured exactly to within about
7 %. A typical value of v = 0.7 for CVI thus yields

AR _ T el Voo g 53 (14a)
R v

This means that slight inaccuracies in the measurement of v have

an appreciable effect on the exactness of the branching ratio.

It can be seen on the other hand, that a small change of v due

to a deviation of the population from the statistical value can
appreciably change the branching ratio. For example, overpopulation
of the 3D level by a factor of 2 relative to the statistical value
causes a change of almost 8o % in the branching ratio, while the ratic

of the fine structure components varies less than 20 %.
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The above reasoning can also be applied in principle to the
branching ratios of the transitions 2 - 4 / 1 - 4., In this case,
however, the fine structure components of the Balmer lines come
so close together that they can no longer be resolved by the
spectrograph. It is thus no longer possible to measure v and

consequently the branching ratio cannot be given either.

3.3.3 Line ratios of lithium-like ions

The line ratios discussed hitherto suffice in themselves to do

the relative calibration. Since, however, there was some uncertainty
about the correctness of the relation (9) when applied to the

Balmer series, it was attempted to find additional line ratios

in the long-wave region that can be calculated. This was only
partly successful because it was again necessary to make assumptions
that could not be checked exactly. Since, on the other hand,

the results confirmed the calibration curve s ()) already obtained
with the hydrogen-like line ratios, it is reasonably certain that
not only the theoretical arguments but also the underlying

assumptions were correct in both cases.

The lithium-like ions NV and OVI have a large number of transitions
in the spectral region between loo and 200 R. Like the hydrogen-like
ions, they are distinguished by particular simplicity. Their
transition probabilities are partly calculated /12/, while the

rest can be extrapolated from known values /19, 20/. The transitions
concerned are listed in Table 2. The extrapolated transition
probabilities are marked with a ?, the other values being taken

from /12/.
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Transition Qs V1 N
r (R) A(loasec_l) x (R) A(loesec'l)

S 15071 259

P 173.0 884

P i84.0 170

S 4 115.8 21418 162.6 56.3

P 4 129.8 285 186.1 140

P 4 13256 7.62.6 190 2 235.9
2"8 l04.8 275757 147.4 ?28.1
s 5 116.4 7132 16699 ?64.5
2.P 5 11754 ? 31.9

Table Wavelengths and transition probabilities of lithium -like

As in section 3.3.1,

ions

it is reasonable to assume corona equilibrium

and calculate the population within a series with the same orbital

angular momentum. This is hampered, however, by the fact that ex-

citation occurs not only from the ground state 2S, but also from

2P /21/, the population of 2P relative to the ground state being

unknown. Furthermore, the necessary cross sections are not available.
Use was therefore made of line pairs orginating from the same
principal quantum state, but from sub-levels with different orbital
angular momentum. Owing to their small energy difference relative to
the electron temperature these sub-levels should be populated accor-
ding to their statistical weights if sufficient collisions take place
in the sub-levels. The intensity ratio of the transitions 25 - 3p /
2P - 3D, for example, should be

A3p2s P3p (15)
A3p2p "3p

A 3p2p
A3p2s

J3p2s
J3p2p

with
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n g
n3P g3P g g = statistical (16)

Actually, electron collisions do not suffice here either to
induce such a statistical population (16) because the electron

collision rates /13/ are about an order of magnitude smaller than
the transition probabilities. Since, however, the deviations were

already not so large in the case of hydrogen-like ions as those
calculated when collisions in the sub-levels are neglected (section
3.3.1), this will be all the more true of lithium-like ions be-
cause for OVI the interval between the level g = 3 and the ioni-
zation limit is only 55 eV compared with 96 eV for OVIII. Colli-
sional transitions thus become more probable. The calibration curve
already obtained is in fact confirmed in good agreement if one

uses all line pairs in Table 2 that originate from P and D levels
with the same principal quantum number (see Fig.4). It is therefore
reasonable certain that not only is the calibration curve correct,
but also the assumption of statistical population for P and D levels
of the lithium-like ions. If lines originating from S and P levels
are compared, a considerable overpopulation of the S levels is found
within the context of our presumably correct calibration curve.
There are various explanations for these findings: Overpopulation
may only be mistaken because wrong transition probabilities have
been used. This, however, would mean that the transition probabili-
ties given by Wiese et al./12/ deviate in this case by a factor of
up to 3 from the true value, this being well beyond the error
margins assumed in /12/. Another explanation therefore seems more
likely: The cross section for collisions between gS - gP sub-levels
is particularly small. According to Bely /22/ this is the case for
2S - 3P collisions compared with 2P - 3D transitions. This is pre-
sumably true of collisions with no change of the principal quantum
number. This, of course, still does not explain why the collision
rate is so high as to result in statistical population of P and D
levels. It could be that from the outset these levels are populated
from the ground state according to their statistical weight, and
their population therefore does not have to be equilibrated; possibly,
however, ion collisions may contribute to the collision rate. Since
the ion temperature is of the order 1 - 2 keV, the ions reach a
velocity equivalent to that of electrons with a temperature of about
1 evV. They then presumably collide with the same frequency as
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electrons with the temperature 1 eV, thus contributing to the in-
crease of the collision rate. This question, however, goes beyond

the scope of this report.

