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Abstract

We report on measurements of Stark widths and shifts of four prominent Ne I lines of the 3s,3s′-3p transition arrays. The measurements were
performed in an atmospheric-pressure arc discharge operated in argon–neon gas mixture.

Sub-Doppler degenerate four-wave mixing technique was used to measure the line profiles, while Thomson scattering yielded the plasma
parameters: electron density, ne= (0.53–1.33)×10

23 m−3, and electron temperature, Te=10,200–20,900 K. The measured profiles are symmetric
within the uncertainty limits. The experimental Stark widths and shifts are compared with results of other experiments and theoretical calculations.
© 2006 Elsevier B.V. All rights reserved.
PACS: 32.70.Jz; 52.70.Kz; 52.80.Mg
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1. Introduction

The development of space born astronomical techniques and
devices such as Goddard high-resolution spectrograph on the
Hubble space telescope has increased the demand for atomic
data of many elements. Neon is the fifth abundant element in the
universe after hydrogen, helium, oxygen and carbon, and it
constitutes the interiors of many stars and white dwarfs. The
spectral lines of neutral neon are particularly abundant in low-
temperature (10000–30000 K) astrophysical and laboratory
plasmas. In such kind of plasmas (with electron densities 1021–
1024 m− 3), the Stark broadening is the principal pressure broad-
ening mechanism of the spectral lines and is of great interest for
plasma diagnostics purpose.

In a number of experimental studies [1–10], the Stark widths
and shifts of Ne I non-resonance lines were reported and they
were compared with semiclassical calculations [11]. For the
Stark widths, the agreement between theory and experiment is
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on average within 20% [12,13]. Much larger discrepancies were
reported in [3] and they were ascribed to the uncorrected effect of
self-absorption [5,12]. For the Stark shifts, the discrepancies
between theory and experiment are larger than for the Stark
widths and in some cases reach a factor of 2 [4]. Recently, the
measurements of the ion-broadening parameters A of several Ne
I lines were reported [7–9]. The values of Awere found to be 3 to
15 times larger than predicted in [11] and they strongly disagree
with the results of the former experiments where the symmetric
(within the uncertainty limits) line profiles were measured.

In all of these experiments but [5], the low-pressure pulsed
discharge was used as the excitation source. The electron den-
sity was deduced from the measurements of the Stark widths of
hydrogen or helium lines or from laser interferometric data,
while the total intensities of the spectral lines were measured to
determine the electron temperature. The line profiles were
studied using optical emission spectroscopy (OES).

The objective of this paper is to resolve the above-mentioned
discrepancies using the alternative laser-based experimental
techniques: degenerate four-wavemixing (DFWM) and Thomson
scattering (TS) and the atmospheric-pressure dc arc discharge as
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Fig. 2. Geometry of the Thomson scattering:YkT andYks are the wave vectors of
the incident laser beam and the scattered light, respectively, whileYk ¼ Yks−YkT is
the scattering wavevector. θ is the scattering angle. The polarization of the
incident laser beam is vertical, i.e. laser field YET is perpendicular to the
scattering plane ðYks;YkTÞ.
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the excitation source. DFWM was used to measure the Stark
profiles, while TS served for plasma diagnostics.

The DFWM method is characterized by high spatial re-
solution, which is determined by the overlap volume of the
involved laser beams. Moreover, in the backward (phase-
conjugate) geometrical configuration, DFWM also offers
superior spectral resolution as compared to OES owing to its
sub-Doppler character. The latter is especially important in the
case of light elements like neon. The DFWM method has been
recently applied to study the Stark profile of the 696.5 nm Ar I
line in an atmospheric-pressure argon arc plasma [14]. Principal
advantages of Thomson scattering are also high spatial reso-
lution and ease with which the measured data can be interpreted.
Indeed, in contrast to many other techniques, derivation of the
standard plasma parameters, the electron temperature and den-
sity, does not require any assumptions about the plasma sym-
metry, equilibrium state or its chemical composition.

The local character of DFWM and TS makes these methods
very suitable to study Stark broadenings in plasmas for which the
assumptions of homogeneity and symmetry are always ques-
tionable and where the Doppler broadening and the cold boun-
dary layers can significantly distort the measured profiles.

