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Line shapes of P, (A=4686 A) and Pg (A=3203 A) of He 11 and of some C1V lines are analyzed
for plasmas in the parameter range 102 m~* <N, <5x 102 m~3 and kT, <11 eV for the electron
density and temperature. The light source is a gas-liner pinch, a quite new device, which is optim-
ized to produce a homogeneous test plasma. The light emission of helium and carbon takes place
only from a very limited region of the central plasma. The spectral lines are analyzed with respect
to the line broadening and the He 11 lines additionally to the asymmetry. For the investigation of the
C1v lines, transitions were selected which came from different upper energy levels and which were
broad and intense enough for a reliable measurement. They cover the wavelength region 948 to
5805 A. By comparing the results with different theories, it is found that the experimental values
are about a factor of 2 higher than the theoretical ones.

I. INTRODUCTION

The broadening of spectral lines of hydrogenic ions
yields a reliable method to determine the electron density
in plasmas. At lower temperatures and densities light
ions are used while at high densities and temperatures as,
e.g., in the laser fusion application, heavy ions are ade-
quate. The line broadening of nonhydrogenlike lines is
more complex because more electronic states are involved.
Though these lines are also used for determining the elec-
tron density of “laser fusion” pellets from the line
broadening there is still a gap between detailed measure-
ments and recent calculations. Up to now there have been
only few experiments to test the accuracy of these calcula-
tions.

The aim of this paper is to present data for hydrogen-
like lines and for lithiumlike lines; more precisely, for
He11 and C1v lines. The gross properties of the shape of
the Hell lines are pretty well understood, though there are
still discrepancies about the broadening for a given elec-
tron density. More controversial is the question of how
strongly details of the line shape are influenced by
higher-order perturbation effects. A line shift can be
caused by different mechanisms: by the polarization of
the plasma,! by close’® and by distant electronic col-
lisions.* The shift can be to shorter or larger wavelengths,
depending on the specific line. Additionally, the lines
show an asymmetry, which resembles to a certain degree
the line shift. The main reason for an asymmetry of the
lines is the quadrupole effect. Though the principles of
some mechanisms leading to line shifts or asymmetries
are understood, it is not at all known how important the
individual process is.

Recently measurements were made by Pittman and
Fleurier’ concerning the shift of P, (4686 A) of Hell
The electron density varied from 2 10% to 2 10®* m~3,
and the temperature was about k7T,=4 eV. In agreement
with the plasma polarization model a red shift proportion-
al to the electron density was observed. The effect of ion-
ic quadrupole fields was taken into account but proved to
amount to only 30% of the shift at the given conditions.
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Distant electronic collisions were neglected. It is expected
that the polarization shift depends inversely on the elec-
tron temperature. Our experiment yields a homogeneous
plasma so that error bars of the measured data are smaller
than 10%. One of the main concerns of this paper will be
to compare the line shape with the theory and with the ex-
periment of Pittman and Fleurier.’

Lithiumlike ions resemble the hydrogenlike ones as they
have only one electron in the outer shell. The higher
atomic states become more and more hydrogenlike, i.e.,
nearly degenerate. The lower states, on the other hand,
are isolated so that the lines from the lithiumlike ions
represent a transition from well-separated lines to degen-
erate lines. The lithiumlike-ion lines, however, are not
nearly so well understood and well investigated as the hy-
drogenlike ones. Therefore, we do not investigate the de-
tails of the lines here but only the broadening.

In Sec. II at first the experiment is described followed
by a determination of the main plasma parameters (elec-
tron density and temperature) and the distribution of the
test gas inside the pinch column. Because the Hell lines
are also used for evaluating the electron density we con-
tinue with the discussion of further properties of these
lines: the widths and asymmetries of these lines. After a
discussion of the observations the theory of isolated lines
is briefly repeated and results of the broadening of 12 C1v
lines are reported.

II. EXPERIMENT

The plasma source is a gas-liner pinch; important
features of the device are published elsewhere®~# so only
the principle of the device as shown in Fig. 1 is briefly re-
viewed. The gas-liner pinch is topologically a z pinch. Its
special properties are derived from the gas inlet system:
two fast valves inject gas streams into the discharge
chamber, one jet along the axis (test gas) and one gas shell
concentric to the latter one (driver gas). The driver plas-
ma absorbs the energy like a gaseous liner from the outer
circuit and is accelerated by the magnetic piston towards
the center. There it hits the central test gas and heats it.
To achieve a homogeneous test plasma as desired for plas-
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FIG. 1. Schematic drawing of the gas-liner pinch. The

storage capacitor C contains an energy of 1.2 kJ at a voltage of
20 kV. E1 and E2 are the electrodes, G is a glass wall and P a
preionization circuit. ’

ma spectroscopy, the test gas has to be confined to the
central part of the device. This is achieved by selecting
the separation between the electrodes small compared to
the radius of the driver gas shell. For the present investi-
gations, the interelectrode distance amounts to 5 cm and
the driver gas shell radius to 8 cm. The other important
data of the device are: stored electrical energy, 1.2 kJ;
ringing time, 2.5 us; driver gas pressure ~0.25 Torr H,;
amount of test gas ~1—10 % of the driver gas.

The pinch resembles a dynamic z pinch, with the pinch
phase determined by the inertial forces of the converging
plasma and not by the magnetic field pressure. This con-
dition gives about 10?* particles per m? during the dense
plasma phase. Because of the lack of pressure equilibrium
the plasma column lives only for a sound transit time, i.e.,
for 300 ns or slightly longer at the given conditions. It is
known, however, that these dynamically confined plasmas
are very reproducible and show steep density gradients at
the boundary while they are flat at the center.

The continuum light of the plasma is recorded via a’

photomultiplier and an oscilloscope; as the continuum
light emissivity is proportional to the square of the elec-
tron density, this signal is used as monitor signal clearly
indicating the time of maximum compression. To obtain
the absolute value of the continuum light another calibrat-
ed spectrometer was added for some measurements. For
analyzing spectral lines, the plasma light is focused side-
on to the entrance slit of a 1-m monochromator. In the
exit slit plane, an OMA II array (detector 1420, EG&G)
records the interesting part of the spectrum. The optical
multichannel analyzer (OMA) system is pulsed for 20 ns
for strong spectral lines and for 50 ns for weaker lines.
Tests confirmed that this time resolution is sufficient.