3.3.4 Relative calibration curve

The calibration curve plotted from the discussed line ratios is
shown in Fig.4. For clarity the way in which it was obtained is
again sketched: The line ratios in the Balmer series allowed the
range between 76 and 182 R to be covered. The transition 2 - 5

of CVI gives a wrong value, presumable because the level g = 5

is already too near the collision limit. The short-wave part of

the spectrum was fixed at three points by branching ratios (denoted
by arrows in Fig.4); it was confirmed and completed by line

ratios in the Lsman series. Confirmation in the long-wave region

is provided by the S = P and P - D transitions of the lithium-
like ions NV and OVI. The apparently overpopulated S levels yield
useless calibration points; the deviations are so large that

making allowance for them would give a completely unreasonable cali-

bration curve.

s [fel. unitg)
1004
437
N . a

B o O VIl

48 » ANV

10- e OVI

absolute

N points
‘%df//, R

0.1

0 50 100 150 200 A&

Fig.4: Spectrograph sensitivity as a function of wave length.
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Viewed in purely qualitative terms, the result agrees with the
predicted curve. At the given angle of incidence the maximum
intensity should be reflected into the region of about 50 £. The
reflecting layer is made of gold, for which Lukirskii et al. /23/
give the reflectivity shown in Fig.5 for an angle of incidence

of 5° (this being the sum of the grazing and blaze angles in

the present case). Because of this behaviour of the reflectivity
the maximum should be shifted to longer wavelengths and the drop
of the calibration curve ought to be steeper towards short wave-
lengths than to long wavelengths.

This dependence on ) is borne

. -
out by the measured calibration T Ratipctivity
curve; it can thus be concluded lgg:
that the plate sensitivity Eo' 60—
which does in fact appear in 40+
; i 20 — A
the function s (1), varies very '

| I I I 1 I
little with the wavelength. 20 40 60 80 100 120A

Fig.5 Reflectivity of gold at an
angle of incidence of i

The accuracy of the calibration curve cannot readily be stated.
Both the calculated line ratios R and the measured density
differences as well as the measured slope of the density curve
appear in the ratios a, V4 a, (5) . The accuracy of the calculated
line ratios is most likely better than 20 % in all cases. Since,
however, the long-wave part of the calibration curve was obtained
in several successive steps, a systematic error could be propagated.
From eq. (5) one gets

Ao R " A x (18)
| e | +|x. (1n 10) X
With V=a 7 a, and x = Dl/ {7 Dz/ 2
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That is, the error due to the relative indaccuracy of x is itself
a function of x and becomes smaller with x. It therefore depends
on the individual case and cannot be generalized. The inaccuracy
in the density measurement can be neglected relative to the error
in ? (A ?/.ffv 0.2). According to eq.(18) an inexactly measured

4 value can make the error AV/V much larger than 20 % if only

X is large enough. This error, however, is partly eradicated again
in determining unknown line intensities, provided that the unknown
intensity does not differ too much from that of the calibration
line in its vicinity.

As Fig.4 shows, the calibration curve is confirmed in the long-
wave part within 20 % by the line ratios of the lithium-like ions;
furthermore, in the short-wave region, which is connected with

the long-wave part by branching ratios, the curve agrees well

with the prediction. It can be assumed from this fact and the
errors discussed above that the error in the long-wave region

most likely remains below 50 % and does not exceed 100 % in the
short-wave part. This assumption is based on a maximum possible
error; Fig. 4 shows that no calibration point deviates from the
centre part of the curve by more than 40 %.

3.4 Absolute calibration of the spectrograph

In order to link the relative calibration with absolute intensity
values, the following approach is usually adopted /24/: The energy
input from a line into the spectrograph integrated over time is
measured and the plate density achieved is assigned to this energy.
The total energy emitted by the plasma in the line is found by
determining the fraction of the total energy reaching the entrance
slit because of the geometrical conditions. This measurement in-
volves a good deal of uncertainty. In this experiment it is pri-
marily the radiation losses that are of interest, not the energy
actually entering the slit. Absolute calibration was therefore done
in such a way that the plate density could be assigned direct to
the total energy emitted. The procedure is described in the following

If the emission coefficient o0f a line e(n,'?, t) is known and
radiation absorption in the plasma can be neglected, the total

energy Ep emitted by this line is obtained by integrating over



- 23 =

the solid angle 0 , the volume V, and the radiation time t:

