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Abstract

The spatial distribution of 6p2 3P and 6p2 3P lead metastable atoms in a radially symmetric low pressure argon1 2
discharge has been investigated by absorption measurements. The number density of lead as well as the argon
pressure were varied independently. The measurements performed to find optimum conditions for metastable
production in the discharge also revealed the diffusion and the collisional depopulation of the metastable species in
argon. Q 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Recently, we have demonstrated the applica-
tion of the isotope dilution technique in diode

Ž .laser atomic absorption spectroscopy DLAAS in
a graphite tube atomizer with integrated dc dis-

w xcharge operated in argon at low pressure 1 . It
was shown that accurate and precise measure-

U Corresponding author. Fax: q385-1-4680-397.
Ž .E-mail address: vadla@ifs.hr C. Vadla .

ments of Pb are possible independent on physical
and chemical matrix effects which can be very
severe if, in particular, metastable atoms are sub-
ject to measurements. Unfortunately, due to the
low population density of the metastables, the
detection limit of Pb was unsatisfactory high for
DLAAS.

The aim of the present paper was to better
understand the physical processes in dc low pres-
sure discharges in order to improve the metastable
population of lead for DLAAS. Therefore, a very
simple, radially-symmetric low pressure dc argon
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plasma was set up in a temperature and pressure
controlled lead]argon gas mixture. The simplicity
and the radial symmetry are important for the
measurements and theoretical modeling of the
spatial distribution of the Pb metastable atoms
and the evaluation of their diffusion and collisio-
nal quenching in the argon plasma.

2. Experiment

The spatial population distributions of lead
atoms in the 6p2 3P and 6p2 3P metastable1 2
states were obtained by measurements of absorp-
tion depths of the 368.4 and 405.9-nm lines, be-
longing to the 6p2 3P ª7s 3Po and 6p2 3P ª7s1 0 2
3Po transitions, respectively. The spatial distribu-1
tions of the higher excited atoms were de-
termined by emission intensity measurements of
the optically thin 405.9-nm line. The measure-
ments were performed in a stainless-steel hot-pipe

Ž .oven inner diameter: 30 mm; length: 400 mm
Ž .with quartz windows at the ends see Fig. 1 and

filled with argon as a buffer gas. The Pb vapor
was generated by resistive heating of the central
part of the oven containing a high-purity Pb sam-
ple. In the middle of the lead vapor column
Ž .length: approx. 40 mm , a dc discharge was oper-
ated between two electrodes made of stainless-

Ž .steel rods diameter: 2 mm . The discharge was
Ždriven by a current-sink power supply voltage:

. Ž .700 V; maximum current: 50 mA . Insets a and
Ž .b in Fig. 1 show the two different electrode
arrangements which were used in this experiment.
In both cases, the distance between the elec-
trodes was 8 mm. The vapor temperature was
determined from the Doppler width of the Pb
405.9-nm line. The measurement of the Doppler
width was performed by diode-laser absorption in
the same manner as reported in a previous work
w x2 . Therefore, this part of the experiment will be
not described here. The lead number density was
determined from the vapor pressure curve given

w xin 3 . The measurements were performed at sev-
eral argon pressures in the range between 15 and
90 mbar.

Fig. 1. Experimental arrangement. HCL, hollow cathode lamp;
L, lenses; w, optical axis; Sc, screen with a pinhole; M,

Ž . Ž .monochromator; PMT, photomultiplier. Insets a and b .
Axial and perpendicular electrode arrangement, respectively.

Ž .Inset c . Typical signals: total intensity IqI , intensity Id d
measured by blocking the hollow cathode beam before passing
the oven, and intensity I measured by turning off the dis-0
charge.

The discharge zone was imaged by the lens L1
Ž .focal length: 200 mm in a 1:2 ratio onto the
entrance slit of a 0.5-m Jarell]Ash monochroma-
tor supplied by a RCA 1P28 multiplier. The
monochromator was used as a band-pass filter
and tuned to the wavelength of either the Pb
405.9 or Pb 368.4-nm line. The absorption mea-
surements were performed with collimated light

Žfrom a Pb hollow cathode lamp. A pinhole diam-
.eter: 0.5 mm was placed at distance of 10 mm in

the front of the monochromator entrance slit
Ž .width: 0.2 mm . In this way, the measured light
absorption and emission was related to the volume
having a form of a long and thin stick parallel to
the optical axis. The observation volume was
scanned by shifting the imaging lens in the plane
perpendicular to the optical axis with a resolution
of approximately 0.25=0.25 mm2. The transmit-
ted hollow-cathode light was discriminated from
the discharge emission intensity I by alternatived

blocking of the light beam before and after pass-
ing the oven, and by additional turning off the
discharge current for a short time. Typical signals