2. Experimental arrangement and measurements

The cross-sectional view of the plasma generator is depicted
in Fig. 1. The arc discharge was generated from a conical
cathode tip (cone angle of 60°) made of a 2-mm diameter,
thoriated (2%) tungsten rod surrounded by a water-cooled
nozzle. The upper part of the arc consisted of two copper discs
with a channel of 5-mm diameter. The first disc served to
improve the arc stability, while the second disc was used as the
anode. The distance between the cathode tip and the first disc
was about 9 mm. The arc was operated at atmospheric pressure
in a gas mixture of argon and neon with variable partial pressures
of Ne/Ar from 2:3 to 2:1. The total gas flow was kept at 4 l/min
and the discharge current was in the range of 80–110 A.

Optical measurements were carried out perpendicularly to
the arc axis and small, homogeneous plasma volume on the arc
Fig. 1. Cross-sectional view of the arc plasma generator.
axis was probed with the laser beams. Depending on discharge
conditions and the studied plasma region above the cathode tip,
plasma was characterized by ne= (0.53–1.33)×10

23 m−3 and
Te=10,200–20,900 K.

2.1. Plasma diagnostics

Plasma diagnostics was performed bymeasuring the Thomson
scattering of laser radiation of a vertically polarized second
harmonic (λT=532 nm) of a Nd:YAG laser which delivered
pulses of energy of 55 mJ and of about 6 ns duration. The beam
was focused to the spot with the diameter of about 300 μm on the
plasma axis and a few millimeters above the cathode tip. The
scattered light was collected at the angle θ=80.9° (see the
configuration in Fig. 2). The investigated plasma volume was
imaged onto the entrance slit of a spectrograph (1.5 nm/mm
reciprocal dispersion) with magnification equal to 1. The width of
the slit was set to 20 μm. The Thomson scattered spectra were
collected over the wavelength range of 521.9–542.1 nm. In order
to improve the signal-to-noise ratio, only the vertically polarized
signal was selected by inserting a polarizer in the path of the
scattered light. Single-shot scattering spectra were measured
using a gated intensified two-dimensional charge-coupled device
(ICCD) camera and averaged over 1000 laser shots. The TS
spectra were obtained by subtracting the spectra collected with
and without the laser beam. The spectral and spatial resolutions
were found to be 0.03 nm and 24 μm, respectively. The camera
was synchronized to the laser pulse with variable delay and the
time resolution was limited to 5.0 ns by the minimal gate width of
the camera.

Under our experimental conditions of low-temperature
(Te≈15,000 K) and high-density (ne>10

22 m−3) plasma, the
TS spectrum has a partially collective character [15], which
enables to independently determine both ne and Te without ab-
solute calibration of the scattered spectra [15–18].

However, due to very low scattering cross-section for the TS
process and strong plasma radiation background, high laser
powers are required to obtain a detectable TS signal. Unfortu-
nately, high laser power can substantially perturb the plasma state
by absorption of laser radiation predominantly in the inverse
bremsstrahlung (IB) process. These effects have been recently
studied in [15,19,20]. Under conditions of our experiment, the
electron density was not affected by the laser pulse, which was



Fig. 3. Geometric configuration of the backward phase-conjugate DFWM.

Fig. 4. Dependence of the linewidth wdfwm measured with DFWM method on
the Doppler broadening wD measured in units of the homogeneous broadening
w. Calculations performed for different angles θfp between the pump and probe
laser beams, (●) 2°, (○) 5°, (▾) 20°, (⋄) 45°.
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verified by studying the spatial variations of ne within the laser
beam as it was suggested in [15]. Unlike ne, Te was changing with
position within the laser beam so that its initial, “undisturbed”,
value could not be directly derived. Moreover, because of the
insufficient temporal resolution of the experiment, it was
impossible to correct for the heating effect by studying the tem-
poral evolution of Te during the laser pulse and then by
extrapolating the results to the origin of the pulse [15].

Instead, we measured the TS spectra during the early stage
(about first 3 ns) of the laser pulse. Next, based on the derived
electron density and temperature, the initial value of Te was
calculated using the formula for the upper limit for the laser-
induced increase of Te [16,21,15]
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where Z is the ion charge, ni,Z is the density of ions in the Z-th
ionization stage and ḡ ff denotes the Gaunt factor for free–free
transitions. In our calculations, we assumed the square 6 ns long
laser pulse and singly ionized plasma. This procedure gave the
initial, “undisturbed” electron temperatures several thousands
Kelvins lower than the ones directly measured.

The uncertainties of the electron density do not exceed 3%
and are of statistical origin. The uncertainties of Te are 5–11%
and reflect mainly the errors of the corrections for the heating
effect.