- J J I e (0, T, t) do av dt (19)
0O VvV t

7

A fraction E of this energy EL reaches the spectrograph and

produces a certain plate density:

D = Ylog(SE) (1) see Section 3.2

with E/EL = G (20)

eq. (1) yields

D = vYlog (SGEL). (21)

The goemetrical factor G is constant for all lines investigated
if it can be assumed that the radiation emission is isotropic
and the spatial distribution (not the absolute value) of ¢ (?3
is always the same. Thus, if £ (?, t) is known for a calibration
line, egs. (19) and (21) yield G, and this allows the total energy
emitted by an unknown line to be determined:

s

= =S =Diysenp/y o
b = Epg * O o T o - (22)

Quantities with the subscript "o" refer to the calibration line.

The measurement of the emission coefficient of a calibration line
that is required for absolute calibration can be done indirectly
by measuring the emission coefficient of a line emitted in the
visible that is connected with the grazing incidence calibration
line by a branching ratio. This measurement can only be done
side-on because Abel inversion of intensity profiles measured end-
on is practically impossible. Fig.6 shows the set-up for absolute
measurement of €° A monochromator absolutely calibrated by
comparison with a tungsten ribbon lamp is used to determine the
intensity profile of the line emitted in the visible. As the plas-
ma is cylindrically symmetric, the emission coefficient is obtained

1)

in the usual way by Abel inversion

1)

. Equation (19) applied to this

A computer programme developed by Kaufmann /26/ was used for the
purpose.
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plasma

grazing incidence
spectrograph

calibrated
monochromator

Fig.6: Schematic diagram of the experimental set-up
for absolute calibration

geometry yields:
oo

o0
Bl = J;[rxn “L - L 2nr . e (x) drl dt (23)

where L is the plasma length. Integration over the solid angle
yields a factor 4y because it is assumed that eé is isotropic.

The energy ELc)emitted in the grazing incidence line is then

= . '
ELO R ELO (24)

where R denotes the appropriate branching ratio.

Two branching ratios of the lithium-like ions NV and OVI are used

for absolute calibration /25/. The corresponding transitions are
listed in Table 3 /12/. While the two doublet components could not be
resolved in either of the short-wave lines, this could be readily
done in the case of the long-wave lines. The more intense transition
3515 ~ 3P3/2 was compared with the composed transition 2S5 - 3P.
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N V
Transition 0 VI
- g{5¥ _j
l(g) A(lossec 1 x(g) A(1l0 sec )
- 59 209.270 119
25 5 = 3P3/, 150.088 2
. 150.124 259 209303 - } 119
25y /9 = 3Py /5
- P .83 0.415
381 5, = 3P3,, 3811.35 0.513 4603
- .503 4619. 90 0.411
38y ,, = 3P1 /9 3834.24 0
i 3
Biiﬁiﬁlﬁg 1.92 x 104 9.38 x 10

Table 3: Wavelengths (A) and transition probabilities (A)
of the calibration lines

There must be statistical population of the sub-levels in this
case. The correctness of this assumption was checked by comparing
the intensities of the two long-wave components. The corresponding
branching ratio R (short-to-long-wave transition) is given in
Table 3. For reasons of intensity a small percentage (0.5%) of

oxygen or nitrogen was added to the filling gas (D2) for calibrating.

As absolute calibration was done with two pairs of lines of
different ions, the already measured sensitivity ratio of the
instrument s(xl) / 5(12) is again obtained independently for

the wavelengths stated in Fig.4. It can be seen that these
experimental points are a good fit to the relative variation

s()\). The assumption underlying the absolute calibration are

thus verified, at least for the ions NV and OVI. These assumptions
will now be discussed in somewhat greater detail.

Equation (19) postulates that the absorption be negligible, i.e.

that the lines be optically thin. This applies only to beam direc-
tions perpendicular to the plasma axis, but not to radiation parallel
to the axis, which the spectrograph records end-on. In the next

section it is shown how the resulting error can be corrected.
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Isotropy of the radiation was again assumed when integrating 23
This is doubtless correct because the ions are not directed in
any way (magnetic fields being too weak) and emit independently
of one another. The most severe restriction on the correctness

of the calibration method is the assumption of equal spatial
distrubution of all emission coefficients (22). This, of course,
is never strictly satisfied. Even when the impurity density is
proportional to the plasma density and the latter has the same
profile for all discharge conditions, the density distribution

of various stages of ionization of the impurity atoms is not
always the same because near the plasma axis the temperatures

and densities are higher than in the boundary regions. Ions with
low ionization energy thus decay more gquickly in the centre than
at the boundaries. As regards the ionization energy, the ions
emitting the calibration lines shauld therefore not differ too
much from the other ions whose radiation is to be measured. It

is true that the OVI ion used for calibration has a lower ionization
energy than, say, OVIII. On the other hand, however, its energy

is so high ( =~ 140 eV) that it can only be produced in the hot
region of the plasma in which the more fully ionized ions are
present .Near the axis it decays relatively fast, but on integration
(23) this region only makes a small contribution to the total
losses. The error due to the relatively low OVI density on the
axis should thus be kept within the limits prescribed for the
accuracy of the relative calibration. The correctness of this
assumption is supported by comparing the experimental points
obtained for the different ions NV and OVI.