For calibration, all OMA channels have to be exposed
to the same light density. This was done in a nonpulsed
mode by placing neutral-density filters in front of the
detector and by exposing it to room light, or in the pulsed
mode by opening the entrance slit of the monochromator
and by looking at the continuum light of the discharge. It
was found that the homogeneity of the channels is better
than 5%. For C1v lines in the vacuum-ultraviolet (vuv)
spectral range a 1-m normal incidence spectrometer is
used for wavelengths A < 1500 A. The resolution amounts
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to 0.17 A which is at least a factor of 2 smaller than the
narrowest lines analyzed by us. The results discussed later
have, of course, been corrected for the instrumental
broadening.

1II. DETERMINATION OF THE PLASMA
PARAMETERS

The most important parameter for the line broadening
is the electron density. This quantity is derived here in
two different ways: from the broadening of P, of Hell
and from the absolutely measured continuum radiation.

The technically simplest method is the evaluation of N,
from the half-width of P,. It is simple insofar as no Abel
inversion is required for the gas-liner pinch. It will be
shown below that the emission of P, occurs from a
volume of constant electron density, i.e., the half-width
does not change with the radius of the pinch column.
Several theories have been performed to relate the width
of P, to the electron density. The best empirical relation
as proposed by Pittman and Fleurier’ is

N, =2.04(AAEg M) 102 m—3 (1)

where AAgwpwMm is the full half-width of P, in angstroms.
Theoretically the broadening depends also on the electron
temperature. For electron densities of the order of 10%*
m~* this dependence is very weak; different calcula-
tions!® predict a temperature variation of AApwm for
2<kT,<16 eV of less than 5%. This small effect is
neglected.

Figure 2(b) shows the time dependence of the electron
density in the central part of the plasma derived using this
equation. The time scale there and in following discus-
sions is normalized to the continuum light signal which is
shown in Fig. 2(c) for comparison. The central electron
density reaches a maximum value of 5.6% 10%* m~—3; this
value is nearly constant for about 70—100 ns. Then, the
density drops with a time constant of about 200 ns. The
density rises earlier than the continuum light emission,
reaching the maximum value 50 ns before the maximum
of the monitor signal. This early rise is consistent with
the assumption that the core density of the column is con-
stant but that the diameter increases because more parti-
cles are swept inwards. Coincident with the increase of
the continuum light a strong increase of the light emission
at P, is observed which is explained by the ionization
time of Hel.

The determination of N, by the absolute measurement
of continuum radiation is performed to check both the va-
lidity of (1) and to obtain the radial distribution of the
electron density as compared to the volume from where
the test gas is emitted. To avoid statistical variations of
the discharge, the whole continuum emission is recorded
during one discharge. For this purpose the entrance slit
of the spectrometer is imaged across the pinch column
and the OMA is rotated so that light of the one wave-
length but at different radial positions is detected. The
measurement is made absolute by adding a separate
spectrometer-multiplier system, which is absolutely cali-
brated by a tungsten ribbon lamp. An Abel inversion is
performed after smoothing out the photon noise. The
electron density is calculated from the continuum emis-.
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FIG. 2. The temperature (kT,), electron density (N,), and
continuum light intensity as a function of time.

sivity as described in Chap. 5.4 of Ref. 10.

Most reliable results of the Abel inversion are obtained
for the time of maximum compression because the density
profile is then rather narrow and monotonically decaying
in the radial direction. A typical example of the radial
electron density distribution is given in Fig. 3. The
column is about 2 cm in diameter, has steep gradients at
the boundary but is flat for the inner 1 cm. The absolute
value of N, agrees within 5% with the value given by for-
mula (1). The overall accuracy of both experiments to-
gether is estimated to be better than 10%. This confirms
the validity of formula (1).

By shifting the wavelength of the monochromator to
the center of P, of Hell in a similar way the distribution
of the test gas during the discharge is obtained. The non-
Abel-inverted distribution of the test gas is shown in Fig.
3 in comparison to the electron density distribution. The
photon noise of the signal has not yet been smoothed out.
It is obvious that the test gas is indeed concentrated at the
center of the discharge as was expected for the gas-liner
pinch. The gradients of the electron density at the boun-
dary are so steep that the test gas emits light predom-
inantly from a volume of constant density, i.e., as the
linewidth of P, is everywhere constant, the central line
intensity represents also the He* density in the upper lev-
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FIG. 3. The relative radial electron density distribution N, (r)
and the recorded intensity distribution of the P, line at the line
center.
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el of the line. A correction of a measured line shape with
the actual density distribution is always within the thick-
ness of the drawing ink. If the percentage of the test gas
is increased with respect to the driver gas, the domain of
the test plasma increases. But even for these cases a
correction of the spectral lines was unnecessary.

. The emission profile of spectral lines from the driver
gas—here, e.g., Hy—agrees very well with the electron
density distribution. The only difference is a smaller de-
crease at the very boundary of the column.

The other important parameter of the plasma is the
electron temperature. This value is derived from the line
intensity ratios of C1v to CuI. Figure 2(a) gives the re-
sults of this measurement. The maximum temperature is
about 11 eV, i.e., a factor of 3 higher than in the experi-
ment of Ref. 5. Following the expansion of the plasma,
the temperature drops to 8 eV. For times before max-
imum continuum light emission, the line ratio gives no
meaningful temperature because the ions have not yet
achieved their equilibrium. For the determination of the
temperature, the CIII 4647.4-A and CIv 4658.3-A lines
were selected because they are close to P, as seen in the
example of Fig. 4; so one spectrum yields both the elec-
tron density and the electron temperature at one instant of
the discharge. To derive the electron temperature the CIII
and C1v lines were related via the Boltzmann relation to
the lines treated by Griem!© in Chap. 13. This procedure
is valid because both the low-lying levels of C11I and the
high-lying level of C1v are in partial local thermodynamic
equilibrium (PLTE) with the ground states of C1iI and
C1v, respectively. For electron densities up to 1x10?
m™? the corona model between the CIIl and C1V ions is
applicable, as assumed by Griem. This assumption be-
comes somewhat questionable for the electron density
N,=5%102 m~3. In the other limit, Saha equilibrium
holds for N, >5x10% m™3. Since the experimental con-
ditions are much closer to the corona model, we still use
this model.

