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Laser-induced fluorescence study of collision-time asymmetry and speed-dependent effects
on the 114Cd 326.1-nm line perturbed by Xe

A. Bielski, R. Ciuryło, J. Domysławska, D. Lisak, R. S. Trawin´ski, and J. Szudy
Institute of Physics, Nicholas Copernicus University, Grudzia¸dzka 5/7, PL-87-100 Torun´, Poland

~Received 15 February 2000; published 17 August 2000!

Using a laser-induced fluorescence method detailed analysis of profiles of the114Cd 326.1-nm line perturbed
by xenon was performed, which revealed departures from the ordinary Voigt profile. These departures are
shown to be consistent with fits of experimental profiles to a speed-dependent asymmetric Voigt profile.
Coefficients of the pressure broadening, shift, and collision-time asymmetry are determined and compared with
those calculated in the adiabatic approximation for the Czuchaj-Stoll potentials.

PACS number~s!: 32.70.Jz, 33.70.2w, 34.20.2b
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I. INTRODUCTION

Profiles of pressure-broadened spectral lines at low de
ties of perturbing atoms are usually assumed in the form
Lorentzian profile that is symmetric with respect to the p
sition of the peak of the line. The full width at half maximu
~FWHM! of the line and its collisional shift are linearly de
pendent on the perturber density. The use of Lorentzian
files to interpret experimental data is justified for isolat
lines if the collision duration can be neglected@1–3#, i.e.,
when the impact approximation can be applied. In this
proximation the collisions are assumed to be effectively
stantaneous.

It was shown that if the finite duration of collision is take
into account, then the first-order correction term to t
Lorentzian profile has a dispersion form@2–10# and it gives
rise to the so-called ‘‘collision-time asymmetry,’’ which b
now was measured only for a few spectral lines of a f
elements perturbed by rare gases~see, e.g.,@3# and refer-
ences therein!. It should be emphasized that as was indica
first by Berman@11# and later by many authors@12–14#, all
collisional parameters of the line profile, such as its wid
shift and asymmetry are dependent on the emitter veloc

The thermal motion of emitters leads to a well-know
phenomenon of the Doppler-line broadening. In the c
when the velocity-changing collisions can be neglect
which means that the emitter motion can be treated as a
motion ~see also@14#! and the emitter velocity distribution i
described by the Maxwellian distribution, the shape of
Doppler-broadened line can be given in the form of a Gau
ian profile with the width dependent on the gas tempera
and independent of the perturber density.

In the traditional analysis of line shapes, one assumes
the Doppler broadening is statistically independent of pr
sure broadening. In the impact limit, the combined influen
of Doppler and pressure effects can be represented by
familiar Voigt profile ~VP!, which is a convolution of the
Lorentzian and Gaussian profiles. Beyond the impact lim
i.e., in the case when the finite duration of collisions is tak
into account, the resultant profile can be represented by
so-called asymmetric Voigt profile~AVP!, which is the con-
volution of the Gaussian distribution with a sum of th
Lorentzian and dispersion profiles.
1050-2947/2000/62~3!/032511~10!/$15.00 62 0325
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The assumption of statistical independence of the Dop
broadening from the pressure effects is justified only in
case when the mass of the emittermE is much greater than
that of the perturbermP : mE@mP . This means that for sys
tems corresponding to very small values ofa5mP /mE , the
ratio of perturber and emitter masses, the emitters are es
tially stationary and all collisions are independent of t

emitter velocityvW E so that either AVP or VP results, depen
ing on whether the finite duration time of collisions is, r
spectively, taken into account or not.

With increasing values ofa, the assumption of statistica
independence ceases to be valid, which means that the
relation between pressure broadening and velocity contr
tions to the line shape should be taken into account. Follo
ing Berman@11# and Wardet al. @12# this can be done by
treating the collisional width, shift, and asymmetry para
eter of the pressure-broadening component of the line pro
as parameters, depending on the speed of the emitter.
full line shape, after performing the velocity average usi
Maxwellian distribution, is then given either by a ‘‘spee
dependent Voigt profile’’~SDVP! first derived by Berman
@11# for the pure impact case, i.e., when the collision du
tion time is neglected or by a ‘‘speed-dependent asymme
Voigt profile’’ ~SDAVP! given by Harriset al. @15# for the
case when the finite duration of collisions is taken into a
count.

