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nd shift rate coefficients of the “forbidden“ 6p2 3P0→6p2 3P1 transition in lead
were determined by diode laser absorption measurements performed simultaneously in two resistively
heated hot-pipes. One hot-pipe contained Pb vapor and noble gas (Ar or He) at low pressure, while the other
was filled with Pb and noble gas at variable pressure. The measurements were performed at temperatures of
1220 K and 1290 K, i.e., lead number densities of 4.8×1015 cm−3 and 1.2×1016 cm−3. The broadening rates
were obtained by fitting the experimental collisionally broadened absorption line shapes to theoretical Voigt
profiles. The shift rates were determined by measuring the difference between the peak absorption positions
in the spectra measured simultaneously in the heat pipe filled with noble gas at reference pressure and the
one with noble gas at variable pressure. The following data for the broadening and shift rate coefficients due
to collisions with Ar and He were obtained: γB

Ar=(3.4±0.1)×10−10 cm3 s−1, γB
He=(3.8±0.1)×10−10 cm3 s−1,

γS
Ar=(−7.3±0.8)×10−11 cm3 s−1, γS

He=(−6.5±0.7)×10−11 cm3 s−1.
© 2008 Elsevier B.V. All rights reserved.
1. Introduction

The broadening and shift of atomic spectral lines by collisions with
neutral atoms has been studied extensively since the very beginning
of atomic physics [1–3]. These studies provide insight into the nature
of interatomic forces and, hence, they provide an excellent test of
theory. Careful analysis of line profiles is a powerful technique for
studying atomic and molecular interactions and is often necessary for
probing matter in extreme conditions, such as in stellar atmospheres
[4], ultracold traps and Bose–Einstein condensates [5]. The collisional
broadening and shift coefficients are useful for plasma diagnostics and
analysis of emission from gaseous discharges. Further, collisional line
broadening also provides an optical bandwidth control method for
ultra-narrow-band atomic filters [6]. The collisional broadening rate
coefficients find frequent application in the determination of various
physical quantities, e. g., transition oscillator strengths [7] or cross
sections for certain excitation energy transfer reaction [8–13].
Knowledge about atom number density of the investigated gaseous
medium is often required to determine such quantities, and when this
is done by spectroscopic means by analyzing collisionally broadened
line profile [14–16], the broadening rate coefficients are the
parameters that are requisite for the evaluation of the results.

A review of early experimental work in the field of foreign gas
broadening was given by Chen and Takeo [2]. A survey of more recent
l rights reserved.
results can be found in [3], while a comprehensive bibliography of
theoretical and experimental papers published in the period from
1978 to 1992 is available fromNIST [17]. To date a great deal of studies
were concerned with rare-gas broadening, especially of the alkalis,
but small number of papers were reported on heavier elements such
as lead. Available data concern the noble gas (Ar, He) broadening and
shift of the lead resonance line at 283.39 nm [15,18], and three lines
(364.06, 368.45 and 405.90 nm) belonging to themultiplet transition
between metastable 6p2 3PJ' and 7s 3PJ0 state (see Fig. 1a). To our
knowledge, broadening and shift of the strongly “forbidden” lead
lines (938.9 and 1278.9 nm) occurring in the 6p2 3P0→6p2 3PJ
transitions between the ground and metastable states have not yet
been investigated. In the present paper we report the broadening and
shift rates of the 1278.9 nmPb line (Fig.1b) induced by collisionswith
Ar and He. These data can find its application in the development of
spectrochemical techniques for the analysis of heavy elements in
low-pressure noble gas discharges, where they are needed in the
process of modeling and optimization of the conditions in the
discharge [16].

