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Density dependence of the intensity ratio of resonance and intercombination transitions in C v
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The intensity ratio of the resonance line and the intercombination line in heliumlike C v has been measured in

plasmas produced in a theta-pinch discharge and is compared with theoretical models. Electron density and

temperature were obtained from laser scattering measurements. The results suggest a weaker temperature

dependence of the laboratory low-density ratio than now obtained theoretically.

The analysis of lines emitted from heliumlike
ions in plasmas offers a rather powerful possibil-
ity for the diagnostics of astrophysical and labora-
tory plasmas. The high-lying metastable levels
as well as doubly excited states give rise to a num-

ber of transitions displaying a temperature and

density dependence different from transitions, for
example, originating at levels of the singlet sys-
tem. Selecting suitable lines thus allows the mea-
surement of electron density and temperature, as
well as of the departure from ionization equilibri-
um, simply from the observation of their intensity
ratio. The almost equal wavelengths of the lines
render, in addition, unnecessary absolute and even
relative sensitivity calibrations of the complete
optical detection system, making such measure-
ments relatively straightforward.

These techniques have been increasingly applied
in many investigations of solar flares and active
regions of the sun, "as well as of tokamak plas-
mas" in the low-density regime; for high-density
plasmas, they have become important in particu-
lar for the diagnostics of inertially confined plas-
mas or other laser-produced plasmas, where al-
ternative techniques are not available. "

The analysis of the line emission essentially re-
lies on various available theoretical atomic data
which are constantly improved. Unfortunately,
experimental verifications are nearly absent with

the exception of very few measurements of rela-
tive and absolute electron-impact collision rates
in theta-pinch plasmas. ' ' In the following, we

report measurements of the intensity- ratio of
resonance and the intercombinatioa line emitted
from C V ions in well-diagnosed plasmas produced
in a theta-pinch device. These investigations are
an extension of the early work, ' where only very
few values had been available. This ratio is of
interest since in the high-density region it is
practically a linear function of the electron densi-
ty.

The dependence of this ratio over the complete
density range has been discussed in detail by

R =R~+PN, ,

where

x(1's- 2's) +x(1's- 2'P)
' x(1's- 2's)+x(1's- 2'p)

is the "laboratory low-density ratio" and

(Ri+ 1)X(2 —2 .)+Ris(2')
,'A(2 P, —1'So)-

(2)

(4)

P is independent of N, and only a slow function of
T, S(2') is th.e ionization rate coefficient for the
n =2 triplet levels, and the X's are "effective"
rate coefficients for collisional transitions be-
tween the respective levels.

The ratio g was measured for heliumlike C V

ions present as impurities in hot plasmas pro-
duced in a small theta-pinch device. The experi-
mental techniques and the complete setup have
been described in detail previously. ' Electron
density and temperature were obtained using
Thomson scattering of a laser beam, the ion tem-
perature was deduced from the Doppler profile of
emission lines in the visible and uv spectral re-
gions, and the length of the plasma column was
obtained from the observation of the continuum in-
tensity through small holes in the theta-pinch coil
along its axis.

A 2.2-m grazing incidence monochromator (the
grating had 1200 lines per mm) viewed the plasma

Gabriel and Jordan'.

f(2 P, —1'So) A(2'P, 1-SO) N(2'P, )

l(2'P, —1 S,) A(2'P, —1 So) N(2'P, )

Above some critical density X,', the 2'$, and
2 p p g g levels as well as the 2'$, and 2 Qy levels
are collisionally coupled, and collisional transi-
tions from the 2'$ and 2'P levels to the continuum
and to the singlet system become stronger than
the radiative decay 2'Py 1 $p In this regime, one
obtains a simple analytical expression for the ratio
of the population densities, and p may be written
as"
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column along its axis, and a diaphragm assured
that only the center of the plasma was observed.
After scanning the spectrum in the spectral region
of interest, the ratio R was obtained by measuring
the total line intensities at the peak of the C V

emission and the background (entrance slit 20

p, m, exit slit 30 pm). About ten discharges were
averaged for each condition.

Different discharge conditions were adjusted by
variation of the filling pressure, the filling gas,
and the bias field. The low electron temperature,
for example, was obtained with a filling pressure
of 47-mTorr hydrogen, the low electron density
in the third cycle of a discharge with 0.8-mTorr
CH4.