IV. LINE PROFILES OF P, AND Pg OF Hell

Line profiles of P, (A=4686 A) and Pg (A=3203 A)
are shown in Figs. 5 and 6. The P, line is strongly excit-
Hell

CIv
CII
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FIG. 4. Spectral range for determination of the temperature
and electron density. Hell: P, (4686 A). CIv: 5 f2F°—6g ’G
(4658.30 A). CIII: a,b, 35 3S—3p 3P° (4647.42, 4650.25, 4651.47
A); ¢, 35 3P3—3p *P$ (4665.86 A). The contribution of the CIV
4646-A line (52D-6%F°) and other members of the CIII *P°—3P
transition have been taken into account.
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FIG. 5. The spectrum of the Hell 4686-A line at various
electron densities: (a) 5.5% 10> m~3, (b) 4.0 10 m~3, (¢
1.7 10® m—3,

ed for the interval of —100<¢ <500 ns (compare Fig. 2).
Before and after this interval emission from Hel is dom-
inant. The Pg line is less intense both because of the
lower oscillator strength and because of the larger Stark
broadening. In the wing, where the photon noise of the
continuum light becomes comparable with the line inten-
sity, details of the line cannot be interpreted.

The first-order effect of the action of ions and electrons
on the spectral lines is a symmetric broadening which is
therefore investigated at the outset. For the broadening of
P, and Pg, theories of Griem and Shen,’ Kepple,ll and,
within the framework of the unified theory, Greene!? have
been evaluated; all theories give different results. The
strongest broadening is predicted by Kepple whereas the
smallest effect is calculated by the unified theory. For
electron densities of 1022<N, <102 m~3, the line
broadening has been compared to the measurements of
Ref. 5. The empirical results found there coincide best
with the theory of Griem and Shen.’

Experimental results concerning the broadening of HeII
lines published up to 1979 have already been discussed by
Soltwisch and Kusch.!*> Almost all these results are best
approximated by the first prediction of Griem and Shen,’
and in their recent work Bernard et al.'* confirm these
conclusions. They do not discuss the asymmetry of the
lines.

In our investigations we performed a consistency check
of P, and Pg and calibrated the broadening against the
absolutely measured continuum light emission of the plas-
ma. As discussed above the results are consistent within
5%. In Fig. 7 the measured full half-widths of the P,
and Ppg lines as a function of time are shown. In Fig. 8
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FIG. 6. Spectrum of the He II 3203-A line at an electron den-
sity of 3.2 10 m—3,
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3159.99
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FIG..7. Full half-widths of the P, and Pg lines as a function
of time.

the half-widths of the Pg line are presented for several
values of the electron density. In this figure other experi-
mental results and theoretical predictions are also present-
ed. As one can see, the experimental results agree very
well with the results of Griem and Shen for the electron
density range between (2—6) X 102> m~3. The best agree-
ment would be achieved for a straight line given by a
function:

N, =4.1(AAM: M) X 102 m—3 . 2)

The discrepancy for the electron density derived from P,
and Pg according to Kepple amounts up to 15% where
P, yields the higher value. For the unified theory no data
were published for Ppg.

A detailed analysis shows that the P, and Pg lines are
not only broadened by the plasma but are also asym-
metric; for P, the intensity at shorter wavelengths is
enhanced, for Pg the blue side intensity is only stronger
near the center while at the wings the red side dominates.
The Pg blue side shoulder is about 5% higher than the
red shoulder. This asymmetry is usually attributed to the
quadrupole effect!>!6 whereas the shift is either attributed
to electron collisions or to the plasma polarization shift.
To obtain quantitative information about higher-order
perturbations on spectral line shape, the asymmetry AB is
calculated as a function of the spectral distance Aa from
the line center. To eliminate first-order density effects,
Aa and Af3 are normalized to the quasistatic Holtsmark
field strength F:

11

Ba= o5 =R, 3)

AB=-LLn 12, —24,) @)
_FO 2 r b 0/ -

The different symbols are explained in Fig. 9. In calcula-
tions of Aa and Af the trivial asymmetry of the lines
which is proportional to w* has been subtracted. Asym-
metries from a different population of the Stark sublevels
are negligibly small at the given electron temperature.
For the following data the P, line was analyzed from the
intensity range from 90—10% and the Pg line from
75—20 % of the maximum intensities. The far wings of
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FIG. 8. Full half-widths of the Pg (3203 A) line vs electron density. +, this work; O, Ref. 17; *, Ref. 18; A, Ref. 19; X, Ref.

20; W, Ref. 21; @, Ref. 13; v, Ref. 14.

the lines are omitted because of the strong continuum
background light. The central wavelength A, is deter-
mined from low-density conditions, i.e., from spectra of
about 500 ns after the maximum compression, and from
calibration spectra. The accuracy amounts to <0.1 A.
For an unshifted symmetric spectral line AB=0 at all
spectra positions while AB=const for a purely shifted
line; blue-shifted parts of a line lead to a negative sign of
AP and the red-shifted parts to a positive sign. For sym-
metric lines Aa corresponds to the parameter commonly
used in line-broadening theory.

Figures 10 and 11 represent the deviations from sym-
metry at P, and Pg for different electron densities. To
clarify the effect, the axes Aa and Af are not on a com-
mon scale. The experimental values of P, are an average
of different discharges. To obtain a better spectral resolu-
tion, the central part of P, is recorded in second order of
the spectrograph. The figures indicate that the asym-
metry increases rapidly with increasing electron density.