2. Experiment

The experimental setup used in the present experiment is shown
in Fig. 2. Two stainless steel heat pipes with quartz windows at the
ends and filled with lead-noble gas (Ar, He) mixture were used in the
measurements. Noble gas pressure in one heat pipe (reference) was
kept at constant pressure (p0=25 mbar), while in the second one
(henceforth called “working”) it was varied in the range from 25 to
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Fig. 1. (a) Partial term diagram of lead. The numbers associated with dashed and dotted
lines are the transitionwavelengths innanometers. The solid arrow indicates the forbidden
transition at 1278.9 nm investigated in the present experiment. The dotted lines indicate
dipole forbidden transitions. (b) The structure of the 1278.9 nm line for natural abundant
lead (208Pb: 52%, 207Pb: 22%, 206Pb: 25%,204Pb:≈1%) with contributions to optical depth kL
arising from different isotopes: 207Pb (lines A and D), 208Pb (line B) and 206Pb (line C). Very
weak contribution due to 204Pb isotope is not included. The relative strengths of the
components are proportional to the respective abundances. Intensities of the hyperfine
components (F=1/2, 3/2) of the 207Pb 3P1 states are in the ratio2:1. The solid lines represent
Doppler profiles of the Pb isotopes calculated for T=1200 K. The envelope of the line is
indicated with open symbols. The values for isotope shifts and the hyperfine splitting for
the 207Pb isotope are taken from [19].
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500mbar. The heat pipes were operated in a hot-pipe regime. The lead
vapor was generated by outer resistive heating of the central part of
the hot-pipe oven, where a high-purity natural abundant lead (208Pb:
52%, 207Pb: 22%, 206Pb: 25%, 204Pb:≈1%), was placed. Both hot-pipes
had heated zones of the same length.With a help of very thin tungsten
wire built-in along the hot-pipe axis, which was dismounted after
being exposed to a heating-cooling cycle, the effective vapor column
length L=(4±0.5) cmwas determined from the length of the segment
on which the lead was deposited. The Pb number densities in both
hot-pipes were adjusted to be equal by varying their heating currents
until the same peak absorption at the strongest spectral feature was
produced under the same initial pressure conditions (p=p0=25 mbar).

In thewaypreviously described [7], the temperature of the vapor and
lead number density were determined by the measurements of the
equivalent width of the optically thick lead resonance line at 283.4 nm
(6p2 3P0→7s transition) and using the lead vapor pressure curve given
byNesmeyanov [20]. The resonance absorptionwasmeasured using the
continuumof a deuterium lamp and a 0.5m Jarrel–Ashmonochromator
(spectral resolution: 0.03 nm) with an RCA 1P28 photomultiplier. The
measurements were performed under the following lead number
density and temperature conditions: NPb=(4.8±1.5)×1015 cm−3; T=
(1220±25) K and NPb=(1.2±0.4)×1016 cm−3; T=(1290±25) K, in argon
and helium, respectively. The measurements in Ar and He have been
made at slightly different temperatures in order to produce the
absorption spectra of the same quality at high noble gas pressures.
Namely, He caused slightly stronger broadening, and these measure-
ments were made at slightly higher Pb number density to ensure the
peak absorption at high noble gas pressure comparable to the one in Ar.

A single-mode DFB diode laser (Laser Components, type SPECDILAS
D-Series, linewidth: 10MHz, sidemode suppression: 25dB)wasused to
measure the absorption at 6p2 3P0→6p2 3P1 transition. Current and
temperature of the laser diode were controlled by commercial driver
(PROFILEOptische SystemeGmbH,model ITC 502). Laser beamwas split
into three parts. One very weak part was directed to a confocal Fabry–
Perot interferometer (FPI) with 2 GHz free spectral range, which was
used forwavelength calibration of the absorption spectra. The other two
parts of the beam were transmitted through the hot-pipe ovens. The
power of the beams directed through the hot pipes was reduced by
neutral density filters to ∼500 μW in order to avoid saturation of the
photodetectors. The transmitted laser intensities (throughhot pipes and
FPI) were detected by a near-infrared photodiodes: PbS (Hamamatsu,
P9217) and InGaAs PIN (Hamamatsu, G8370). The laser beam was
mechanically chopped, the measured intensity signals amplified by
Lock-In amplifiers (Stanford Research model 510, EG&G PAR model
5210), and the outputs fed to a laboratory PC. The data were collected
using LabView program, and stored on the computer for later analysis.

The laser scan over the 6p2 3P0→6p2 3P1 transition was made by
tuning the current of the laser diode at a fixed temperature. The laser
frequency was scanned up and down, and the transmitted intensities of
the FPI and the hot pipes were recorded simultaneously. An example of
the obtained spectra is shown in Fig. 3. The actual width of the scan
(typical scan range: about 50 GHz) was much larger than displayed in
Fig. 3. This procedure ensured that the scan in the region of the Pb line
was free of small, non-linearity observed at the veryends (2–4GHzwide
interval) of the scan where the laser sweep reversed direction.

