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With the help of Thomson scattering diagnostics we have measured the density dependence of the
Henl P, (468.6 nm) full half-width up to n, =2.2x 10** m~ and the temperature dependence of the
intensity ratio of the C1v (116.9 nm) and C 111 (117.6 nm) vacuum-uv lines from 9 to 13 eV. We also
present a ready-to-use graphical method for the determination of electron density and temperature
from the ion feature of the coherent 90° Thomson scattering (@ >>1) from high-density hydrogen

plasmas.

I. INTRODUCTION

For the investigation of high-density plasmas a reliable
and easy-to-use diagnostic method is desirable. One pos-
sibility for the electron density determination of plasmas
containing traces of ionized helium offers the measure-
ment of the full width at half maximum (FWHM) intensi-
ty of the He 11 P,, line at 468.6 nm.' A favorable charac-
teristic of this spectral line for this purpose is the weak
temperature dependence. For electron densities of the
order of n, ~10** m~3, this theoretically predicted varia-
tion of the FWHM is less than 5% in the range
2<kT,<16¢eV.?

Pittman and Fleurier! have proposed a semiempirical
relationship between the FWHM of the HeI1 P, line and
the electron density n, given by

n, =3.31(AApwpn/nm)"2! x 103 (1)

in m~3. This relation agrees very well with the results of
calculations by Griem and Shen.* There seems to be no
substantial deviation of measurements from Eq. (1) in the
density range of 3102 m~3<n, <6X 10 m~3; on the
other hand, the only measurements at electron densities
higher than n,=6x10?> m~ indeed deviate systemati-
cally,5 and for this reason, we have measured the FWHM
of the Hell P, line for independently determined elec-
tron densities between 13X 10?* and 2.2 10** m 3.
Intensity ratios of lines are sensitive functions of tem-
perature provided the upper levels involved are separated
in energy by an amount comparable with or larger than
kT,. If, in addition, suitable transitions close in wave-
length can be found even the relative sensitivity calibra-
tion of the spectroscopic equipment can be avoided. For
the temperature range 7 eV <kT, <17 eV such lines are
the multiplets 2s2p *P°-2p23P at 117.57 nm in C 11 and
3d 2D -4f ?F° at 116.89 nm in C1v. For densities above
n,~10% m~? the upper level of the C1ir line is in LTE
(local thermodynamic equilibrium) with respect to the
ground state of these ions, and the upper level of the C1v
line is in LTE with respect to the CV ions.® The ground
states themselves are connected via two corona equa-
tions.® At densities above n, ~ 10> m~3 this coronal ap-
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proximation starts to break down, complete LTE be-
tween both respective upper levels being reached at about
n,~10*m=3

Up to now only theoretically calculated intensity ratios
have been available. We have attempted, therefore, also
to calibrate the above intensity ratio with independently
determined temperatures.

One of the most accurate methods to determine the
temperature as well as the electron density uses Thomson
scattering of intense laser radiation by the plasma elec-
trons.” In addition, this method yields rather spatially
resolved plasma parameters. The plasma source used is
the gas-liner pinch, which emits the lines of interest from
a rather homogeneous plasma region,®~!° thus eliminat-
ing uncertainties introduced by the boundary.

II. EXPERIMENTAL STEUP

The schematic of the experimental setup is shown in
Fig. 1. The gas-liner pinch is a modified z pinch and was
extensively described previously.®~!® Two fast values in-
ject two different kinds of gas into the discharge
chamber. The so-called driver gas streams as a shell con-
centrically to the axis with a radius of 9 cm. The second
gas (test gas) flows along the axis. The driver gas absorbs
the energy from the outer circuit and is accelerated by
the magnetic piston toward the center, where it forms the
plasma. If the amount of test gas is well below the driver
gas (=1% of the driver gas), the test gas can be con-
sidered as a mere impurity of the plasma formed by the
driver gas. The test gas ions remaining in the center of
the plasma column are therefore emitting radiation
without self-absorption effects at a cold boundary and are
emitting only from a region with rather homogeneous
plasma parameters;!! thus, no Abel inversion is neces-
sary. These advantages have been used already in several
line-broadening studies. '~ '3

The main parameters of the gas-liner pinch are 5-cm
distance between the electrodes, 18-cm diameter of the
discharge chamber, 3.5 kJ stored energy, 6.5-us period of
the discharge, and a duration of the monitored continu-
um radiation of about 250 ns (measured between half-
intensity points).
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FIG. 1. Experiment setup.