Apart from pressure broadening, the speed-dependen
fects and, in particular, the speed dependence of the Lor
zian width may in some cases lead to the narrowing of
line as well. This effect, which was described by Berm
@11# and Wardet al. @12# and tested by several authors@15–
22#, is manifested by the decrease with the increase of p
turbing gas density of the Doppler width determined fro
the fits of theoretical profiles such as VP or AVP to expe
mental profiles. Another feature of speed-dependent eff
on spectral lines is that they may give rise to an asymme
of line shapes even in the case when the finite duration
collisions may be neglected. Such an effect results from
speed dependence of pressure shift of the line as was ex
mentally demonstrated by Farrowet al. @23#. It must be em-
phasized that because of the similarity between contributi
from collision duration time and speed-dependent effe
extreme care is needed in any quantitative interpretation
©2000 The American Physical Society11-1
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asymmetry of pressure-broadened spectral line shapes.
It must also be noted that aside from the narrowing cau

by speed-dependent effects, another type of collisional
rowing may occur due to the velocity-changing collision
This phenomenon was originally described by Dicke@24#
who has shown that if the mean free path of the emi
between two successive collisions becomes smaller than
wavelength of the radiation, then the Doppler width is app
ciably reduced. This effect, which is similar in origin to th
Mössbauer effect, is known as Dicke narrowing. Two the
retical models of the translational motion have been use
describe the profiles of Dicke-narrowed spectral lines. Th
are the soft-collision model developed by Galatry@25# and
hard-collision model given by Nelkin and Ghatak@26#. In
recent years, these two models served as starting point
several researchers who developed theoretical approach
take into account the simultaneous influence of Dicke n
rowing, correlation between velocity changing and deph
ing collisions @27,28#, and speed dependence of collision
parameters@29–35#, as well as collision duration time
@14,36,37# on the resultant line shape.

In a series of experiments in this laboratory@22,38–40#
the pressure broadening and shift of the114Cd 326.1-nm
(5 1S0–53P1) intercombination line perturbed by He, N
Ar, Kr, and Xe have been studied by means of class
emission spectroscopy using a pressure-scanned Fabry-
interferometer. It should be noted that due to the weaknes
the fluorescence signal and small transmission of the Fa
Perot interferometer~its inherent feature!, such line-shape
measurements were possible only for the perturbing gas p
sures less than 100 Torr at room temperature.

Our earlier work@22# on the Cd-Xe system performe
with a pressure-scanned Fabry-Perot interferometer~FPI! in-
dicated that the simple Voigt function that is a convoluti
of Lorentzian and Gaussian components is inadequate
cause the Doppler width obtained from the Voigt analy
was found to decrease markedly with increasing xenon p
sure. This result is a manifestation of the correlation betw
the collision and Doppler broadening. We should emphas
however, that departures from the Voigt profile are diffic
to observe by means of classical spectroscopic methods s
the effects are small, and even with high-resolution inst
ments such as FPI the instrumental profile is not negligib
In particular, our numerical simulations have shown that
real FPI it is practically impossible to observe the collisio
time asymmetry because this effect is totally obscured by
periodic instrumental function of FPI.

The above limitation as well as a small pressure ra
~below 100 Torr! and rather poor,~especially for higher pres
sures! signal-to-noise ratio did not allow us in our previou
work to register and analyze the collision-time asymme
for the Cd-Xe system. It should be noted, however, tha
our recent study@41# on the influence of Kr on the 326.1-nm
114Cd line we were able to detect the collision-time asy
metry using a classical absorption spectroscopy method.
spectral resolution of the apparatus used in that study
too low to perform any quantitative analysis of the role
speed-dependent effects in the formation of resulting p
files.
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In the present paper, we report results of detailed stud
of the shapes of the 326.1-nm114Cd line perturbed by xenon
gas that were performed using a laser-induced fluoresce
technique. A good signal-to-noise ratio and negligible inst
mental profile ~that of a ring dye laser is about 1 MHz!
enable us to fit the line shapes in considerable detail
record deviations from the ordinary Voigt profile that can
ascribed to both the collision-time asymmetry and spe
dependent effects.

The measured line shapes are then analyzed in term
the speed-dependent asymmetric Voigt profile and
pressure-broadening, shift, and asymmetry coefficients
determined and compared with those calculated on the b
of some interaction potentials that are available for Cd-X
The effects of velocity-changing collisions are also inves
gated using a model that describes both the speed-depen
effects and collisional narrowing processes@37#.