3. Measurements and results

The frequency dependent absorption coefficient of themedium k(ν)
is given by the following relation:

k mð Þ ¼ K N P m� m12ð Þ; ð1Þ
where K is defined by the well-known Ladenburg relation [21]:

K ¼ pe2

mec
f12 ¼ g2

g1

c2

8pm212
A21: ð2Þ

In the above expressions, P(ν−ν0) [Hz−1] is the normalized (∫ Pdν=1)
line profile, ν12 is the central frequency of the 1→2 transition, f12 is the
line oscillator strength, and e andme are the electron charge and mass,
respectively. The spontaneous radiative rate is labeledwith A21, while g1
and g2 are the statistical weights of the lower and upper levels,
respectively. The ground state atom number density is denoted by N.

The Pb 1278.9 nm line was measured in the impact region where,
according to the Lindholm theory [22], the profile of the single
homogeneously broadened line has a Lorentzian shape. In its normal-
ized form, Lorentzian line profile reads:

PL m� m12ð Þ ¼ 1
2p

CB

m12 � mþ CSð Þ2þ CB=2ð Þ2
; ð3Þ

were ΓB and ΓS are the line broadening and shift rates, respectively,
expressed in units s−1. The ΓB represents the line full width at half
maximum (FWHM). The rates ΓB and ΓS can be expressed as:

CB ¼ Cnat þ Ccoll ¼ Cnat þ gB � NP; ð4Þ

CS ¼ gS � NP; ð5Þ

where Γnat is the natural broadening rate, γB and γS are the collisional
broadening and shift rate coefficients, and NP is the number density of
the perturber causing the spectral line broadening and shift.



Fig. 2. Experimental setup used in the measurements of Ar- and He-induced broadening and shift of the Pb 1278.9 nm line. LD — laser diode, LDD — laser diode driver,
FPI — Fabry–Perot interferometer, M —mirror, BS — beam splitter, NDF— natural density filter, L — lens, PD — photodiode, FM — photomultiplier, (Pb+n.g) — lead-noble gas
mixture at reference (p0) and variable (p) noble gas pressure.
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The shape of the measured hyperfine and isotope components of
the Pb 1278.9 nm line were of the Voigt type, i.e., the convolution of a
Gaussian (Doppler broadening) and Lorentzian profile (natural and
collisional broadening). The normalized Voigt profile of a single line is
given by [23]:

PV m;að Þ ¼ 1
2p3=2DG

Zþl

�l

exp �x2
� � a

m�m12
DG

� x
2
ffiffiffiffiffi
ln2

p
� �2

þ a
2

� �2 dx; ð6Þ

where a=ΓB/ΔG is the Voigt parameter, with ΔG=2(ln2)1/2 (ν12 /c)
(2kBT /M)1/2 denoting the Doppler width of the profile. In the latter
expression T is the temperature, while kB and M are the Boltzmann
constant and the mass of the atom, respectively. The variable of
integration is x=vx /vm, where vx=(c /ν12)(ν−ν12) and vm=(2kBT /M)1/
2 is the Maxwellian most probable velocity.

The absorption profile k(ν) of the measured lead line is a
composition of several hyperfine and isotope components, where
Fig. 3. Example of the simultaneous absorption scans taken in the reference heat pipe
(p0=25 mbar) and the heat pipe with variable Ar pressure. Bottom trace represents the
transmission peaks of the Fabry–Perot interferometer with f.s.r of 2 GHz.
each one exhibits the Voigt form. Therefore, the total Voigt profile can
be represented by:

Ptot
V m;að Þ ¼ 1

2p3=2DG

X
i

Si

Zþl

�l

exp �x2
� � a

m�mi12
DG

� x
2
ffiffiffiffiffi
ln2

p
� �2

þ a
2

� �2 dx; ð7Þ

where index i=A, B, C, D counts different isotope and hyperfine
components (see Fig. 1). The central frequencies ν12

i of the compo-
nents were calculated relative to the center of gravity of the 207Pb
hyperfine lines. The values of the isotope and hyperfine splitting were
taken from [19]. The Si label relative strengths of the components of
the 1278.9 nm line (SA: SB: SC: SD=0.28: 1: 0.46: 0.14) which are
proportional to the respective abundances of the Pb isotopes, where
the strength of the 207Pb line is split in 2:1 ratio between its hyperfine
components. The Doppler width ΔG was calculated using the
temperature determined in the experiment, as described in Section
2. Note that different to PV(ν, a) for a single line (Eq. (6)), the profile
PV
tot(ν, a) is not normalized.
The theoretical PVtot (ν, a) profiles for a series of a-parameters in the

range relevant for the comparison with the measured spectra, were
calculated using the program Mathcad 2001 Professional.