Ž .are given in Fig. 1, inset c . Using the measured
incident intensity I and transmitted intensity I of0

the hollow cathode lamp at the wavelength of the
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particular spectral line, we obtained position-
dependent optical depths K as:

I Ž .Ksyln . 1I0

The frequency- and position-dependent absorp-
tion coefficient of the lines can be expressed as
Ž . Ž .k n sq N P n , where q is the factor comprising

characteristic parameters of the relevant transi-
tion, N is the number density in the correspond-

Ž .ing metastable state, and P n is the normalized
line profile. The profiles of the considered lines
are compositions of several hyperfine and isotope

w xcomponents. As shown in 2 , the profiles of par-
ticular components in absorbing volume are

Ž .shifted argon pressure shift convolutions of the
Ž .Gaussian Doppler broadening and Lorentzian

Ž .function argon pressure broadening at the pre-
sent experimental conditions. On the other hand,
the incident hollow cathode light was character-
ized by optically thin 368.4 and 405.9-nm lines.
The pressure shift of the hollow cathode lines is
negligible and they are essentially Doppler

Ž .broadened temperature: approx. 350 K . The
Ž .monochromator spectral resolution: 0.03 nm in-

tegrates the measured line intensity over the fre-
quency scale and the measured optical depth can
be expressed as:

ªŽ . Ž .P n exp y k r ,n dj dnH H0 ž /n j Ž .Ksyln 2
Ž .P n dnH 0

n

Ž .where P n is the line profile of the incident0
lamp light, and j denotes the observation axis.
Under typical conditions, the measured optical
depth at 405.9 nm was approximately 30 times
smaller than at the 368.4-nm line. For this reason,
the experiment was focused on the 368.4-nm line,
i.e. on the density populations in the lower
metastable state 6p2 3P . The population density1
of the higher metastable 6p2 3P state can be2
calculated with the experimental temperature
Ž .principle of detailed balancing . This is possible

w xsince, in a recent experiment 2 performed by

laser absorption under almost the same experi-
mental conditions, it was found that the measured
density ratio of 6p2 3P and 6p2 3P lead atoms1 2
was constant outside of the discharge and the
value agreed with the equilibrium value calcu-
lated for the experimental temperature.

In order to obtain a relation between the num-
ª 2 3Ž .ber density N r of the 6p P metastables and1 1

Ž .the measured values for optical depth K r at1
Ž .368.4 nm, we calculated the integrals in Eq. 2

using the argon pressure broadening- and shift-
w xparameters of 3 . The value for the transition

probability As1.7=108 sy1 was taken from
w x Ž .Penkin and Slavenas 4 . In our model, P n is0

represented by a sum of non-shifted Doppler-
broadened components of the 368.4-nm line at

Ž .Ts350 K, while P n is given by convolutions of
Doppler and Lorentzian profiles at the experi-
mental temperature Ts1000 K. The calculations

Žyielded that there is a linear relation accuracy:
ª. Ž . Ž ."2% between K r and the value for N r1

integrated over axis of observation for K -1 and1
p -100 mbar:Ar

ª 12Ž . Ž . Ž .N r djs 1.15q0.0043 p =10 K , 3H 1 Ar 1
j

where p is the argon pressure in mbar and theAr
integral over the observation axis j is given in
cmy2 . In this way, the linear dependence of the
measured optical depth and metastable number
density integral was established. In general, the
optical depth K is represented with a poly-1
nomial in terms of number density integrals along
the observation axis, where, at present conditions,
the second term becomes important for K )1.51
and p )100 mbar.Ar

3. Measurements

The population of excited atomic states in a
low-energy discharge is mainly governed by elec-
tron impact, the radiative recombination of ions
and the cascade relaxation of higher bound states.
The last two processes are the most probable
mechanisms for population of the metastable
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state. On the other hand, the main losses of
metastable states are due to quenching by colli-
sions with charged and neutral particles, and to
diffusion out of the discharge volume. It was
found that, for the given experimental arrange-

Žment distances between the electrodes, inner
.diameter of the metal oven , a maximum portion

of the lead atoms being transferred to the
Ž .metastable states approx. 30% can be achieved

if the discharge current is 30 mA, argon pressure
p s40 mbar, and the oven temperature Ts880Ar
K, which corresponds to the lead number density
N s 1 = 1013 cmy 3. In principle higher0
metastable number densities could be produced
either by a higher discharge current or lead num-
ber density. Unfortunately, in both cases, the
discharge becomes unstable due to the higher
metastable density and significant increase of
conductivity of the gas layer between the elec-
trodes and the metal wall of the oven.