II. EXPERIMENTAL SETUP

To avoid the hyperfine and isotopic structure of the
326.1-nm line, the measurements were performed using
114Cd isotope. The sidearm quartz cells containing cadmi
were filled with xenon and cutoff from the vacuum syste
The xenon pressure was varied between 5 and 368 To
room temperature. The cells were situated in the special m
tisection oven, enabling the independent temperature sta
zation of the cell and its sidearm up to 1 K. During th
measurement, the temperature of the cell was kept cons
at 724 K, while the sidearm was kept at temperature
440 K.

The line shape of the cadmium 326.1-nm line was reg
tered using a digital laser spectrometer described elsew
@43#. The intensity of the fluorescence signal as the la
frequency was scanned across the line was measure
a thermoelectrically cooled photomultiplier working i
the photon counting mode. An actively stabilized sing
frequency Coherent 899-21 ring dye laser equipped w
an intracavity frequency doubler, operating o
4-~dicyanomethylene!-2-methyl-6-~4-dimethylaminostyryl!-
4H-pyran dye, was pumped by an INNOVA-400 argon-i
laser. The ring laser provided single-mode UV output co
tinuously tunable for up to 60 GHz with line width about
MHz. Frequency calibration of the ring laser was perform
using its fundamental~red! line directed to a confocal FP
with a free spectral range of 1.5 GHz and the 100-cm-lo
iodine cell operated at 35 °C. The FPI transmission pe
and I2 absorption spectrum were recorded simultaneou
with the fluorescence signal for frequency calibration. T
laser UV beam incident on the cell was linearly polarized
the vertical direction, and the collection optics arm, perp
dicular to the laser beam direction, contained a linear po
izer set at the ‘‘magic angle’’~rotated 54.7o from the verti-
cal!, so that the collection optics system was insensitive
effects due to anisotropy of fluorescence~see, e.g.,@17,44#!.
Photon counting was performed by an electronic system b
in the computer application for measurements and con
standard described elsewhere@38#. All of the data, fluores-
cence signal, laser UV output power, FPI transmission pe
1-2
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and I 2 absorption spectrum, were acquired with a PC co
puter for further evaluation.

III. LINE SHAPE

A. Speed-dependent asymmetric Voigt profile

As was mentioned in the Introduction, the shape o
pressure-broadened line can be described by the sum
Lorentzian and dispersion distributions. If emitters mo
with velocity vW E , this profile can be written in the following
form:

I ~ ñ,vW E!5
1

p

@gL~vE!/2#1x~vE!@ ñ2 ñ0~vW E!2D~vW E!#

@gL~vE!/2#21@ ñ2 ñ0~vW E!2D~vW E!#2
,

~1!

where gL(vE), D(vE), x(vE) denote the speed-depende
Lorentzian width~FWHM!, shift, and collision-time asym
metry parameter, respectively, and

ñ0~vW E!5 ñ01
kW•vW E

2pc
~2!

is the unperturbed wave numberñ0 of the emitted line modi-
fied by the Doppler shift. HerekW is the wave vector of the
emitted radiation andc is the speed of light.

In the general case, the speed-dependent Lorentzian w
and shift can be evaluated from the following express
@1,2,14,12#:

gL~vE!

2
1 iD~vE!5

N

c E d3vW EPf mP
~vW E1vW EP!vEPE

0

1`

drr

3$12^Uii ~1`,2`!

3U f f
21~1`,2`!&Ang.Av.%. ~3!

Here N is perturber density,r is the impact parameter an
f mP

(vW P) is the Maxwellian distribution of velocitiesvW P of

perturbers with massmP connected with emitter velocityvW E

and the relative perturber-emitter velocityvW EP by following
the relationvW P5vW E1vW EP . The product of time-evolution
operators for the initial and final states averaged over ang
coordinates^Uii (t2 ,t1)U f f

21(t2 ,t1)&Ang.Av. is dependent on
vEP andr. In a good approximation,x(vE) can be evaluated
from the expression derived in our earlier papers@10,14#:

x~vE!52pNE d3vW EPf mP
~vW E1vW EP!vEPE

0

1`

drrE
2`

1`

dt0

3Im$11^Uii ~1`,2`!U f f
21~1`,2`!

2Uii ~ t0 ,2`!U f f
21~ t0 ,2`!2Uii ~1`,t0!

3U f f
21~1`,t0!&Ang.Av.%. ~4!