3.5 Considerations concerning the optical thickness of the

calibration lines.

Hitherto the absorption of the radiation in the plasma has been
neglected. This allowed the intensity ratio of two lines to be
set equal to the corresponding emission coefficients (3). The

extent to which this is justified is examined in the following.
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If allowance is made for absorption, the intensity of a line is

given by the radiation transport equation:

s PG AR 2 —e(v)
dr(v v, & #n () (23)
with
dr (v) = »n(v).dl (25a)

T (v) denotes the optical thickness of the plasma at the frequency

v, x(v) the absorption coefficient, and &l is the element of length
on a line of sight. Since only the Doppler effect can be responsible
for the broadening of the lines investigated in the grazing inci-
dence region, the ratio S = ¢/x is independent of the frequency

/27/ in the region of the line, and one can solve eq. (25).
J(v) =85 . (1 - exp(-7(v)) ) (26)

For a Doppler broadened line T (v) can be expressed by the optical
thickness 7  in the line centre (v,) and the 1/e width pv of the

line profile:

\J_Vo 2

T = 7, . exp (-( AV ) %) (27)

with
e 2 1/2

T2 ry x(nMi e’ S 2kTi) n L £ (27a)
r, = classical electron radius, ) = wavelength of the line
Mi = ion mass

of the impurity ion
kTi= ion temperature
= population of the lower level, 1 = plasma length

f = absorption oscillator strength of the particular transition.

The total intensity JL emitted by a line is obtained by integrating
eq. (26) over the frequency:

+ o°
g =5 - _fﬁ (1 - exp(-7(v)) ) = S-F(1) (28)
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The function JL/S = F(fo) is plotted in Fig.7 (curve II). If

no allowance is made for absorption, J

will be proportional to

Uo(curve I). If function I is divided by function II, this pro-

vides a measure of the deviation due to neglecting the absorption

(curve K). It can be seen that for an optical thickness ofoo =1

in the line centre neglecting the
absorption causes an error of 40 %
in the total line intensity JL’
This is much smaller than the

error that would have resulted by
just allowing for the intensity in
the line centre (curve III). As

the calibration error is also of
the order of 40 %, it is sufficient
merely to postulate T’o <1 and not
'C'O & 1 when measuring the total
line intensity in order to satisfy
the requirement of optically thin
radiation. This follows from the
fact that the absorption in the
line wings is always smaller than
in the centre.

Fig.7: Line intensities as
functions of the optical
thickness ( for explanation
see text)

The danger of't‘0 £ 1 not being satisfied is mainly present for

resonance lines. The optical thicknesses for the first Lyman line
of CVI and for the transitions 2S-3P of£ OVI and NV were calculated

from eq. (27a). For this purpose a low ion temperature of 200 eV
and a high ground state density (0.5% of the electron density)

were assumed. This yields an upper estimate. The result is shown

in the following table:

Ion Wavelength (&) X5
cvi 33.736 3.7
OovVI 150.1 12
NV 209.3 x5
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For a lower estimate of 170 a rough upper limit of 1 keV is taken
for T, and 0.1 % of the electron density for the mean ground state
density. It is shown that thetb values are then a factor of 10
lower. The CVI line is thus optically thin. It can be assumed that
this also applies in the experiment to the corresponding lines
of all hydrogen-like ions because no impurities were added to the
filling gas when determining the line intensities in the Lyman
series., For the calibration lines of the lithium-like ions, on
the other hand, allowance must definitely be made for the optical
thickness owing to 0.5 % impurity added. Within the scope of this
estimate the intensity of the lines can only be determined exactly
to a factor of 5 because of the uncertainty about TTO. It was
therefore attempted to measure the optical thickness direct.

According to eqg. (27a) T;O is proportional to the ground state
density and the latter is proportional to the degree of contamination
(), thus't‘O can be increased by raising &( . The relation between

the relative line intensity and Tfo is given by eq.(28):

J = A . F(’C‘o)

ol A+ F(B-X) (29)

A and B are proportionality factors. The measured relative intensity
values for various degrees of impurity can be fitted to eq. (29)

to give A and B. Finally, T o is obtained from'Uo =B *0of.

o was determined by using the optically thin line 2P - 3S of OVI.
The relative intensity of this line was plotted as a function of the
added impurity Naz(Fig.S).