Table I shows the observed ratios in column

R,„, the first three columns giving electron den-
sity, electron temperature, and temperature of
the C V ions. The calculated optical depth of the
resonance line is shown in column &„and finally,
the column R",„' contains the ratio corrected for
radiative transfer as outlined in Ref. V. The error
of this corrected intensity ratio is estimated to be
less than 20%; the experimental uncertainties of
temperature and density are about 15/~.

The question arises whether our ratio is in-
fluenced by satellite lines blended with the two ob-
served transitions. Since all ratios were obtained
time resolved in transient plasmas at a time when
the concentration of the lithiumlike ionization stage
was already very low, satellites caused by inner-
shell ionization are certainly negligible. Also,
while satellites resulting from dielectronic re-
combinations would be important for higher-Z
elements, they are negligible for CV, as calcula-
tions by Bhalla et a/. reveal. "

The lowest electron density obtained was 8x 10'4

cm ', and the ratio of R =2.2 approaches the low-
density value derived in Ref. 8 from corresponding
measurements in 0VII. This low-density limit
corresponds to the ratio of effective collisional
rate coefficients to the n = 2 singlet and triplet
levels and is weakly temperature dependent. The
effective rate coefficients X include contributions

which result from excitation to higher levels fol-
lowed by cascading. '~ ~ This effect is practically
negligible for the singlet system but rather con-
siderable for the n = 2 triplet levels. In addition,
it tends to reduce the dependence of R, on T,.
Computer calculations" show that the cascade ef-
fect for the total triplet excitation rate is
=0 4e.xp(-0. 21E~/kT, ), where E» is the excita-
tion energy of the triplet levels. For kT = pEjg,
this amounts to 26%.

The low-density ratio R, can be derived from
the most recent calculations of Pradhan et a).'
who included effects of resonances in their calcu-
lations. Column R, shows this ratio with the cas-
cading contribution to the triplet levels included
according to Ref. 13. (The same ratio derived
from the close-coupling calculation of Wyngaarden
et a&."is larger by less than 10%.)

The model [Eqs. (2)-(4)] contains the rate coef-
ficient X(2'- 2') describing the excitation transfer
from the m=2 triplet levels to the ps=2 singlet
levels. Following arguments of Bely,"which
were supported by theoretical calculations for
hydrogenic ions of infinite nuclear charge, "
Gabriel and Jordan' (GJ) concluded that this rate
coefficient indeed was negligible; however, in
order to explain the experimental observations,
they proposed as an additional process, collision-
al transfer from the n = 2 triplet levels to the
singlet levels with n ) 3 (rate coefficient X, ) fol-
lowed by cascade. This rate coefficient as well
as the ionization rate coefficient $(2') from Ref.
1 are shown in the table. Assuming that -', of the
transfer collisions result in the emission of a
resonance photon, the theoretical ratio thus cal-
culated is given in column RG, . On the other hand,
the calculations of Pradhan et a/. "now reveal that
resonances considerably enhance also the direct
collisional transfer rates. Column X(2'- 2')
shows their average rate coefficient, and R~„, the
computed line intensity ratio with X, now ne-
glected.

Our experimental results confirm the earlier
measurements where they overlap. The agree-

TABLE I. Comparison of experimental and theoretical line intensity ratios.

N~ kT~ O'T
g

(10' cm ) (eV) (eV) R
$(23) X(2 2 ) XB

Ri (10 "cm's ') (10 "cm's ') (10 "cm's ') RGJ Rth

0.8
2.1
2.5
5.0
5.3

15

190 2800 2.0 0.25 2.2 1.85
130 1000 2.24 1.11 3.2 1.4
170 1000 2.35 0.51 2.8 1.7
250 2200 4 9 0 14 5 1 2 4
250 2200 5.8 0.14 6.1 2.4

79 100 61 147 96 1 0

14.5
11.4
13.7
16.3
16.3
6.7

2.8
4.2
3.1
2.1
2.1
7.1

7.2
7.6
7.3
6.7
6.7
7.6

2.4 2.2
2.3 2.2
3.1 2.8
6.6 5.7
6.9 5.9
5.1 5.4
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ment of R,"„'is somewhat better with R,h„, than
with RGJ in the temperature range from 170 to 250
eV so that the proposed transfer g, to n~ 3 sing-
let levels becomes unnecessary. The experimen-
tal results, however, do not allow us to distinguish
which transfer process dominates. The theoreti-
cal values are beyond the experimental uncertainty
for the lower two temperatures. This suggests a

much weaker temperature dependence of the low-
density ratio R, than now obtained theoretically.
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