4
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FIG. 9. Definition of asymmetry parameter of a spectral line.
The analyzed intensity range of the P, line for the asymmetry
study is shown.

The central part of P, is slightly red shifted while the
bulk shows a blue shift. As already seen qualitatively in
Fig. 6, Pg shifts in just the opposite direction; the magni-
tude, however, is about a factor of 5 smaller than for P,.
The scatter of the experimental values is larger for Pg
than for P, because of the weakness of the line. To get a
better feeling for the reproducibility of the effect the data
distribution of the asymmetry is drawn for three different
events. Each individual discharge gives nearly the same
tendency.

Griem* calculates the influence of distant electron col-
lisions and of the quadrupole effect on the line profile of
different Hell lines. The collisions give rise to a red shift
of about (AA/A),=3.7x10~° for P, and 6.5x 10~° for
Py at electron densities of 1X 102 m~2 and T,=5.7x10*
K. The value changes linearly with density but is only lit-
tle affected by the temperature.

The shifts due to the quadrupole effect are given as
averages over parts of the line profile between +, 4, and

+ intensity points again for N,=1X 102 m~3 and
T,=4x10* K. The values for P, and Pg are

P, Pg
10°(AA/A)g(5) —0.5 —15
10%(AL/A), () —0.8 —24
10%(AA/A),(5) —12 —-3.0

The minus sign indicates a blue shift. The average shift
for the quadrupole effect is defined as

Ao,
(wg)= f_AZOqu(w)da) . (5)

Unforfunately, this mean is not constant for a symmetric
but shifted line profile as for instance AB is. In the limit
that Aw, is much larger than the shift 8, (w) yields
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FIG. 10. The asymmetry of the He II 4686-A line. The curve
represents a spline fit of the measured data. The errors of the
data are estimated to 10% on the line wing because of the pho-
ton noise, near the line center, the errors caused from the noise
can be neglected.

Aw,
(0)=82 [ "Llw)dw . (6)

For the evaluation of (@) for an asymmetric line which is
additionally shifted it would be advantageous to have tab-
ulated values of the asymmetric part. As this is not avail-
able we define, similarly to the quadrupole part, the aver-
age shift due to electron collisions,

Aw,
(w.)= f_AZOa)LS(w—wc)da) N
and for the measured data
, a,
(aB)= [_, ABLy(a)da . (8)

Here Ly w) and L(a) are the symmetric line-shape func-
tions as, e.g., tabulated by Griem. The average shifts of
the +, +, and + intensity points are summarized in Table
I. The table is split into three sections, two for P,
(N,=3.5x10%® and 5.3x10® m™%) and one for Pg
(N,=4.4%10% m~3). The columns state the average line
shifts due to electron collisions, those due to the quadru-
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FIG. 11. The asymmetry of the HeII 3203-A line. The curve
represents a spline fit of the measured data. In contrast to the
error of the P, investigation, the photon noise is higher for the
whole line profile. In addition, in this picture data of three dif-
ferent discharges are shown. The limited reproducibility of the
device increases the total error, which is thus estimated to 30%.

U. ACKERMANN, K. H. FINKEN, AND J. MUSIELOK 31

pole field produced by ions, the sum of both, the observed
mean shift, those due to the plasma polarization (see, e.g.,
Ref. 22), and the extrapolated values of Ref. 5. The aver-
age is taken over the range where the intensity is +, =,
and % The absolute values for P, agree, especially at
low densities, very well with the theoretical predictions.
At higher densities the central value fits well while the
outer part of the line is less well predicted. The deviation
from the theory manifests itself most strongly by the
change of the sign. The experimental data for Pg are less
reliable than for P,; but also it seems here that the sign of
the shift is predicted wrongly. Comparison of Figs. 10
and 11 with Table I reveals that the average over the line
sections smoothes out the details of the shift. The weight-
ing with L(w) strongly favors the line center. Therefore
the good agreement of the central values of AA;,, (only
for P,) indicates that the electron collision process dom-
inant in the line center is well described within the experi-
mental errors. The quadrupole effect, however, seems to
be stronger than predicted on the line wings. A qualita-
tive picture of the manifestation of the combined quadru-
pole and quadratic Stark effect as treated by Sholin'’ is
given in Fig. 12. The strongest Stark components are
plotted as a function of the difference of parabolic quan-
tum numbers of the upper and lower atomic levels corre-
sponding to the electron densities N, =1 10?3, 5x 10%,
and 1X10* m~3. In this simple model the electron den-
sity determines both the electric field strength resulting
from the distance to the next ionic neighbor and the pa-
rameter

)

0 ao
—_—=——, 9)
R (44N,

It is obvious from Fig. 12 that the quasistatic Stark com-
ponents are shifted to the blue side at the line center while
they are red shifted on the wing. The components are
slightly stronger for longer wavelengths than for shorter
ones; this however, is only a smaller effect. To judge the
final line profile it has to be borne in mind that the Stark
components represent 8 functions which are broadened by
the impact of the electrons. Therefore, on the strongest
part of the line the line profile is lifted in the blue, because
the separation of the components becomes smaller in con-
trast to the red side. At the far red wing the intensity
should be higher, because the corresponding blue com-
ponents are shifted away. The asymmetry of the P, line
is apparently more pronounced than would be expected by
the mean shift of the components. The measured values
(Figs. 5 and 10) are in good qualitative agreement with the
features in Fig. 12. The bulk of the line is indeed blue
shifted. A shift of the P, due to plasma polarization is
calculated to be in the order of the observed shift in the
line center. There are, however, doubts whether the plas-
ma polarization shift of the Debye model is consistent
with the measurement.* The line shift observed in our ex-
periment compared to the one done by Pittman and Fleu-
rier’ yields consistent results if one assumes that the shift
is not strongly temperature dependent. This would, there-
fore, not favor the assumption that the shift is mainly
determined by the plasma polarization.
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TABLE I. Comparison of the theoretical and experimental line shift of P, and Pjg at different ranges of the line profile. The mea-
sured values of Pittman et al. (Ref 5) have been extrapolated from Fig. 7 of Ref. 5; 8A=2.1X 10~ AL & um) A. Here AApwnm is the
full half-width of the P, line in A. The shift as a function of electron density is given by 8A=1.03 X 10%(N,) A. The electron tem-

perature has been taken constant.