The light source for the 90° Thomson scattering diag-
nostic was a Korad Q-switch-driven ruby laser (K-1Q),
emitting a light pulse of 20-ns duration and 2.5 J energy
at 694.3 nm. We have used a temperature-controlled res-
onance etalon to decrease the FWHM of the spectral dis-
tribution of the laser light to less than 0.01 nm. The laser
was focused through a system of diaphragms into the
center of the discharge chamber to a diameter of 1 mm.
After passing a beam dump, the laser light was monitored
with a FND-100 photodiode to check the reproducibility
of the laser and the timing.

The visible spectral region was recorded with a 1-m
monochromator (SPEX No. 1704 with a 1200-lines/mm
grating blazed at 500 nm). The dispersed light at the exit
slit was observed with a pulsed OMAII detector array
(EG&G model 1420, pulsed for 50 ns) with 700 sensitive
channels. The reciprocal dispersion of this system was
0.02 nm/channel. The apparatus profile was found to be
almost Lorentzian with 0.08 nm FWHM in first order of
the system.

The vacuum-uv region was observed with a 1-m
normal-incidence spectrometer (McPherson model 225)
with a concave grating of 1200 lines/mm. The reciprocal
dispersion was 0.83 nm/mm with an entrance slit of 25
um. Due to the pulsed gas inlet of the gas-liner pinch no
differential pumping equipment was necessary. A con-
cave mirror was used to image the plasma column onto
the entrance slit.

In the exit slit plane we mounted a microchannel plate
of the chevron type (Galileo model 3025) with Cs1 coat-
ing on the input side and a P20 phosphor at the exit side.
This phosphor screen was imaged onto the sensitive area
of a second OMA II detector head. To achieve time reso-
lution we gated the first plate of the chevron pair with a
nearly rectangular voltage pulse of —700 V and a dura-
tion of 30 ns; this gate pulse was simultaneous to that of
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the OMA system for the visible spectral region.

The reciprocal dispersion of this detection system was
0.0209 nm/channel in first order. The apparatus profile
was approximated by a Voigt profile with 0.005-nm
Gaussian and 0.085-nm Lorentzian FWHM in second or-
der. A detailed description of the vacuum-uv detection
system can be found in Ref. 12.

In order to judge the reproducibility of the discharge,
we monitored the radiation of the plasma column at 520
nm with a 1/4-m monochromator equipped with a RCA
1P28 photomultiplier. The signals from the laser moni-
tor, the plasma monitor, and the gating pulses from the
OMA I detection systems allowed us to achieve a time
correlation between these components.

III. THOMSON SCATTERING

For high-density, low-temperature plasmas as pro-
duced in our pinch device (n, <2Xx10* m~3, kT, <15
eV), the regime of collective Thomson scattering charac-
terized by the plasma parameter a > 1 is reached with a
ruby laser as light source even for a scattering angle of
90°. The parameter a is given in this case by

_3, )12
n,(m~3)

- - e -
a=1.06x10 KT,(eV)

()

Compared with the scattering intensity of the ion
feature, the electron feature was too weak to be observ-
able with the 125-MW ruby laser we used because it was
masked by fluctuations of the strong plasma continuum
radiation. The plasma parameters thus had to be de-
duced solely from the ion feature.

The complete scattering arrangement was calibrated
utilizing Rayleigh scattering in a gas.” For this purpose
we filled the discharge chamber with propane gas at
different pressures to accomplish both the sensitivity cali-
bration and a check of the linearity of the OMA II detec-
tion system in the visible spectral region. The observed
spectral distribution of the Rayleigh-scattered light was
found to be identical with the apparatus profile of the
detection system.

Typical scattering signals from a pure hydrogen plas-
ma and from propane gas observed with our arrangement
are shown in Fig. 2. For the plasma parameter deter-
mination from the ion feature we developed a convenient
graphical method: we use the FWHM of the ion feature
and its wavelength-integrated intensity as input parame-
ter for this method because these data can be obtained
readily and with sufficient accuracy from the spectra.

The experiment yields the product n,S;(k) (see Ref. 7)
/4

s
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OR
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L

L ) (3)

n,S,(k)=ng

S

where k is the scattering vector, S;(k), the ion com-
ponent of form factor, W, the wavelength-integrated
scattering intensity in arbitrary units, L, the time-
integrated laser intensity in arbitrary units, ng, the num-
ber of gas molecules per m 3, g, the Rayleigh cross sec-
tion, and the Thomson cross section is o,,=6.65246
X 1072 m2 The indices s and R denote Thomson
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FIG. 2. Ion component of the spectrum of Thomson-

scattered light and Rayleigh light scattering spectrum, both
normalized to maximum intensity.

scattering and Rayleigh scattering, respectively.