2.2. Stark profile measurements

In parallel to the TS measurements, the line profile of the
investigated transition was registered using the DFWMmethod.

DFWM involves three laser beams of identical optical
frequencies νL which interact through the nonlinearity of a
medium to generate a fourth, signal beam, at the same
frequency. We applied DFWM in the backward phase-conjugate
(PC) geometry as it is shown in Fig. 3. The probe beam (Ip)
crosses the two counter-propagating forward (If) and backward
(Ib) pump laser beams at an angle θfp. The generated signal
beam (Is) has the same optical frequency νL and is phase-
conjugated to the probe beam. In other words, it propagates
backward with respect to the probe beam. In the PC
configuration, the influence of the Doppler effect on the
DFWM line profile is strongly reduced because the atoms
resonantly interacting with all laser beams contribute most
significantly to the signal.

Detailed discussion of the theory of DFWM is presented in
several monographies [23,22,24]. In the case of stationary two-
level systems and in the limit of non-saturating laser beams, the
spectral profile of the signal beam is given by

I4 dð Þ ¼ C
1

1þ d2

� �3If IbIp
I3sat

; ð3Þ

where δ=(νL−ν0) /w is laser detuning from the resonance
frequency (ν0) of the system expressed in units of the
homogeneous line width (w). Isat is the saturation intensity, C
includes all physical constants and decay rates characterizing
the system at given experimental conditions.

The Stark-broadened line shapes for PC-DFWM laser
spectroscopy have been recently studied in [25]. The theoretical
model of the PC-DFWM spectral profile takes into account the
contribution of the Stark effect together with the ion dynamics
and the Doppler effect as well as the geometrical configuration
of the laser beams. Calculations were performed in the limit of
low laser intensities, for high-density (ne>10

21 m−3) and low-
temperature (Te≈10,000 K) plasma conditions. The resultant
PC-DFWM profiles are shown to be significantly less
broadened than emission profiles though they both are similarly
shifted. In wD≪w limit, the measured width wdfwm approaches
w/2 (see [25]). Furthermore, the asymmetry due the static ion
broadening is somewhat less pronounced in the PC-DFWM
profile than in the emission profile. Finally, calculations show a
great effect of the geometric configuration of the laser beams on
the PC-DFWM line profile as long as the Doppler broadening is
significant. Fig. 4 shows the relative linewidth of the PC-
DFWM signal (wdfwm/w) calculated within the model presented
in [25] versus the Doppler broadening (wD/w) and for different
angles θfp between the forward pump and the probe laser
beams. As one can observe, even for wD≫w, the influence of



Fig. 5. Experimental (•) profile of the 640.22 nm Ne I line recorded with the
DFWMmethod. Full line indicates the theoretical fit according to Eq. (3) and the
dashed line is the optogalvanic signal from the neon HC lamp. The arc discharge
was operated at the current of 110 A, the partial pressure Ne/Ar=1:1 and the
plasma region 2.0 mm above the cathode was investigated. These discharge
parameters corresponded to ne =1.06 (±2%)×1023 m− 3 and Te =17700
(±8.5%) K.
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the Doppler broadening on the PC-DFWM profile can be
greatly suppressed provided the collinear configuration of the
laser beams is used. With these calculations, it is possible to
correct the Stark profiles measured with the DFWM method for
the Doppler broadening.

In our experiment, a tunable dye laser was pumped by the
second harmonic of another Nd:YAG laser with 10 Hz re-
petition rate. The dye laser provided 8 ns laser pulses with a
spectral bandwidth of less than 0.05 cm−1 and energies of about
2 mJ. The output beam of the dye laser was split into three
beams with intensities If /Ib/Ip=4:4:1 and with the backward
pump beam polarized perpendicularly to the other two beams.
The 400-mm focal length lenses were used to focus the laser
beams at the plasma symmetry axis with a waist diameter of
about 100 μm. Two counter-propagating pump beams inter-
secting with the probe beam at the angle θfp≅20° determined
the spatial resolution of the measurements to be at least 100 μm
longitudinally and 200 μm transversally. The generated PC-
DFWM signal propagated backwards along the probe beam
path. It was then separated from the probe beam by a polarizing
Fig. 6. Stark shifts of the 640.22 nm Ne I line normalized to ne=10
23 m−3 as a