Extrapolation to the inten- T_TJUeLunhﬂ

sity O yielded the natural g- 'OVI'2P=3S

degree of impurity X . The o1 A =184A

actual degree of impurity l:;- o= 0085%

is the sum of the two compo- i

nentsol J and & . Finally, (1)- —>d,(0,additive)
I T |

: i T 1 T 1
Fig.9 shows the relative 01 00 01 02 03 04 05%
intensity of the OVI cali-

bration line plotted as a

function of & , Fitting Fig.8: Relative intensity of an

vields B =+9.5 ahd heénce OVI line v.oxygen added
‘L”O = 5.5 for an impurity

o

of()(z = 0.5 %. This
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T value is within the TJU@Lunﬂs)

° 37 "owi 25-3p
margins of the above T -
estimate. Fig.7(curve K) 2] n

. : J=085F(85a)
gives a correction factor
K, = 3.4 for‘[}'o =8 o501 @ 1—
the intensity of the OVI

. : . — a-95(=1,)
calibration line measured
0 I | | I | I

end-on is a factor of 3.4 1 2+ Birsh a D
smaller than would be expected
in the optically thin case be-
cause of the absorption. This Fig.9: Relative intensity of the

OVI calibration line v.

correction has to be allowed degree of oxygen impurity

for in eq. (22), and the radiation

loss of an unknown line is finally given by:
s . K

BC =g, 1eD/¥ =D/ - 2 (30)

L Lo s . KO

For most of the lines investigated K was found to be 1l; in ex-

ceptional cases it was determined by the method described.

Strictly speaking, eq. (30) with allowance for absorption is no
longer right even after correction because it was assumed in eq.
(12) that the emitted radiation does not affect the plasma. As the
ratio of the longitudinal to the lateral extent of the plasma is
approximately 100, by far the greater part of the radiation at
end-on T - values of less than 10 will be emitted in the optically
thin direction, and so there is practically no change in eq. (30)
as a result of self-absorption.

4, Results and discussion of the radiation measurements

The radiation losses for various discharge parameters (charging

voltage, bias field, degree of preionization, filling pressure,

degree of impurity) were measured by means of the calibrated

spectrograph. For the sake of brevity, attention is restricted

to a few typical cases.

The following questions are of interest:

1) How do the radiation losses depend on the type and degree of
impurity?



- A o=

2) How is the radiation distributed over the individual stages

of ionization of one and the same impurity atom?

3) which transitions of an ion are mainly involved in the radiation

losses?

4) How high are the radiation losses relative to the energy content
of the electron gas?

The necessary measurements were always made under the same dis-
charge conditions and with a known quantity of added impurity.
This afforded comparable and reproducible conditions. No impurities

were added for investigating the following guestions:

5) How do the radiation losses depend on the initial conditions
(filling pressure, bias field), and how high are they under
these conditions compared with the energy content of the
electrons?

6) How does the radiation power loss depend on the time?

7) How high is the power loss compared with the thermal conduction

losses?

Questions 1) to 5) were answered by evaluating time integrated
spectra. Questions 6) and 7) were treated by means of time re-

solved, photoelectric measurements.

4.1 Time integrated measurements

4.1.1 Radiation losses with added impurities

The filling pressure for the measurements in this section was
chosen to be 40 mTorr deuterium. No bias field was superposed
for reasons of reproducibility. The impurity added to various
discharges was either 0.5 % oxygen, 0.5 % nitrogen or 0.5 %
methane, relative to the volume. The amount of carbon added
relative to the atomic density was 0,25 %, otherwise it was
also 0.5 %. The actual degree of impurity is obtained from the
sum of the natural and artificial impurities. In section 3.5
the degree of natural impurity was found to be 0.085 % by
means of an optically thin OVI line. With 0.5 % additive the
radiation losses will thus rise by a factor of 7 if all lines
are optically thin and the plasma parameters are not changery
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the additive. This increase is in fact measured. ConVersely, the
degree of natural impurity can be determined by comparing the
radiation losses in discharges with and without additive. This
was done for nitrogen and carbon. Unfortunately, the natural
carbon impurity, which is caused by creepage of the diffusion
pump oil on the vessel wall, is not very reproducible, and so

the true degree of impurity cannot be determined exactly. Be-
cause of the linear dependence of the radiation losses on the
degree of impurity the losses can be related to a uniform degree
of impurity. They were normalized for 1 %, the results being given
in Table 4. The degree of impurity actually present is given

each time.