In the first part of the experiment performed
under the mentioned optimum conditions the dis-

Ž .charge axis labeled with z was oriented perpen-
dicular to the optical axis w. As displayed in Fig.

Ž .1, inset b , the observation axis was labeled with
y. Fig. 2 shows the measured relative intensities

U Ž .I x, z of the optically thin 405.9-nm line while
Ž .Fig. 3 shows the optical depths K x, z at 368.41

nm.
U Ž .The I x, z data represent the distribution of

the short-lived excited 7s 3Po atoms. The intensi-1
ties of other short-lived lead atoms exhibited the
same distribution. The intensity data represent
the shape of the discharge, i.e. the volume in
which metastable atoms are produced. The high-
est concentrations of short-lived atoms are near
to both electrodes, as can be seen in Fig. 2. The
entire part of the cathode exposed to the metal
vapor was covered with the discharge and strongly
heated. The emission intensity drops drastically
between the electrodes, which indicates the
absence of the positive column. The operating
discharge mode can be classified as the abnormal
glow discharge.

Ž .The K x, z distribution reflects the spatial1
distribution of the metastable Pb 6p2 3P atoms.1
Due to diffusion, it is much broader than the

U Ž .I x, z distribution. One can see that the anode

U Ž .Fig. 2. Intensity distribution I x, z of the optically thin Pb
405.9-nm line measured at discharge current: 30 mA, p s40Ar
mbar, Ts880 K, N s1=1013 cmy3. The measurement was0
performed using the perpendicular electrode configuration.
The distribution is related to the distribution of lead atoms in
short-lived high excited states which act as sources for the
population of the metastable levels.

region is more efficient for production of
metastables than the cathode region. This un-
equal metastable production can be explained by
the presence of a stronger mechanism for the
metastable deactivation near the cathode. A simi-

Ž .Fig. 3. Spatial distribution of the optical depth K x, z at the1
wavelength of the Pb 368.4-nm line measured under the same

Ž .conditions as in Fig. 2. The K x, z is related to the spatial1
distribution of the lead atoms excited to the metastable Pb
6p2 3P state. Under the present conditions, an optimum for1
production of the metastable atoms was achieved. The maxi-

Ž .mum of the K x, z distribution corresponds to the portion of1
approximately 30% of lead atoms being transferred to the
metastable 6p2 3P state.1
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U Ž .Fig. 4. Intensities I x, z of the 405.9-nm line and optical
Ž .depths K x, z at 368.4 nm, measured in dependence on1

Žargon pressure. The other parameters vapor temperature,
.discharge current, electrode configuration are the same as in

U Ž . Ž .Figs. 2 and 3. The I x, z and K x, z were measured near1
Ž .the anode xs0, zs1 mm and both normalized to unity at

Ž .p s40 mbar, where K x, z reaches its maximum.Ar 1

lar effect was observed in the case of metastable
w xargon atoms in a glow discharge 5 .

Fig. 4 illustrates the argon pressure depen-
Ž .dence of the optical depth K 0,1 and the inten-1

U Ž .sity I 0,1 , both measured near the anode peak
at positions xs0 and zs1 mm. The measured
quantities are given in a relative scale. They are
both normalized to unity at p s40 mbar whereAr
the optical depth reaches its maximum. In con-

U Ž .trast to that, I 0,1 , representing the metastable
source, exhibits its largest value at lower pressure
Ž .approx. 10 mbar . The decrease of the optical
depth at low argon pressures is due to the diffu-
sion of the metastables out of the discharge
volume and their de-excitation at the walls of the
oven.