function of Te. Error bars represent estimated uncertainties of the measurements
(±4% and about ±5% for dN and Te, respectively).
beam splitter cube. The prism monochromator with the spectral
bandwidth set to 1 nm discriminated the signal from the plasma
radiation background. The signal was detected with a fast gated
photomultiplier and then amplified with the pre-amplifier and
recorded on a digital oscilloscope (300 MHz bandwidth). Signals
were averaged over 10 to 50 laser shots and then integrated over a
time period of 15 ns. The PC-DFWM spectrum was simulta-
neously recorded with the reference optogalvanic spectrum of a
neon hollow cathode (HC) lamp and the intensity of the dye laser
was monitored with a fast photodiode. The details of the
experimental setup can be found in [14].

The laser beams for TS and DFWM measurements were
overlapped to probe the same plasma volume. However, the dye
laser and the Nd:YAG laser pulses used for DFWM and TS
measurements were separated in time by several hundreds nano-
seconds in order to avoid any possible impact of onemeasurement
on another.

3. Results and discussion

The Stark widths and shifts of four prominent Ne I lines
belonging to the 3s,3s′-3p transition arrays were measured. For
each line, two separate experiments were carried out. In the first
experiment, the Stark profile (width and shift) was studied at
particular plasma conditions (ne and Te). The line broadening by
laser radiation was eliminated by decreasing the laser power
until no effect on the line profile was observed. The absorption of
the signal beam in the plasma was found negligible which results
from short optical path (about 5 mm long) travelled across the
plasma column by the signal beam. The line shifts were de-
termined with respect to the optogalvanic signal registered from
a low-pressure neon HC lamp.

The symmetric (within the uncertainty limits) line profiles
were measured for all investigated transitions and Fig. 5 shows an
example of such profile for the 640.22 nm Ne I line. These
symmetric profiles contradict the findings reported in [7–9] and
this discrepancy might be related to some uncontrolled inhomo-
geneities of their plasma column (see [10]).

The line width wdfwm and the Stark shift d were determined
by fitting the experimental data with Eq. (3). The Stark width w
Fig. 7. Stark shift versus electron density for the 640.22 nm Ne I. The
normalized shift dN=−0.43 (±2%) cm−1. Error bars represent estimated
uncertainties of the measurements (±3% and ±2% for ne and de, respectively).



Table 1
The Ne I Stark widths (FWHM) wN in cm−1 normalized to ne=10

23 m−3

Transition, λ (nm) ne (10
23 m−3) Te (K) wN (cm−1) wN/wth Ref.

3s[3/2]2
0–3p[3/2]2 1.25 16,350 1.11 (±3.6) Tw

638.299 0.67–0.88 33,000–36,500 1.11 [9]
0.07–1.85 13,900–20,700 1.08 (±16) [6]
0.39–1.42 27,700–35,000 1.35 [4]
0.15–1.40 10,000–25,000 1.47 [3]
0.5–1.25 11,600–13,600 0.81 [1]

3s[3/2]2
0–3p[5/2]2 1.10 17,700 1.35 (±1.5) 1.09 Tw

640.225 0.48 33,000 1.58 1.01 [10]
0.67–0.88 33,000–36,500 1.25–1.31 0.76–0.84 [9]
0.07–1.85 13,900–20,700 1.15 (±35) 0.92 [6]
0.39–1.42 27,700–35,000 1.18–1.79 0.73–1.21 [4]
0.15–1.40 10,000–25,000 1.61–2.44 1.14–2.20 [3]

3s′[1/2]1
0–3p[3/2]2 1.10 18,600 1.12 (±3.6) 0.82 Tw

692.947 0.48 33,000 1.56 0.89 [10]
0.67–0.88 33,000–36,500 1.18 0.66 [9]
0.07–1.85 13,900–20,700 1.125 (±10) 0.83 [6]
0.4–2.1 11,600 0.83 0.75 [2]

3s[3/2]2
0–3p[1/2]2 1.22 12,400 0.935 (±3.4) 1.07 Tw

703.241 0.48 33,000 1.26 0.91 [10]
0.67–0.88 33,000–36,500 1.29–1.33 0.88–0.95 [9]
0.07–1.85 13,900–20,700 0.95 (±12) 0.90 [6]
0.15–1.40 10,000–25,000 1.09–1.94 0.98–2.48 [3]

This table includes the range of ne and Te in the experiment. The numbers in the round brackets indicate the percentage uncertainty. A comparison with calculated valueswth

after [11] is given. Tw refers to the results of the present work.
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was then derived correcting the measured linewidth wdfwm for
the Doppler broadening with the use of the results of numerical
calculations [25] presented in Fig. 4. Under our experimental
conditions, the Doppler broadening wD≅0.3 cm−1 and wD/
wdfwm≈0.4, the measured linewidths were found to be enlarged
by about 15%with respect to the Stark widths. Although the two-
temperature (Tg<Te) model for our plasma should be considered,
for these calculations, we assumed Tg=Te. Indeed, lowering the
gas temperature, Tg by as much as 5000 K resulted in the increase
of the final Stark width only by less than 1.5%.