Oxygen Nitrogen Carbon

Additive + degree

of natural impurity 0.5 + 0.085 % 0.5 + 0.0025 % | 0.25 + 0096 %

oVI 4.4 NV 0.95
Radiation energy OVII 14,1 NVI 5.1 cv 2.8
of individual ions OVIII 2.6 NVII 8.0 CVI 24.9

Table 4: Total radiation losses (in joules) for various impurities,
normalized for 1 % impurity

The energies for carbon are not only inexact for the reasons al-
ready stated: It can be seen from Fig.4 that the sensitivity of

the instrument for the resonance lines CV 40.27 & and CVI 33.74 R

is comparatively high. This results in high densities and hence
appreciable decreases in the accuracy of the intensity determination
according to Section 3.3.4. An error of 100 % has therefore to be
accepted. Apart from this inaccuracy, it can be seen that the total
losses for each of the three types of impurity are of about the same
order of magnitude. No distinct dependence on the atomic number can
be deduced. The energies on the other hand, aré distributed in
characteristic manner over the successive stages of ionization of
one and the same atom: The lighter the atom the more weight is

there on the highest hydrogen-like stage.
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Comparison of the emitted energy with the total energy content
of the electrons show that the radiation losses for 1 % impurity
represent only a small fraction. For an electron temperature of
200 ev, filling pressure of 40 mTorr and a vessel volume of
6.35 x lO3 cm3 the energy content of the electrons is about 500
joules; only about 4 % of this energy is emitted. It is therefore
not expected that the electron temperature will be greatly in-
fluenced by emission in the case of impurities of less than 5 %.
Under these conditions it can then be expected that the losses
grow in proportion to the degree of impurity, as was established
above. Between 5 and 10 % impurity the emission becomes noticeable
compared with the electron energy, the electrons are cooled, and
so the growth of the losses is less than linear. This applies, of

course, only to the plasma parameters for 40 mTorr (see Fig.l).

In order to assess the total radiation losses, it is best to
consider the distribution of the emitted energy at the transitions
within one stage of ionization. Calculation of the intensity
rations of lines of hydrogen-like ions (Section 3.3.1) already
showed that more than 90 % of the energy is emitted by the 1S - 2P
resonance transition. The same result is obtained in the measure-
ments for the helium-like ions when the forbidden intercombination
transition is included. In the case of the lithium-like ions the

25 - 3P and 2P - 3D transitions emit more than 90 % of the energy
of all lines in the grazing incidence region. The 2S - 2P resonance
transition is outside this region and can, it is estimated, again
emit energy of the same order of magnitude as the grazing incidence
lines. Since, however, the contribution of, for example, the 0OVI
intensity is small compared with the higher stages of ionization
(Table 4), the 2S - 2P transition can be neglected as regards the
total radiation losses.

For these reasons only the above listed transitions in the grazing
incidence region are taken into account when measuring the total
radiation losses in the following.
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4.1.2 Radiation losses in discharges without added impurity

For the radiation measurements in this section the filling

" pressure was varied between 10 and 80 mTorr. In some of the
discharges an antiparallel magnetic field of 500 G was super-
posed in order to increase the heating rate and hence the
temperature.

The measured total losses and their distribution over the indi-
vidual stages of ionization are listed in Table 5. The degree

of impurity actually present is only known for 40 mTorr and a

bias field of O G (see Table 4). Measurements of random samples
show that in all other cases it is probably between 0.1 and 0.5 %.
The big differences in the total losses for various initial con-
ditions are primarily due to various degrees of impurity. This
becomes clear in discharges with superposed bias field. In such
cases the plasma is contaminated in an irreproducible manner by
contact with the wall, the absolute value and also the fluctuations
being particularly large. In almost all cases the energy is mainly
emitted by oxygen. The emission of the nitrogen ions can practically
always be neglected.

It is readily seen that there are big differences in the distribution
of the emitted energy over the various stages of ionization. This
problem will be discussed in some more detail by taking oxygen as

an example. It will be shown that the distribution depends not only
on density and temperature but also on the lifetime of the plasma,

since we are not dealing with the steady state.

We consider the intensity of the resonance lines of OVII (subscript 1)
and OVIII )subsript 2):

§ 2
J, = q - Ny . Ay . dl

( hv, (31)
n’ = population of the 2P level.

If it is assumed that the absorption is negligible and n’ is
calculated by means of the excitation coefficients according to
Allen /13/ on the assumption of corona equilibrium, the intensity

ratio is
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C-zlf-l
=N
I

0.6 - exp(-8l/KT_) - (32)

Here n denotes the ground state density, kTe is measured in eV.
If it is assumed that the temperature and density are constant
in time and space, and that at the time t = O all the oxygen is
in the form OVII with the density n, the ratio of the total

energies emitted after a certain time t is

y - S |
1
=2 = 0.6 exp(-8l/KT) - - (33) _;
1 S8 np(e) at’ |
with  dn, / at = - n,n X + n,n R (34)
and ny + n, =n_. (34a)

Here X and R are ionization and recombination coefficients re-
spectively. Further ionization of OVIII is not taken into account.
From eqgs. (33) and (34) it follows that