Extrapolated
Electarons“ Io?sb To}alc Expt. Debye model values
Range (A) (A) (A) (A) (Ref. 6, in A) (Ref. 5, in A)
5 0.28 —0.08 0.20 0.16 0.17 0.17 P,
+ 0.39 —0.13 026 - 020 N,=3.5%10* m—3
+ 0.47 —0.20 0.27 0.20 kT,=10 eV
5 0.42 —0.12 0.30 0.29 0.26 : 0.25 P,
+ 0.59 —0.20 0.39 0.32 N,=5.3%10% m~3
+ 0.72 —0.30 0.42 —0.10 kT, =10 eV
1
5 0.52 —0.21 0.31 0.30 Pg
—0.3

N,=4.4%102 m~—?
kT,=10 eV

#Shift caused by electronic collisions.
®Shift caused by ion field gradients (quadrupole interactions).
°Sum of both (electrons and ions).

V. THEORY FOR THE BROADENING
OF ISOLATED LINES

Estimates of the broadening by collisions of electrons
start from the equation given by Baranger:*}

W,~f=%n [v [2‘0,-,-,—{— %off,
+ [ If,-(e,¢>—ff<9,¢>|2da]]av. (10)

Here N is the perturber density, and v the electron veloci-
ty over which Eq. (10) has to be averaged. The o, and
oy are the inelastic cross sections for collisional transi-
tions to levels i,f from initial (i) and final levels (f),
respectively, of the optical transition; f; and f are elastic
scattering amplitudes for the two states of the perturbed
system. With Eq. (10) the difficulties for determining the
linewidth are transferred to the calculation of the col-
lisional cross section. The solution of this problem is gen-
erally very difficult if the inner structure of the atom is
treated accurately (see Ref. 24). An approximation to the
scattering process is given in Ref. 25; here the internal
structure of the atom is neglected and only the large-scale
electrostatic monopole and dipole potentials are retained.
This procedure leads to the scattering cross section

2
O =RV fif8est »

where € is the energy of the incoming electron, AE the en-
ergy gap of the atomic states under consideration, fis the
oscillator strength of the optical transition between the
atomic states, and g the effective Gaunt factor. This

(11)

relation, which is valid only for allowed optical transi-
tions, relates the photon cross section to the electron col-
lision cross section. All problems arising from quantum
mechanics are shifted to the transition probability and to
the Gaunt factor. The interaction between the complicat-
ed atomic structure and the incoming electron is hidden in

.Zefr- Therefore, Eq. (11) is only meaningful if g is a

rather universal function, e.g., of € but not of the specific
atom, because otherwise g.¢ would have to be determined
for each atomic transition separately. For transitions
caused predominantly by distant collisions, it is obvious
that the specific atomic structure is less important. This
condition is indeed met for collisions with neutral atoms

as it can be estimated from the relevant impact parame-
ter?®

. 2n? 4 2n
P=Z 1w =~ Z+1

(EH/kT)V2 (12)

For the ion core charge Z =4 and kT =~Ep the dominant
impact parameter is only 2 times higher than the Bohr ra-
dius of the excited state. So it is interesting to test experi-
mentally how good the theoretical estimations can be ap-
plied to a triply ionized atom. Furthermore, as already
pointed out, C1v is nearly hydrogenlike. This is impor-
tant insofar as in all simpler estimations of the line-
broadening, hydrogen wave functions are used. Correc-
tions due to the quantum-defect method as introduced by
Bates?’ are practically negligible.

The effective Gaunt factor commonly used is a com-
bination of theoretical estimates and experimental fittings.
For an optically allowed transition it can be written as®®
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FIG. 12. Strongest Stark components of P, for different
electric field strengths as a function of the difference of parabol-
ic quantum number of the upper and lower atomic niveaus.

geii=F8o+AI[14+B(x —1)] (13)

with the fitting parameters gy, 4, and B; x =€/AE;;.
For present calculations we use the data of Dimitrijevié
and Konjevié,? especially formulas 7—10. The broaden-
ing w essentially consists of three parts, namely, of a
broadening due to interactions with the neighbor terms
(I —1) and (I 4+1) and due to inelastic collisions Arn=£0.

There exists another more recent calculation of Griem
(Egs. 526 and 515) which uses estimates similar to those
from Ref. 29. A difference, however, is the choice of the
Gaunt factor. There are also more effects considered
which contribute to the broadening: these effects are
“strong collisions,” i.e., close collisions and higher mul-
tipoles in the quantum-mechanical expansion.

The calculations of C1v show a stronger broadening ac-
cording to Griem' (Eq. 526) than the semiempirical calcu-
lations of Ref. 29 because more effects are taken into ac-
count. In Tables II and III we will compare the experi-
mental results to Griem,! to the semiclassical calculation
of Dimitrijevié and Konievié,?’ and, additionally, we will
give the relative contribution of the different collision
processes for these values.

1

VI. RESULTS AND DISCUSSION
OF THE BROADENING OF C1v

All experimental characteristics such as density distri-
bution, test gas distribution, and temperature remain un-
changed compared to the He measurements. Figure 4
shows a collection of He11, C1i1, and C1v lines which al-
lows a determination of the density and temperature dur-
ing one exposure. This set of lines proves to be very use-
ful also for the following investigations, for it allows a
transition standard from the broadening of the Henr P,

U. ACKERMANN, K. H. FINKEN, AND J. MUSIELOK k)|

line to the C1v 5F,5G-6G,6H line. The discharge condi-
tions shortly after maximum compression are such that
the C1il lines in Fig. 4 are so weak that the broadening of
the Ci1v 5F,5G-6G,6H line iso not disturbed. The
linewidth amounts to about 21 A so that uncertainties
from the instrumental broadening are negligible.