The second experiment studied the dependence of the Stark
shifts on plasma parameters (ne and Te). These measurements
were performed at higher laser intensities than in the first
experiment in order to increase the S/N ratios especially for
Table 2
The Ne I Stark shifts dN in cm−1 normalized to ne=10

23 m−3

Transition, λ (nm) ne (10
23 m− 3) Te (K)

3s[3/2]2
0–3p[3/2]2 0.73–1.25 10,200–20,050

638.299 0.07–1.85 13,900–20,700
0.39–0.56 27,700–28,000
0.15–1.40 10,000–25,000

3s[3/2]2
0–3p[5/2]2 0.78–1.24 17,400–20,900

640.225 0.07–1.85 13,900–20,700
0.56–1.41 28,000–35,200
0.15–1.40 10,000–25,000

3s′[1/2]1
0–3p[3/2]2 0.53–1.16 11,100–20,800

692.947 0.07–1.85 13,900–20,700
0.4–2.1 11,600

3s[3/2]2
0–3p[1/2]2 0.98–1.33 12,100–18,500

703.241 0.07–1.85 13,900–20,700
0.15–1.40 10,000–25,000

This table includes the range of ne and Te in the experiment. The numbers in the round br
after [11] is given. Tw refers to the results of the present work.
plasma conditions characterized by lower electron densities and
thus weaker DFWM signals. The plasma conditions were altered
by changing either Ne/Ar concentration in the gas mixture, the
arc current or the investigated plasma region above the cathode.

For the studied temperature range and within the experi-
mental uncertainties, no correlation between the normalized (to
ne=10

23 m−3) Stark shifts and Te could be established; the
results for the 640.22 nm Ne I line are plotted in Fig. 6. The
normalized Stark shifts dN for ne=10

23 m−3 were obtained
assuming the linear dependence between the measured Stark
shift and electron density (see Fig. 7).

In Tables 1 and 2, the normalized Stark widths wN and shifts
dN are listed together with the results of other experiments. In
these tables, we also compare measured Stark widths and shifts
dN (cm−1) dN/dth Ref.

−0.447 (±1.6) Tw
−0.37 (±6) [6]
−0.21 [4]
−0.49 [3]
−0.433 (±1.8) 1.06 Tw
−0.415 (±12) 0.97 [6]
−0.24 0.47 – 0.79 [4]
−0.42 0.77 – 1.14 [3]
−0.458 (±2.4) 1.59 Tw
−0.381 (±9.0) 1.33 [6]
−0.562 (±22) 1.88 [2]
−0.182 (±3.8) 1.32 Tw
−0.150 (±11) 1.08 [6]
−0.166 1.02 – 1.42 [3]

ackets indicate the percentage uncertainty. A comparison with calculated values dth
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with the theoretical values (wth and dth) calculated using Eqs.
(226) and (227) from [11] at the experimentally measured
electron densities and temperatures. These calculations include
the electron impact broadening as well as ionic corrections.

In the case of Stark widths, the best agreement is with the
experimental data of [6] which were obtained in the similar
range of Te. The widths given in [3] exceed the results of this
work by a factor of 1.3–2.0 despite similar plasma conditions.
As it is stated in [3], the self-absorption might be responsible for
such big broadenings. On the other hand, the discrepancy with
the data presented in [10] can be explained by Te dependence of
the Stark widths since they were obtained at Te about twice as
high. In general, the comparison of Stark widths determined in
this work with the theoretical values is within 10–20%.

For the Stark shifts, good agreement with the results of [3] is
found which strongly supports the argument that the extra broad-
ening of their lines is due to the self-absorption effect. As a rule,
the lower values of the shifts are reported in [6]. The theoretical
values of Stark shifts are always lower than the data of our work
by a factor of 1.06–1.6.
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