The measured optical depths were radially sym-
metric with respect to the discharge axis, and

Ž . Ž .according to Eq. 3 , the number density N r, z1
of the metastable Pb 6p2 3P atoms at a distance1
r from the discharge axis can be obtained from

Ž .the K x, z distributions by Abel inversion. Dia-1
grams in Fig. 5 show the calculated metastable

Ž .density distribution N r,1 near the anode at1
position zs1 for various argon pressures. The
temperature at the discharge axis is supposed to
be higher than in the surrounding atmosphere.
Therefore, the lead neutral number density is

Žslightly lower than outside the discharge N s10
13 y3.=10 cm . It means that the maximum of the

N rN ratio is higher than 0.3 in the middle of1 0
the discharge. Unfortunately, we were not able to
determine the gas temperature at the discharge
axis. When the laser probe beam intercepts the
discharge axis, the measured line absorption at
the probe wavelength yields an average profile
comprising the contributions outside and inside
the discharge. Taking into account the shape of
the metastable distributions, one can conclude
that the main contribution to the measured ab-
sorption profile originates from the atoms outside
the discharge. Within the error bar of the mea-

Žsured Doppler widths corresponding to "40 K
.uncertainty in temperature , there was no de-

tectable difference between the measurements
performed outside the discharge and those per-
formed with the laser probe beam intercepting
the discharge axis. In addition, no temperature
gradient was detected while scanning the probe
laser beam across the whole volume containing
the metastable atoms. This temperature isotropy
outside the discharge is consistent with the find-

w xings in our previous measurement 2 .
In the described experiment, the shape of the

zone where metastable atoms are produced is
rather complicated. We found that the simpler,
and, for modeling, more convenient, form of the
discharge zone can be obtained in a low-current

Ž .mode between 1 and 2 mA , which corresponds

Ž . 2 3Fig. 5. Number density N r of the metastable Pb 6p P1 1
Ž . Žatoms near the anode zs1 mm at optimum conditions as

.in Figs. 2 and 3 for metastable production at three different
Ar pressures.
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to the normal glow discharge. In this case, to
obtain the measurable absorption related to the
lead metastables, one should significantly
increase the lead number density. This second
part of the experiment was performed with oper-
ating current of 2 mA at a lead density of N s50

14 y3 Ž .=10 cm Ts1070 K . The absolute values of
the metastable number densities in the first and
the second measurement were nearly the same.
However, the relative portion of the metastable
atoms in the latter is much lower than in the
former case.

U Ž .The intensities I x, z and the optical depths
Ž .K x, z were measured in the same way as in the1

w Ž .xfirst part of the experiment see Fig. 1, inset b .
U Ž .The obtained distribution I x, z measured at

p s40 mbar is given in Fig. 6. In contrast to theAr
measurements at 30 mA, the atoms excited to the
short-lived 7s 3Po state are now localized around1
the discharge axis within a cylinder with the ra-
dius r f1 mm, which should be attributed to the0
positive column of the discharge. The correspond-

Ž .ing optical depth K x, z is shown in Fig. 7. The1
Ž .distribution of the K x, z along z-axis has a1

maximum in the middle of the discharge. At this
maximum, only approximately 0.5% of the lead
atoms were in the 6p2 3P metastable state at the1
chosen low current conditions.

Data shown in Fig. 8 illustrate the behavior of

U Ž .Fig. 6. Intensity distribution I x, z of the optically thin Pb
Ž .405.9-nm line measured in a low current 2 mA discharge

mode. The argon pressure was 40 mbar and the lead number
density N s5=1014 cmy3. The electrode arrangement wasPb
perpendicular.

Ž .Fig. 7. Spatial distribution of the optical depth K x, z at the1
wavelength of the Pb 368.4-nm line measured under same

U Ž .experimental conditions as I x, z displayed in Fig. 6. In
Ž .contrast to the high current discharge mode see Fig. 3 , the

maximum of the K displayed corresponds only to 0.5% of the1
lead atoms in the metastable Pb 6p2 3P state.1

U Ž . Ž .I x, z and K x, z distributions in dependence1
on argon pressure measured in the low discharge
current mode. The distributions were measured

Ž .in the middle of the discharge zs4 mm and
Ž .normalized to unity at discharge axis xs0 .

Variations in the argon pressure produce clearly
different diffusion distributions of the metastable
atoms, while the distributions of the higher-
excited atoms in short-lived states remain practi-
cally unchanged. The metastable distributions
were also measured at constant argon pressure

U Ž . Ž .Fig. 8. Normalized intensities I r full symbols and optical
Ž . Ž . Ž .depths K r open symbols measured at 30 circles and 901

Ž .mbar squares argon pressures in dependence on the radius
Ž .r. The distributions were measured in the middle zs1 of

the discharge operating in the low current mode and the
perpendicular electrode arrangement.
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Ž .Fig. 9. Partial term diagram of lead not in scale including
the lowest-lying states and relevant rates for population and
depopulation of the Pb 6p2 3P metastables in a electricJ
discharge.