3.1. Determination of the broadening rates

In the present measurements the laser line width (Δlas=10 MHz)
was always at least 60 times (at low noble gas pressure) narrower than
the width of the investigated line profiles. Therefore, the shape of the
absorption coefficient k(ν) could be correctly determined.

It is known that in the infrared and microwave region, collisions
may sometimes cause a narrowing (Dicke narrowing) instead of a
broadening of the line. When the Doppler width is larger than the
pressure-broadened width, Dicke narrowing can occur if the mean
free path is smaller than the wavelength of the transition. In the range
of noble gas pressures 25 mbarbpb450 mbar relevant for the present
experiment, the mean free path l in Pb–Ar and Pb–He collisions could
be estimated to be in the range 30 μmN lN2 μm and 44 μmN lN3 μm,
respectively. In the case at hand, the Doppler width exceeded the
Lorentzian width (ab1) up to the pressures of ∼200 mbar, but in that
range the correspondingmean free pathwas 3–23 (for Ar) or 5–34 (for



Fig. 5. Broadening rates ΓB of the Pb 1278.9 nm line in dependence on the perturber
number density NP (P=Ar, He). Ar- and He-induced broadenings were measured at
1220 K and 1290 K, respectively. The dashed straight lines represent least squares fits to
the measured data, yielding γB

Ar= (3.4±0.1)×10−10 cm3 s−1 and γB
He=(3.8±0.1)×10−10

cm3 s−1.
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He) times larger than the wavelength of the investigated transition.
Therefore the effect of Dicke narrowing in the present experiment can
be neglected.

The laser light intensities transmitted through the two heat pipes
were recorded simultaneously with the dispersion calibration marks
of the FPI, while scanning the laser across 1278.9 nm line. The
measurements were made for a series of noble gas (Ar, He) pressures
in the working heat pipe that were in the range from 25 to 500 mbar.
The noble gas pressure in the reference heat pipe was kept constant at
p0=25 mbar. In this part of the measurements the signal of the
reference heat pipe, exhibiting narrow and well resolved lines, served
only as an additional control of the spectrum dispersion and the
linearity of the laser scan. At each noble gas pressure the absorption
coefficient was evaluated as k(ν)=(1/L)× ln[I0(ν) / I(ν)], where I(ν) and
I0(ν) were the transmitted and incident light intensities, respectively,
while L was the length of the absorbing vapor column.

At the maximum Pb number density ∼1.2×1016 cm−3 and
temperature of ∼1290 K in the experiment, the lead pressure
amounted to 1.2 mbar, which was more than one order of magnitude
lower than the lowest noble gas pressure used in themeasurements. In
other words, the pressure in the hot zone could be entirely attributed
to the noble gas, and the corresponding number density was
determined from the total pressure p measured by manometer and
temperature Tof the vapor by using the ideal gas law, i.e., Nng=p / kBT.

In order to fit the measured k(ν) into the field of the theoretical
Voigt profiles, both the k(ν) and the Voigt profiles given by Eq. (7)
were normalized to unity at the central frequency of the strongest
spectral component (peak of 206Pb and 208Pb envelope). The
experimental k(ν) /k0(ν0) data (k0 and ν0 label the peak value and
the frequency of strongest component of 1278.9 nm line) were
inserted into the field of calculated Voigt profiles and the parameter a
corresponding to the measured spectrum was determined. The
illustration of this procedure is given in Fig. 4 for the case of Ar as a
perturber. The examples are given for the lowest and highest
investigated Ar pressure. In this way the Voigt parameter a could be
Fig. 4. Fitting of the measured normalized optical depths kL of the 1278.9 nm line into
the field of the Voigt profiles calculated (see text for details) for a series of a-values. Both
the experimental data and the calculated Voigt profiles were normalized to unity at the
central frequency ν0 of the strongest spectral component (206Pb and 208Pb envelope,
having the peak value k0), and plotted as functions of relative detuning Δν=ν−ν0.
Examples are displayed for Ar as the perturber at two pressures typical for the region of
(a) high, and (b) low pressures.
determined with an error of at most ±0.1. In the case of He as a
perturber the results similar to those displayed in Fig. 4. were
obtained.