At high densities, electron and ion temperatures typi-
cally are equal because of the fast electron-ion collision
rate, and the component S;(k) of the form factor may

readily be calculated in the Salpeter approximation. 41>
It is given by
1 4
S.(k)= Za (@)

1+a? 1+a’+Za?’

where Z is the ionic charge of the plasma ions. The
FWHM is taken from theoretical spectra S(k,w) (see
Ref. 15, Eq. 7.2.1). Figure 3 shows the relation between
this FWHM and the temperature for various values of
the parameter n,S;(k) for a hydrogen plasma with Z=1.
Figure 4 displays the corresponding relation between the
temperature and the plasma parameter «. The FWHM
of Fig. 3 does not include any apparatus profile. In the
evaluation of our data we have taken into account the ap-
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FIG. 3. Electron temperature and nS,(k) dependence of the
full half-width (FWHM) of the ion feature in the case of collec-
tive Thomson scattering from a hydrogen plasma with
T,=T,=Tand 6=90".
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FIG. 4. Dependence of the plasma parameter a on the elec-
tron temperature k7, and the product n,S;(k) for the case of
collective Thomson scattering from a hydrogen plasma,
T,=T;=Tand ©6=90".

paratus profile which is given by the profile of the
Rayleigh-scattered light (see Fig. 2). Although the
FWHM of this apparatus profile amounts to about 10%
or more of the width of ion component S;(k,®) the con-
volution of both profiles does not change the FWHM of
the ion component by more than 3% due to its special
shape.

With the experimental FWHM of the ion component
and its “intensity” n,S;(k) the temperature is now readily
deduced from Fig. 3, and with this temperature the plas-
ma parameter a from Fig. 4. The electron density finally
is obtained from Eq. (2), which may be written as

n,/m*=8.89x 10*'a? (5)

in kT/eV.

A detailed comparison of the shape of the ion com-
ponent with theoretical spectra verifies our assumption
that electron and ion temperatures indeed are equal.

The theoretical calculations of the spectra assume a
fully ionized hydrogen plasma. At low temperatures,
however, Rayleigh scattering from excited hydrogen
atoms becomes important and may mask considerably
the ion component of the spectrum. Maurmann and
Kunze'® have investigated this effect, and Fig. 1 of Ref.
16 gives the intensity ratio of the Rayleigh-scattered light
and the ion component for a scattering arrangement as
used in this investigation; this figure may be used to
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FIG. 5. Hell P, line at two different electron densities at
about 13 eV, normalized to maximum intensity. The dashed
lines are Voigt profiles including apparatus Doppler, and a
Lorentzian profile. The density values shown in the figure were
calculated from the half-width (FWHM) with Eq. (1).

correct the data.

For the spectroscopic investigations test gases admit-
ted to the gas-liner pinch were helium and methane, hy-
drogen being the driver gas in both cases. The amount of
test gas was kept low enough as not to influence the
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shape of the ion component; we compared measured
scattering spectra with and without test gas, and no no-
ticeable difference was observed within the error bars re-
sulting from plasma continuum fluctuations. Theoretical
calculations by Evans'’ confirm our neglect of the
influence of impurities: helium and carbon impurities of
the order of 1% of the hydrogen plasma do not modify
sufficiently the theoretical spectra at our plasma condi-
tions.

IV. RESULTS AND DISCUSSION

Two of the profiles of the Hell P, line measured at
different times after maximum compression of the plasma
thus corresponding to different electron densities are
shown in Fig. 5. The underlying continuum radiation
was subtracted. This can be conveniently done by
recording the continuum without the injection of the test
gas. The profiles are superpositions of about 5—10 single
shot spectra, which are somewhat more noisy but have
the same FWHM and are measured for the same plasma
parameters. To extract the FWHM from the profiles due
to Stark broadening, we have fitted Voigt profiles includ-
ing apparatus broadening and Doppler broadening to the
measured profiles.

The FWHM'’s determined in this way are plotted
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FIG. 6. Comparison of measurements of the full half-width of the He11 P, line at 468.6 nm with theory as a function of electron
density. Theoretical calculations are from Greene (Ref. 23) — — —; Kepple (Ref. 24), —-—-; and from Griem and Shen (Ref. 4)

22; @, present measurements.