Ž .40 mbar for different lead number densities in
the range between 1=1013 and 5=1014 cmy3.
The values for K were directly proportional to1
the lead ground state density but these variations
produced no measurable change of the distribu-
tion shape.

Ž .At low argon pressures below 30 mbar , the
diffusion of the metastables was very strong, and
the cell walls, the electrodes, as well as the ends
of the vapor column disturbed the metastable
distributions due to recombination of the
metastables.

The boundary conditions of the perpendicular
w Ž .xelectrode arrangement Fig. 1, inset b are rather

complicated for theoretical modeling. Therefore,
we performed the third part of the experiment
under the same low current conditions as in the
second part, but using the axial electrode ar-

w Ž .xrangement see Fig. 1, inset a , which is more
appropriate for theoretical modeling. In this con-
figuration, the discharge axis was parallel with the
oven axis, i.e. with the optical axis w. These
results, together with the theoretical calculations
for the axial case, are given in Section 5.

4. Modeling

Fig. 9 shows the partial term diagram of lead
Ž .not in scale , including the rates relevant for the
population and depopulation of lead metastables
in an electric discharge. The ground state 6p2 3P0
and the metastable 6p2 3P and 6p2 3P states are1 2
denoted with indices 0, 1 and 2, respectively. The
de-excitation of the higher-lying states is the main
source for metastable production represented with

source rates labeled as S . The depopulation ofi
the long-lived metastables occurs mainly due to
collisional mixing with the other states by charged
and neutral perturbers. Regarding the energy
differences between the metastable states and the
other states of lead, the most probable contribu-
tions to these outgoing rates are quenching to the
ground state and mutual collisional mixing, sym-
bolized by rates Q and M , respectively. Radia-i0 i j
tive depopulation rates of the metastable states
are labeled with A . The lead metastable statesi0
are characterized by very small radiative relax-

y1 w xation rates of the order of 1 s 6 . The quench-
ing rates Q depend on the experimental condi-
tions and are usually represented in the form
Qsk N , where k is the temperature dependenti P i
rate coefficient and N is the number density ofP
the collision partner. Therefore, the effective

Ž .lifetimes t s1r A qQ are strongly affectedi i0 i0
by collision processes in the particular medium,
which causes significant losses of the number
density of metastable atoms. For instance, as re-

w xported in 7 , typical effective lifetimes of the Pb
6p2 3P metastables in airracetylene flames at1,2
atmospheric pressure are shorter than 1 ms. Addi-
tionally, the diffusion out of the excitation zone
plays an important role in establishing the
metastable population balance. The loss of
metastables due to diffusion depends on physical
conditions and experimental geometry. Concern-
ing a long cylindrical volume with radius r where0
the metastable atoms are generated, the diffusion
losses can be estimated by a rate R sDrr 2. TheD 0
coefficient D is usually given in the form:

3r2p T0 Ž .DsD , 40 ž / ž /p T0

where p and T are pressure and temperature at0 0
normal conditions, respectively, and D is the0
constant for the diffusion process. In the case of

w xlead diffusion in argon 8 , the corresponding
constant D s0.19 sy1 cm2, and, for example, at0
p s10 mbar and Ts1000 K, the estimated rateAr
for diffusion losses from the cylinder with r s10
mm amounts to 1.3=104 sy1.

Taking into account diffusion effects, a system
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of steady-state rate equations for the metastable
ª ª ªŽ . Ž .number densities N r and N r at position r1 2

can be written as:

ªŽ .d N r1 ª ªŽ . w x Ž .syN r R qM qN r M1 10 12 2 21dt Ž .5
ª ª ª2 Ž . Ž .qD= N r qS r s01 1

ªŽ .d N r2 ª ªŽ . w x Ž .syN r R qM qN r M2 20 21 1 12dt Ž .6
ª ª ª2 Ž . Ž .qD= N r qS r s02 2

where the depopulation rate R sA qQ .i0 i0 i0
The depopulation of the short-lived higher ex-

cited states is predominantly governed by the
Žspontaneous radiative relaxation order of magni-

7 y1.tude: 10 s , which is much faster than typical
diffusion losses. Therefore, the spatial distribu-

ªU Ž .tions of the higher excited states N r follow
the shape of the corresponding source functions

ªU Ž .S r . In absolute scale, source functions in a
discharge are generally different for various
excited states but, regarding their shapes, they are
similar, and obviously restricted to the region
comprising charged particles.