We have measured C1v lines which are wide and in-
tense enough for a meaningful investigation. The require-
ment of the width arises from the resolution of the spec-
trometer which amounts to about 0.17 A for the vuv
monochromator and 1 A caused by the OMA II system in
the first order of the spectrum. Lines with an intensity of
less than half the continuum intensity were excluded be-
cause the photon noise became too large for a reliable in-
terpretation of the line broadening. Finally, the measure-
ments were restricted to lines with different upper quan-
tum numbers. A survey of the lines actually investigated
is shown in the Grotrian diagram of Fig. 13. The lines
can be divided into different groups: the transitions from
n <4 and n=5,l=1 correspond to isolated lines while
the levels 5F,5G, 6D,6F,6G,6H, and 7D,7F,7G,7H,7I are
degenerate because the line splitting is smaller than 7w, .

The Li-like C1v system is a doublet system, i.e., each
line consists of three components with AJ=+1 and 0.
The transition with AJ=0 is weak and can often be
neglected for the analysis of the data. The line strength of
the components is related to

Rine=(2J; + 1)+ 1)WHSL,L;L,Jy) , (14)
Roue=QL+ 1)L+ DWHL LI LLy;) . (15)

The index ¢ indicates the core, the other notation has the
usual meaning. 6j symbols, which are related to the Ra-
cah coefficients W, are summarized, e.g., in Landolt-
Bornstein.

The components of the doublet system are close togeth-
er so that only some transitions are resolved by our mono-
chromator (3S-3P, 3P-4S). But even though these lines
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FIG. 13. Grotrian diagram of the CIV ion. The studied :
transitions are indicated by solid lines. The dashed line will be
discussed separately.
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TABLE II. Comparison of experimentally observed and theoretically calculated line broadening of CIV. DK denotes effective
Gaunt-factor approximation as proposed by Ref. 29 and G stands for Griem (Ref. 1). FHW stands for full half-width. N,=5x10%
m~3, T,=10eV. Static represents the quasistatic average.

A (A) A (A) A (A) A (A)
Term A (A) FHW expt. FHW G Aexpt FHW DK Aerpt FHW static
A'G A’DK
3s-3p 5801/5811 2.8 2.6 1.08 1.8 1.55
3p-4s 1230 0.58 0.28 2.07 0.2 2.9
3s-4p 948.1 0.4 0.19 2.1 0.16 2.5
3p-4d 1107.6 0.53 0.29 1.83 0.23 2.3
3p-4f* 1106.5 0.35 0.12 2.92 0.12 2.92
3d-4f 1169 0.4 0.12 33 0.12 3.3
4p-5s 2698 5.4 44 1.23 3.7 1.46
4p-5d 2405 10.0 44 227 4.0 2.5
4d-5f 2524.4 8.4 45 1.87 3.8 2.21 {13}
4f-5g 2530 42 2.0 2.1 1.6 2.63 {13}
5f-6g
5g-6h] 4658 21 (18) 1.17 (13.5) 1.56 {55}
5f-7g
5g-7h’ 2906 33 (19.5) 1.69 (15.5) 2.12 {47}
5d-1f

TABLE IIL. The absolute value of the line broadening in A and the relative contributions of the different processes in %.

Griem Dimitrijevi¢ and Konjevi¢
A W+1)  W—1)  Winel)  Wisc) A W(+1) W({I—1)  Wlnel)
3s-3p 5801/5811 i 1.4 25 13 4 12 0.95 31 18 4
f 12 33 3 10 0.84 44 3
3p-4s 1230 i 0.22 61 3 14 0.18 80 2
f 0.06 10 5 2 5 0.04 11 6 1
3s-4p 948.1 i 0.16 47 20 4 13 0.14 62 24 1
f 0.03 12 1 3 0.02 12 1
3p-4d 1107.6 i 0.24 38 27 5 13 0.20 50 35 2
f 0.05 8 4 1 4 0.03 8 4 1
3p-4f* 1106.5 i 0.07 34 9 16 0.09 70 5
f 0.05 19 11 3 8 0.03 15 8 2
3d-4f 1169 i 0.08 39 10 18 0.10 78 5
f 0.04 15 6 12 0.02 13 4
4p-5s 2698 i 3.1 57 3 11 2.6 68 2
f 1.3 16 7 1 5 1.1 22 8 0
4p-5d 2405 i 3.4 40 25 3 9 3.1 46 28 3
f 1.9 13 5 1 4 0.9 16 6 1
4d-5f 25244 i 3.2 24 32 5 11 2.7 28 38 5
f 1.3 13 9 2 4 1.1 17 11 1
4f-5g 2530 i 1.6 42 15 24 1.1 54 15
f 0.37 11 3 5 0.5 29 2
5f-6g i 20 19 28 6 11 17 23 34 8
F o1 12 16 3 9.3 14 19 2
4658 (18) (13.5)
5g-6h i 11 31 15 21 7.5 43 24
f 5.5 17 6 10 3.7 26 7
5d-1f i 20 35 31 4 10 19 40 35 6
f 5.0 10 7 1 2 4.5 11 7 1
2906 (19.5) (15.5)
5f-1g qi 17 30 34 6 11 15 34 38 9
f 42 6 9 1 3 3.6 8 10 1
5g-7h i 13 23 36 11 16 11 28 43 18
f 2.1 7 3 4 1.4 9 2
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are very close and the separations smaller than the half-
width, these doublets are mostly “isolated” because the
wave function of the two J components do not mix under
the influence of the electrical field in contrast to the case
where levels with adjacent /-numbers are close together.
So the line-broadening data are obtained by folding two or
more components with given wavelength separation, given
intensity ratio of the individual components, and by com-
paring these calculations to the experimental data. Addi-
tionally it is assumed that the broadening from the two J
components of the same (n,l,L) state are equal. Exam-
ples of the shape of some lines are given in Figs. 14 and
15, for more ““isolated” lines, and in Figs. 16 and 17 for
lines from degenerate states. Figure 17 shows the line
shape of the An =2 transition 5D,5F,5G-7F,7G,7H. Be-
cause the n =7 level is nearly degenerate we obtain a con-
tour like that of hydrogen lines, as has already been point-
ed out. Also, the intensity of the blue line shoulder is
about 10% higher than the red one, as has been measured
for hydrogenlike atomic systems. The details of some
lines will be discussed later.