. The experimental data are as follows: X, Ref. 1; 0, Ref. 11; 0, Ref. 18; A, Ref. 19; A, Ref. 20; O, Ref. 5; + , Ref. 21; @, Ref.
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versus the electron density obtained from Thomson
scattering in Fig. 6. This figure is taken from Ref. 1; ex-
perimental data from Ref. 11 and our measurements are
included in addition, revealing very good agreement with
Eq. (1) and the calculations by Griem and Shen.* These
early calculations neglect both ion dynamics and the so-
called upper-lower state interference term,?>2® whose
effects tend to counteract each other in the determination
of the spectral linewidth. It is clear' that inclusion of
only one or the other of these would lead to appreciable
errors in the calculated hydrogenic linewidths, as, for ex-
ample, in the results of Greene?® shown in Fig. 6. It is
possible that with inclusion of both effects under discus-
sion improvements to the calculations of Kepple®* would
lead to even better agreement with our experimental re-
sults.

Because we could not perform Thomson scattering di-
agnostics and the measurement of the P, line at the same
time, the error bars in Fig. 6 take into account the repro-
ducibility of the pinch discharge as well as the accuracy
of our diagnostics. The variation of the electron density
between n, =1 10** and 2.2 X 10** m~? was obtained by
simply making the spectroscopic observations at different
times of the pinch discharge; the electron temperature
dropped from 13 eV at the higher density to 9 eV at the
lower one. The uncertainty of the measurement is less
than 20% (15% due to the Thomson scattering, 10%
reproducibility of the pinch discharge) for the electron
density and about 10% for the full half-width of the He I1
P, line profile, neglecting the temperature dependence of
the P, width.? It was shown previously’ that the
Balmer-a line of Hell was optically thin for the same
plasma conditions; hence it can safely be assumed that
the Paschen-a line is optically thin, too.

Measurements of the Hell P, FWHM in a density
range of 1X10*<n, <3x10* m~* were also reported
by Jones et al.> Their measurements are represented in
Fig. 6 by open circles. They used a 6-pinch discharge
with a pure helium filling and determined the electron
density from the absolute value of the continuum intensi-
ty and a total sweep up compressional model calculation.
The line profile was scanned on a shot-to-shot basis. A
recently done comparison between their results and
theory can be found in Ref. 27. Their profiles are con-
sistently wider than predicted by Eq. (1) by about 30%.

Figure 7, finally, shows the experimental intensity ra-
tios of the C 1V line at 116.9 nm and the C11l line at 117.6
nm versus the temperature obtained from Thomson
scattering. The solid line represents the theoretical tem-
perature dependence of the intensity ratio, which is essen-
tially the calculation from Ref. 6 adopted to the present
transitions; the transition probabilities used are based on
the Coulomb approximation®® for the C1v lines and are
taken from Ref. 29 for the C1iI lines. (See Ref. 13 for a
more detailed description of the calculation.) The calcu-
lations presume optically thin lines. In our case, this was
checked by comparing the measured line intensity with
the blackbody-limited intensity of an optically thin C1v
line (25-2p)."?

The experimental points shown in Fig. 7 are mean
values of about 10-20 single shots, the uncertainties of
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FIG. 7. Theoretical temperature-dependent ratio of the
wavelength-integrated intensity I(C1v 116.9 nm)/I(Cu1 117.6
nm) compared with our measurements.

about 1.5 eV in the temperature and 20% in the intensity
ratio are including the statistical deviation of the single
shot and any uncertainty in the determination of the tem-
perature and intensity ratio for a single shot. Examples
of measured vacuum-uv spectra can be seen in Fig. 2 of
Ref. 13. We have to point out that the measurements
were made at densities of about 2x 10** m~* which is
somewhat higher than the estimated density of 1x 10?3
m~* where the corona approximation starts to break
down (see Sec. I). The agreement between the measured
values and the calculation is within the experimental un-
certainties.

V. CONCLUSION

At high densities, we have measured the FWHM of the
He1r P, line due to Stark broadening and determined the
electron density independently and found good agree-
ment between our results and a semiempirical relation
proposed by Pittman and Fleurier' [Eq. (1)]. We con-
clude therefore that this relation is a good description of
the Stark broadening of the He1l P, line in the electron
density range between n, =5x 10> m 3 (Fig. 4 of Ref. 1)
and 2 10* m 3,

We have also compared the intensity ratio of the C1v
line at 116.9 nm and the C I line at 117.6 nm with the
independently determined electron temperature. We
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have found good agreement between our measurements
and a theoretical derivation based on a calculation by
Griem.® We conclude that this intensity ratio offers a
good spectroscopic possibility to measure electron tem-
peratures between 7 and 17 eV for plasmas with electron
densities of at least up to 2 10> m 3.
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