Assumptions about the complete collisional
mixing of the considered metastable states simpli-
fies the modeling at hand significantly. Complete
collisional mixing occurs when mixing rates for a
particular state are much larger than the other
depopulation rates. In this case, the population

ªŽ .densities N r obey the Boltzmann distribution.i
ª ªŽ . Ž .The ratio N r rN r becomes independent on1 2

position and, according to the principle of
ª ªŽ . Ž .detailed balancing, N r rN r s M rM s2 1 12 21

Ž . Ž .g rg exp yD ErkT , where g and g are the2 1 1 2
statistical weights and D Es2831 cmy1 is the
fine-structure splitting of the considered
metastable state. The strongly coupled system of

Ž . Ž .Eqs. 5 and 6 may be solved in terms of popula-
ª ªŽ . Ž .tion densities N r and N r . Assuming that1 2

M 4R , M 4R and introducing the popu-12 10 21 20
ªŽ .lation density of the metastable complex N r sm

ª ªŽ . Ž .N r qN r , the steady-state rate equation for1 2

ªŽ .the population density N r can be representedm
as follows:

ª ª ª ª ª2 Ž . Ž . Ž . Ž . Ž .= N r ya N r s S r qS r rD. 7m m 1 2

Here, the parameter asR rD and R is them m
depopulation rate of the metastable complex
which is given by:

Ž .R qR M r Mi0 j0 i j ji Ž .R s . 8m Ž .1q M r Mi j ji

With the known shape of the source function,
one can calculate theoretical diffusion curves for
different parameters a and the calculated curves

ªmay be normalized for a certain position r . TheN
comparison of the experimental diffusion dis-
tributions, normalized in the same manner, and
theoretical diffusion distributions, yields the ex-
perimental value for the parameter a . With this
value and the known diffusion coefficient D, one
can determine the effective depopulation rate Rm
of the particular metastable state. More details

w xabout this method can be found in 9 .
In the case of cylindrical symmetry, the fol-

lowing expression is derived by integration of the
Ž .diffusion Eq. 7 over the observation axis z:

ª2 Ž . 1  N rªŽ .q N r d zqH m2 ž /r r zr `z

ªŽ .N r ª ªŽ . Ž . Ž .y ya N r d zsS r , 9H m mž /z y` z

where the radially dependent averaged source
function is given by:

ª ªŽ . Ž . Ž . Ž .S r s S r qS r d zrD. 10Hm 1 2
z

Generally, the solutions of a diffusion equation
can be expressed as a series of modified Bessel
functions which decrease exponentially for dis-
tances large in comparison with the size of the
source region. Consequently, the asymptotic value

ªŽ .for the derivative N r rz in this limit is equalm
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Ž .to zero, and the Laplace operator in Eq. 9
reduces this to the one-dimensional form. Then,

ªŽ . Ž .with the fulfilled condition K r A N r d z,H1 1
z ªŽ .and taking into account the identity N r sm

ªŽ .Ž .N r 1qM rM , which is valid for the com-1 12 21
pletely mixed metastable system, one obtains a

Ž .modification of Eq. 7 :

2 1  Ž . Ž .q K r qa K r1 12 r rr

Ž . Ž . Ž .sS r r 1qM rM . 11m 12 21

The presented approach simplifies the problem
at hand significantly and offers the opportunity to
obtain data for the collisional deactivation of the
lead metastables in an atmosphere outside the
discharge zone.

5. Data analysis and results

Ž . Ž .Theoretical distributions K r obeying Eq. 11
were calculated for parameter a in the range
between 1 and 128 cmy2 . The averaged radially

Ž .dependent source function S r was used in am
form of a Gauss function, with the full width at
half maximum 2r s1 mm. This approximation0
fairly describes the experimental shape of the

Ž .source zone see Figs. 6 and 8 . Theoretical dif-
fusion curves were calculated applying the