A summary of the line-broadening data for the dif-
ferent lines is given in Table II. The first column shows
the terms of the atomic transition, the second one gives
the corresponding wavelengths. The third column con-
tains the full half-width of the lines derived from the
measurements. All values are for an electron density of
N,=5x%10% m~?3 and a temperature of kT, =10 eV. The
apparatus profile and the Doppler width contribution
have been deconvolved. These experimental data are com-
pared to the theory of Griem (Eq. 526 of Ref. 1) and the
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FIG. 14. Line shapes corresponding to the well-isolated tran-
sition 3.S-3P at two different electron densities of the plasma:
(a) N,=5.0%x102 m~3, (b) N,=2.6x102 m~3 The typical
doublet structure of a Li-like spectrum is evident.
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FIG. 15. Line shape of the vuv transitions 3 P-4 D for an elec-
tron density N,=3.7x102® m~3 The line at the wavelength
1106.5 A corresponds to the forbidden transition 3P-4F. The
second component of the 3 P-4 D transition is very weak.
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FIG. 16. The spectrum of CIII and CIV in the wavelength
range 4605—4710 A recorded at conditions with various electron
densities: (a) N,=5.0x10% m~3, (b) N,=3.1x102 m~3, (0
N,=1.5%x10® m~3. The narrow lines at 4647.4, 4651.5, and
4665.9 A correspond to the CIII spectrum, the broad line arises
from C1V transitions SF-6G and 5G-6H. The intensity ratio of
C1V to CIII lines was utilized for determining the temperature
of the plasma.
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FIG. 17. Line shapes for the degenerate transition
5D,5F,5G-7F,7G,7TH at electron densities (a) N,=4.5x10%
m~3 and (b) N,=2.6x10% m~>. The characteristic central dip
for hydrogenlike transitions with An =2 is evident.

effective Gaunt-factor theory (Egs. 6—10, Ref. 29). In ad-
dition, we quote the ratio between the experimental and
theoretical values. The last column, finally, gives the esti-
mate of quasistatic line broadening according to Griem:'

w=~(12Z,#/Zm)(n} —n N} . (16)

The cutoff parameter needed for the Gaunt factor used
for both theories is

o,=max{ |y | ,0p,0F,Aw;} . (17)

Here w;; is the frequency separation between I’ levels,
@y, is the plasma frequency, wF is the fine-structure split-
ting and Aw; is the ion splitting. In our case for high
principal quantum numbers 7w, becomes larger than
fiw; p. If the cutoff at the Debye sphere were neglected,
the theoretical data would become slightly higher at high
[ values than for the transitions from S or P levels.

The comparison between theory and experiment reveals
that the theory predicts a broadening of the lines that is
systematically smaller than that observed. On the aver-
age, the experimental values are 2.0 times higher than the
theory of Griem and 2.4 times higher than the effective
Gaunt-factor approximation; this average is taken only
for the isolated lines. A further calculation performed by
Sahal-Bréchot®! for the half-width of the CIV line 3D-4F
yields a higher discrepancy between the theoretical and
the experimental values than the theories mentioned
above. The only transition well predicted is the 3S-3P
line. This transition has also been measured by Bogen3?
and El-Farra and Hughes.>® If we take into account the
slightly different plasma parameters, we find a good
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agreement for the half-width and the intensity ratio of the
two lines (5801 and 5811 A) according to our measure-
ment.

A good agreement between theory and experiment
seems to hold for the lines arising from n =6 and 7; this
agreement, however, is only formal because these lines are
no longer isolated as assumed in the theory. The values in
the angle brackets are an average over the components of
the line weighted with their intensities.

The degeneracy of the levels n* > 6 is consistent with
the theoretical estimates (see Ref. 1, Chap. II, Sec. 3f).
The width predicted by Eq. (16) overestimates, according
to Griem, the width of low series members. Additionally,
the hydrogenlike approximation of Eq. (16) is question-
able because in this case the S and P levels are not degen-
erate, i.e., parabolic quantum numbers are no longer good
quantum numbers. Therefore, no simple theory is valid
for the transition from 5F,5G; 6F,6H; 7F,7G,7H,7I; and
so on.

A more detailed analysis of the different effects leading
to the line broadening is given in Table III. There the re-
sults of the new calculation of Griem! and the results ob-
tained according to the effective Gaunt approximation are
presented. The first column gives again the transition, the
second the wavelength of the lines. In the next column
the total half-width (in A) and the contribution to the
half-width (in %) of the upper (i) and lower (f) levels are
quoted. The contributions of different collision effects in
relative units are listed: W (I +1) is caused by collisional
transitions to the neighboring level (I +1) of the same
principal quantum number and W(/ —1) by collisional
transitions to the level (/ —1); W(SC) means broadening
by strong collisions, i.e., by close collisions, and finally,
Wlinel) summarizes all collisional transitions to levels
An=£0. The dominant effect of the line broadening arises
from the upper energy level; according to Eq. 526 of Ref.
1 the broadening increases with (n*)’[(n*)*—1%].
Within each nondegenerate level the largest cross section
is due to collisions with the level (/ +1). On the average
the collisional cross section to the level (I —1) is about
30% smaller. The broadening due to “strong collisions”
amounts to 20%. This effect is neglected in the effective
Gaunt approximation and therefore the broadening there
is smaller. The inelastic collisions to levels Ans£0 are
small in most cases.

For the transitions 5F,5G-6G,6H and 5D,5G,5F-
7G,7H,7F we have also calculated the broadening of each
component and averaged according to the weight of the
transition probability. As the transition probability is
larger for higher /-numbers, the mean value is shifted,
e.g., to the 5G-6 H or to 5G-7H transitions, respectively.