E
E

2 i bt - (1 - exp( -bt) ) (35)
1 - 0.6 exp("Bl/kTe). (R/x) ‘bt i (1 = exp(—bt))

b = Ue (X+R) (35a)

Two limiting cases can be distinguished:
For bt >>1 it follows that
E, / E| / 0.6 exp(-81/kT ) * (X/R) (36)

for bt.4§ 1 it follows that

b
2(R + X)

E, / E; &~ 0.6 exp(-81/kT_) - bt (37)

Whether one of these limiting cases and which of them is present
has to be determined by measuring the plasma parameters and the
plasma lifetime. b contains not only the electron density but
also the temperature via X and R, which are known in reasonable
approximation /28,7/:

(kTe) 1/2

739 + kTe

9 3 -1

X = 7.85°10 exp(—739/kTe) cm” sec (38a)




Sl T

1,41 x 10711 3 -1 (38b)
R = cm sec

1/
(kT,)

16 3

For a temperature of 200 eV and a density of 2 x 10" "cm - egqgs.
(35a), (3Ba), and (38b) yield b = 8 x 107 sec™?

and temperature can only be maintained experimentallv for about

. High density

3 - 4 pnsec since the plasma is then lost owing to both end losses
and strong decrease of the magnetic field. One then gets bt = 0.3.
The limiting case bt 3 1 is obviously not present, the plasma
lifetime for the given parameters being too short for a steady
state to be achieved. The case bt &£ 1 is approximately satisfied.
From eq. (37) it is seen that here the energy ratio E, / E,

grows in proportion to the product bt. This result accounts for
the pronounced differences in the energy distribution over the
individual stages of ionization in Table 5 because under different
discharge conditions there are fluctuations in density and

temperature, and hence in bt. It can also be seen that it would

10
1
Fig.lo
et =2-109secem? Ratio of energies emitted by the
resonance lines OVIII and OVII as
01 a function of electron temperature,
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be pointless to give the measured radiation losses as a function

of density and temperature because the steady state is not attained
in the short-life plasma concerned, and so the existence of the
highly charged ions and hence the absolute value of the radiation
losses depends essentially on the lifetime of the plasma. Fig.lO0
shows the ratio E, / E; as a function of the temperature and the
product net (as parameter).

The experimental values refer to discharges with no bias field
superposed.

The dashed curve refers to the case bt = 1 (net =1/(X + R)).

It can be seen that slight temperature changes, particularly in
the low temperature region, are sufficient to cause pronounced
displacement of the ratio E2 7/ El‘ The measured intensity ratios
can, of course, only be compared with the highly simplified cal-
culation with certain reservations. They have nevertheless been
included in the diagram along with the measured range of density,
lifetime and temperature. The agreement is satisfactory. In parti-
cular, this explains the surprising result that for low filling
pressures and a bias field of O G only comparatively little energy
is emitted by OVIII although the highest temperatures are reached

in these cases as compared with higher filling pressures (fig.l).

With regard to the absolute value of the radiation losses given

in Table 5 the following can be said: Compared with the energy
content of the electrons the radiation losses are always small

for the low degrees of impurity present. This is still true when
the calibration errors are taken into account. Only in relatively
unstable discharges (e.g. with superposed bias field) can the
plasma become so contaminated by contact with the wall that the
radiation losses amount to approximately 15 % of the total electron
energy. In this case additional losses of silicon ions occur and
may attain the order of that of oxygen. In view, however, of the
complete irreproducibility of these impurities it seemed pointless
including the silicon losses in Table 5.
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Not taken into account either were the radiation losses due to
continuum radiation. An estimate shows that they can be neglected
relative to the measured line radiation. If we take 5 x J.Ole'cm-3

for the electron density, 300 eV for the temperature, and 1 % OVIII
for the degree of impurity, the eneray loss due to free-free
radiation for a plasma of lifetime of 4 usec is about 2 joules.

This value represents an upper estimate. From Table 5 it can be

scen that the line losses are larger; only at 11 mTorr and O G

are they somewhat smaller than 2 joules, but in this case the
density is at least five times as small as assumed above, and s»

the continuum losses are at most 0.1 joule.

The foregoing has demonstrated that for the degrees of natural
impurity present the radiation losses can be discounted as an
effective coolina mechanism that limits the electron temperature.

it is still conceivable that in certain phases of the discharge,
when other mechanisms are not yet effective, the radiation losses
exert a dominant influence, but do not essentially affect the
electron temperature finally attained. This can only be investigated

by making time resolved radiation loss measuremen‘s.