Ž .boundary condition N R s0, where R s15m 0 0
mm is the inner radius of the hot-pipe. In this
way, the effect of destruction of the metastable
atoms at the oven walls was included in the
calculation. The present situation is very similar

w xto that described in the paper of Vadla et al. 9
dealing with the diffusion of barium metastables.
In the Ba work, the metastables were populated
by the subsequent depopulation of a higher-lying
level, which was directly excited by a laser from
the ground state. The corresponding source func-
tion was well-defined rectangle of the similar size
as in present case, whereas the boundary condi-
tions were identical.

wUsing the axial electrode configuration Fig. 1,
Ž .xinset a , the experimental distributions at vari-

ous argon pressures were measured for distances

Fig. 10. Typical experimental diffusion distributions plotted in
the field of theoretical distributions. The experimental dis-
tributions were obtained in the low discharge current mode
and with axial electrode configuration. The numbers at-
tributed to the theoretical curves are related to the parameter
a expressed in units of cmy2 . See text for further explana-
tions.

rG2 mm. The theoretical, as well as the experi-
mental, curves were normalized to unity at r s3N
mm, and typical results are plotted in Fig. 10. By
fitting the experimental distributions into the field
of theoretical curves, the experimental values for
parameter a at various argon pressures were
obtained. With these data, the values for the
depopulation rates R sDa were calculated. Them
calculated values for R are plotted against them
argon number density in Fig. 11.

Fig. 11. Depopulation rate R of the metastable Pb 6p2 3Pm J
complex in dependence on argon number density. The slope k
of the straight-line fitted through the data set yields the value
for the quenching rate coefficient.
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The slope of the straight-line fitted through the
data yields the rate k s3.3=10y15 cm3 sy1 form

the quenching due to argon. The estimated total
uncertainty of this value is approximately 20%.
The calculated equilibrium density ratio N rN2 1
at the experimental temperature amounts to 0.04.

Ž .According to Eq. 8 , the measured depopulation
rate should be mainly attributed to the depopula-
tion of the lower metastable state.

The straight-line intercepts the ordinate at the
value of f300 sy1. This residual rate comprises
radiative relaxation rate A and a contribution
R due to quenching by ground-state lead atoms.Pb
Recently, in a separate absorption experiment
w x10 , we have determined the transition probabil-
ity A of the strictly forbidden ground to
metastable state transition 3P ] 3P , and found0 1
As6.1 sy1. This experimental value is in a good
agreement with the latest theoretical result As

y1 w x7.2 s , which has been reported in 6 . Thus, the
residual rate should be almost entirely ascribed to
the 3P state quenching by the ground-state lead1
atoms. Using the value R f300 sy1 and thePb
actual ground-state density N s5=1014 cmy3,0
we obtain quenching rate constant k f6=Pb
10y13 cm3 sy1 for collisions with lead atoms. The
error bar for this value is approximately 80%.

The latest data on the 3P state quenching by1
w xargon and lead atoms can be found in 11 . The

measurements of the Ar quenching rate were
performed by varying Ar pressure in the range
100]700 torr, at constant lead density of 4=1015

cmy3 and temperature Ts1193 K. From the rate
vs. Ar pressure straight line, the authors obtained
the quenching rate constant k s5.6=10y16 cm3

Ar
sy1, which is approximately seven times smaller
than our present value. On the other hand, by
extrapolating their measured data to zero argon
pressure, the residual rate of f4=103 sy1 can

w xbe estimated. In addition, Reiser et al. 11 re-
ported the value k s2=10y13 cm3 sy1, whichPb
was obtained from the measurements performed
by varying the Pb ground-state density. Taking
into account either this value for k or the valuePb
estimated in the present work, one can conclude

3 y1 w xthat the residual rate of f4=10 s in 11
should be mainly attributed to the radiative relax-

ation rate, which strongly disagrees with the
w xrecent theoretical and experimental results 6,10 .

6. Conclusion

The production and loss processes of 6p2 3P1
and 6p2 3P lead metastable atoms in a low2
pressure argon discharge have been investigated.
Under the present experimental conditions, the
main losses of metastable populations are due to
quenching by buffer gas atoms and the diffusion
out of the zone where the metastables are cre-
ated. Regarding the pressure dependence, the
mentioned processes compete with each other in
the opposite sense. Maximum population densi-
ties of the metastables, approximately 30% of the
ground state density, were obtained at 40 mbar
argon pressure and the highest current for stable

Ž . 3discharge operation 30 mA . In addition, P1
state quenching rate constants of 3.3=10y15 cm3

sy1 and 6=10y12 cm3 sy1 for collisions with ar-
gon and the ground-state Pb atoms, respectively,
were determined.
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