From the a values obtained in dependence on the noble gas
number density and calculated Doppler width, the Lorentzian width
ΓB was obtained as a function of Nng. The results for Ar and He as a
perturber are displayed in Fig. 5. The depicted error bars include
uncertainty due to inaccuracy in the Voigt parameter a and the
Doppler width ΔG (i.e. vapor temperature T). The slope of the least
squares fit through the experimental points, yielded the following
values for the collisional broadening rate coefficients of the Pb
forbidden line at 1278.9 nm:

gArB ¼ 3:4F0:1ð Þ � 10�10cm3 s�1; ð8Þ

gHeB ¼ 3:8F0:1ð Þ � 10�10cm3 s�1: ð9Þ

The declared error represents the statistical error of the least square
fit through the data weighted by the experimental error bars. The
intercept of the fitted straight line, which represents the value of Γnat, is
zero within the limits of the error bar. This is accordancewith the result
for the radiative transitionprobabilityof this transition [7]whichyielded
Γnat=0.97 s−1.
Fig. 6. The shift rate difference ΔΓS of the 1278.9 nm line in dependence on the
perturber density difference ΔNP (see text for explanation). The measurements in Ar
and He were carried out at T=1220 K and T=1290 K, respectively. The dashed straight
lines are least squaresfits to the experimental points, yieldingγSAr=(−7.3±0.8)×10−11 cm3 s−1

and γS
He=(−6.5±0.7)×10−11 cm3 s−1.
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3.2. Determination of shift rates

The shifts of the 1278.9 nm line due to Ar and He were determined
from the simultaneous measurements in the reference (noble gas
pressure p0=25 mbar) heat pipe and the heat pipe with variable noble
gas pressure p. The position of the peak of the strongest component
(206Pb and 208Pb envelope) at pressure p was measured relative to its
position at reference pressure p0. The dispersion was determined by
the transmission peaks of the Fabry–Perot interferometer (f.s.r.:
2 GHz). The measured line shift differences ΔΓS in dependence on
the perturber number density differences ΔNP=NP(p)−NP (p0) are
plotted in Fig. 6. The slope of the straight line ΔΓS vs. ΔNP obtained by
least square fit through the experimental points weighted by the error
bars, yielded the following collisional shift rate coefficients for Ar and
He:

gArS ¼ �7:3F0:8ð Þ � 10�11cm3 s�1; ð10Þ

gHeS ¼ �6:5F0:7ð Þ � 10�11cm3 s�1: ð11Þ

The declared error represents the statistical error of the least
square fits.

As can be seen in Fig. 6 both Ar and He cause small red shifts.

4. Discussion and conclusion

The present results complete the set of broadening and shift data
[15,18] for the lines occurring in the transitions among 6p2 3P0, 6p2 3PJ
(J=1, 2) and 7s 3PJ0 (J=0, 1) states of lead, induced by collisions with Ar
and He.

As shown in Section 3, Ar and He cause similar broadening of the
Pb 1278.9 nm line. Moreover, both perturbers shift the line towards
red. In the case of He this is rather rare case [3] and points to an
intricate balance between attractive and repulsive parts of the
potentials involved.

In absence of high quality ab initio Pb-noble gas potentials, one
might speculate upon the type of the interaction responsible for the
investigated broadening and shift of the Pb 1278.9 nm line. Even in the
case of commonly adopted Lennard–Jones potentials the simple
inversion procedure for obtaining the potentials from the experi-
mental data leads to ambiguous results [3], which call for some
additional data in order to reach the final conclusion. Therefore at this
stage of research we did not attempt to extract Pb-noble gas long-
range difference interaction potentials from the broadening and shift
data.

To summarize, the broadening and shift of the “forbidden” Pb line at
1278.9 nm lead have been measured due to the presence of the noble
gases Ar andHe. The results for the broadening and shift constants were
obtained from simultaneous diode laser absorption measurements in
two hot-pipes, out of which onewas kept at low noble gas pressure and
served as a reference, while in the other one noble gas pressure was
varied. The shift rates were obtained by measuring the position of the
strongest absorption peak of the 1278.9 nm line relative to its position
recorded in the reference hot-pipe spectrum. The broadening rates
were determined by fitting the measured line shapes to theoretical
Voigt profiles. The measurements carried out at T=1220 K (in Ar) and
T=1290 K (in He), i.e. at lead number densities of 4.8×1015 cm−3 and
1.2×1016 cm−3, respectively, yielded the following broadening and shift
constants: γB
Ar=(3.4±0.1)×10−10 cm3 s−1, γB

He=(3.8±0.1)×10−10 cm3 s−1,
γS
Ar=(−7.3±0.8)×10−11 cm3 s−1, γS

He=(−6.5±0.7)×10−11 cm3 s−1.
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