4.2 Time resolvedmeasurements

The time resolved measurements are represented by an example with
the initial conditions B, = 40 mTorr, B, =0G, no impurity added.
The photoelectric signal S of a line is proportional to the emitted

power L:

S=C - L (39)

The time integral over the power is equal to the emitted enercy:

-

E. = _f L 4t (40)
@]
From eqgs. (39) and (40) it follows that
T S dt
g = =0 (41)

E
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The energies EL are taken from a plate spectrum. The signals S
are obtained from other discharges using the same initial con-
ditions, so that the time behaviour of the radiation power L(t)
is always the same. With eq. (41l) the calibration factor C is
obtained from E and S, and with eqg. (39) the radiation power

L can be given. Its absolute value applies to the conditions
under which the plate spectrum was made, even if the degree of
impurity for the discharges in which the relative behaviour S(t)
was determined should have changed.

Fig. 11 shows the time behaviour of the radiation power loss

for the most important ions. It is readily seen that the radiation
power of OVI in the initial phase, at about 1 psec, is larger

than that of the more highly ionized ion OVII although more

energy is emitted altogether by OVII than by OVI (Table 5). This
is due to the shorter lifetime of OVI. This shows that the low

ionization stages simply should not be neglected when setting up

L) afwl
1074 -0?
Fig.1l1
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an energy balance, the heating and loss rates being taken into

account at every time of the discharge.

The measured radiation power losses are now compared with the
thermal conduction losses. The thermal conduction losses are
estimated as follows on the lines of Green et al./l/: The plasma

is replaced by a homogenious rod of length z that is supplied

with the energy W per unit length and time. The electron temperature

at the ends of the rod is T = 0 °K. The thermal conduction equation

aT _ o N |
ce =rs g [ k (T) - } + W (42)

is valid, where c is the thermal capacity, § the density, and
k(T) the thermal conductivity.

The boundary conditions are: T = O for =z

T =0 for z = z (42a)
o
The thermal flux Q from the ends of the plasma is
Q =2 kim) —2— . F, (43)

taken at the point z = 0. F is the cross section of the plasma
column. If it is assumed that the stationary temperature profile
comes about very quickly compared with changes of W, »T/pt = O can
be substituted in eq. (42) to yield the temperature profile

z 2/17
T = TO [ 4 (L - )] (44)
o o
with (7 22 W ) 2/7
T = 16 B (44a)
This involves using Spitzer’'s thermal conductivity /29/:
x=p . 172 (45)
The finally yields Q: 7/2
16 T

Q=—== p —2—— . F (46)




As various assumptions on the heating and loss mechanisms are

made in estimating W, Q was determined direct from the measured
temperatures To in the midplane of the plasma. The result appears

in Fig.l1ll. The errors of Q are governed primarily by the experimental
errors of the temperature determination, by the inaccuracy of F,

and by the assumption »T/dpt = 0. The temperature was measured with an
accuracy of 15 % by means of the Thomson scattering of laser light.
The plasma cross section F can be determined within 50 % from the
electron density profiles. The deviations of the stationary tempera-
ture profile (44) from that actually present cause an error of about
30 % in Q. This emerges from a comparison of the estimated Q values
with numerical results of Schneider /30/. It would thus seem that,

on the whole, the estimate is correct to a factor of 2 - 3. Even

if allowance is made for this element of uncertainty, the thermal
conduction losses in the case of natural contamination are two orders
of magnitude as high as the radiation losses at practitally every
time of the discharge, as Fig. 11 shows. Only when the degree of
oxygen impurity is increased by a factor of 50 ( = 4.5 % additive)
can the radiation losses of OVI perhaps predominate in the early
phase of the discharge, especially since the OVI losses are in fact
even higher owing to the neglected 2S - 2P transition. The decrease
of the electron temperature observed /31/ in the initial phase of

the discharge by adding 2 % oxygen is thus confirmed.

5. Conclusions

The essential results of this investigation are now summarized.
Hitherto only rough theoretical estimates have been available on
the radiation losses of a theta pinch plasma. Here these losses
are determined experimentally. The radiation of such a plasma
(ne =1 -5%x lo16 cm-3, Te = 150 - 350 eV) is mainly emitted at
wavelengths between 10 and 200 i by lines of light impurity ions
(e.g. oxygen). Although this region is accessible with a grazing
incidence spectrograph, for such short wavelengths there is no

radiation standard with which to calibrate the instrument.

Using calculable intensity ratios of lines and applying the
branching ratio method it was possible first to calibrate the
spectrograph relatively and then to assign it to a radiation standard

in the visible. This allowed the radiation losses to be measured




absolutely, both integrated and resolve&in time.

The investigations were made over wide density and temperature
ranges. It was found that the radiation losses are negligible
compared with both the energy content of the electrons and the
thermal conduction losses. This applies for the small degrees of
impurity present in the deuterium plasma of about 0.1 - 0.5 %
foreign atoms. For impurities of the order of 5 %, however, the
radiation losses gain in influence and may exceed the thermal
conduction losses in early phases of the discharge. Yet even

then the electron temperature finally attained is not essentially
affected.
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