If additionally the corrections for ion broadening of iso-
lated lines are taken into account (compare Ref. 1; Chap.
I, Sec. 3f) the discrepancy between experimental and
theoretical results is decreased. Table IV gives the correc-
tions due to the quadratic Stark effect and the recalculat-
ed ratios of experimental to theoretical broadening data
for the different lines. The mean deviation between ob-
served and calculated data is reduced to a factor 1.5
(Griem) and 1.8 (Dimitrijevié), respectively. The broaden-
ing from n =5 is predicted very well while the broadening
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TABLE IV. Corrections due to ion broadening. The values are derived from Eqs. 224—226 of

Griem (Ref. 1). See there also for the definitions.

For ionized emitters the value of 0.75R is replaced

by 1.2R [see discussion of formula 4-9 of Griem (Ref. 10)]. For all other transitions 4 > 1.

4 Wiot }"expt )\'expt

w Ag Apk

4s-3p 2.56x 1072 1.03 1.05 1.5
4p-4s 4.8 x10? 1.06 2.0 2.7
3s-4p 7.8 X102 1.1 1.9 2.3
3p-4d 0.39 1.48 1.2 1.6
3d-4f* 0.61 1.75 1.9 1.9
4p-5s 6.5 X102 1.08 1.1 1.4
4p-5d* 1.86 1.2 1.3

corrections for n <4 change only slightly. The asterisks
in Table IV indicate that the value of A is already greater
than 0.5 where the approximation becomes invalid.
Quadrupole effects are negligible for all lines discussed in
this context.

The 1106.5-A line

The line at A=1106.5 A as shown in Fig. 15 is not
mentioned in standard wavelength tables,*~3° so its clas-
sification was difficult. Extensive tests assured, however,
that the line did not arise from other gas contributions;
the time behavior clarified additionally that the transition
belongs to the CIV system.

From the energy difference it would be consistent to at-
tribute the line to the transition 3P-4F which is dipole
forbidden. Therefore, we carefully studied the literature
about beam-foil excitation’” of CIV ions. Besides the
doublet system there also exists a quartet system which is
usually weak in plasmas. No transition explains the ob-
served line, so that the 3 D-4 F transition remains the most
probable candidate.

There are, on the other hand, indications whichoconﬁrm
our assumption: The observed linewidth of 0.35 A is con-
sistent with the width of 3D-4F of 0.4 A but not, e.g.,
with the width of the transition 3 P-4D of 0.53 A.

Though the transition 3P-4F is forbidden for isolated
ion lines, it can become allowed in dense plasma because
the quasistatic electric field starts to mix the wave func-
tions. According to Egs. 70—75 of Ref. 1 the appropriate
matrix eigenvalue problem is written as

E,p—E; U Capi
U Eur—E; | |Dsg (18)
with
witm__ KnF [(n2—12—m? |
U Un,’,m ZO 412_1 ]
(19)

and K =0.0640 cm~! kV cm (see Ref. 34).
The ratio of the coupling coefficients C gives the ratio
of the allowed line to the forbidden line

I3par/I3pap=| Car, /Cap, | *= | Cap,/Car, |* . (20)

For N, =3.5x 10% m~3 this yields

0.27 for |m | =0
0.26 for |m | =1
0.19 for |m | =2
0 for|m | =3,

I3par/I3pap=

where m is the magnetic quantum number. On the aver-
age the observed line intensity satisfies these data.

The only weak point in these considerations is that mix-
ing of wave functions is also associated with a shift of the
energy levels. The electrostatic field causes both the “for-
bidden line” and a shift between allowed and forbidden
lines. For densities of N, =5X10*> m~3 the energy shift
amounts to 36, 32, 22, and 0 cm ™! for the magnetic quan-
tum numbers m =0, 1, 2, and 3. A slight shift of the two
lines 3P-4D and 3P-4F is indeed observed in the experi-
ment but its value is too small by at least a factor of 2.
We think that we can give a more satisfying answer on
the origin of the line at 1106.5 A when we are also able to
use the OMA II system in the vuv spectral region.

VII. CONCLUSIONS

We have performed spectral line measurements of Hell
and C1V in a gas-liner pinch. This device is optimized to
produce a homogeneous plasma for spectroscopic purpose.
The main advantage of the device is that the interesting
lines are only emitted from a volume close to the axis,
where electron density and temperature gradients are
small. This allows an accurate determination of the local
line profile without a tedious Abel inversion.

The electron density was determined by measuring the
absolute continuum and the broadening of the P, line of
He1l. The small and handy light source yields an electron
density of 5% 10?* m~3 and a temperature of kT ~10 eV.

The P, and Ppg spectral lines of Hell are analyzed with
respect to line asymmetries as a function of electron den-
sity. At the relatively high plasma temperature and densi-
ty, the line profile differs from results obtained by Pitt-
man and Fleurier® for a cooler plasma. The gross shift of
the P, line changes sign and the line asymmetry becomes
more pronounced. The different results may be explained
by a combination of electron collisions and by the quadru-



pole effect. The latter effect seems more pronounced at
the line wing.

The broadening of the C1v lines is related to the mea-
‘sured electron density. The results are compared with the
effective Gaunt-factor approximation theory of Dimitri-
jevié et al. and the theory of Griem, taking into, account
some more effects. It is found that the observed broaden-
ing is about a factor of 1.5 higher than the calculated one.
The theory of Griem gives a better agreement with the ob-
servations than the effective Gaunt-factor approximation.
There still remains, however, a gap which is well above
the limit of error. The lithiumlike atomic system can be
described fairly well by hydrogenlike wave functions, and
additionally some of the energy levels are not yet degen-
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erate; so it is expected that this system fits best the as-
sumptions used in the theories. We find, however, a sys-
tematic deviation from the experimental values, and it has
to be concluded that either the Gaunt factors are estimat-
ed too small or that important effects (e.g., ion broaden-
ing) have been neglected. It seems important, therefore, to
extend similar investigations to heavier lithiumlike ions.
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