Hereafter we use the first-order approximation in wh
cos@x(vE)#'1 and sin@x(vE)#'x(vE).
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To obtain the resulting line shape, Eq.~1! should be av-
eraged over the Maxwellian distributionf mE

(vW E) of veloci-

ties of emitters with massmE . The averaged profile can b
written in the following form:

I ~ ñ !5E d3vW E f mE
~vW E!I ~ ñ,vW E!. ~5!

Following Harriset al. @15# ~see also@14#! after performing
the integration overvW E using the reduced emitter speedx
5vE /vmE

~where vmE
5A2kBT/mE is the most probable

speed of the emitter,T is the gas temperature, andkB is
Boltzmann’s constant! the resultant line shape that takes in
account both the collision-time asymmetry and spe
dependent effects can be written in the form of the SDAV

I SDAVP~ ñ !5
2

p3/2ñD
E

2`

1`

dxe2x2
xH arctan@A~x!#

1
^x&BA~x;a!

2
ln@11A2~x!#J , ~6!

where

A~x!5
ñ2 ñ02^D&BS~x;a!1xñD

^gL&BW~x;a!/2
. ~7!

Here,ñD5 ñ0vmE
/c is proportional to the Doppler widthgD

~FWHM!, i.e., ñD5gD /(2Aln 2). Functions BW(x;a),
BS(x;a), andBA(x;a) are defined by

BW~x;a!5
gL~xvmE

!

^gL&
, ~8!

BS~x;a!5
D~xvmE

!

^D&
, ~9!

BA~x;a!5
x~xvmE

!

^x&
, ~10!

the reduced Lorentzian width~FWHM!, reduced pressure
shift, and reduced collision-time asymmetry~CTA! param-
eter, respectively@14,12,13#. The quantitieŝ gL&, ^D& and
^x& in the denominators of Eqs.~8!–~10! are the Lorentzian
width, pressure shift, and CTA parameter averaged over
Maxwellian distributionf mE

(vW E) of the emitter velocitiesvW E

and they can be written in the following way:

^gL&5E d3vW E f mE
~vW E!gL~vE!, ~11!

^D&5E d3vW E f mE
~vW E!D~vE!, ~12!

^x&5E d3vW E f mE
~vW E!x~vE!. ~13!
1-3
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It should be noted that in the limiting cases, the SDAV
profile, Eq. ~6!, becomes identical with functions used
traditional line-shape analysis~see also Ref.@14#!. For in-
stance, the neglect of speed-dependent effects that is jus
for small a values leads to the AVP simply by puttin
BW(x;a)5BS(x;a)5BA(x;a)51 in Eqs. ~6! and ~7!. On
the other hand, the neglect of the collision-time asymme
leads to the SDVP@11# simply by puttingx50 in Eq. ~6!.
The neglect of both the above effects leads to the ordin
VP.

B. Adiabatic approximation

In order to adapt the above approach to the analysis
experimental line shapes for Cd-Xe systems, the interato
potentials involving the Cd ground (5s2 1S0) and the excited
(5s5p 3P1) states must first be known. The interaction b
tween ground-state atoms Cd(5s2 1S0)1Xe(5p6 1S0) is de-
scribed by a single potential curve corresponding to
X101 molecular state. During the collision of the Cd ato
excited to the 5s5p 3P1 state, two molecular states labeled
A301 andB31 are formed that are described by two differe
potential curves. The broadening and shift of the Cd 32
nm intercombination line (5s5p 3P1-5s2 1S0) is thus the re-
sult of contributions from theA301-X101 and B31-X101

transitions.
In the adiabatic approximation for the Cd 326.1-nm li

perturbed by Xe, the product of time-evolution operators
eraged over angular coordinates can be written as@10,22#

^Uii ~ t2 ,t1!U f f
21~ t2 ,t1!&Ang.Av.

5
1

3
exp@2 ihA2X~ t2 ,t1!#1

2

3
exp@2 ihB2X~ t2 ,t1!#,

~14!

wherehA2X(t2 ,t1) andhB2X(t2 ,t1) are the phase shifts fo
the A301-X101 and B31-X101 transitions, respectively
These functions are given by the following expression:

h~ t2 ,t1!5
1

\Et2

t1
DV„r ~t!…dt, ~15!

whereDV(r ) denotes the difference of potentialsV(A301)
2V(X101) andV(B31)2V(X101), respectively, andr (t)
5Ar21vEP

2 t2 is the interatomic distance at timet.
It should be noted that the use of the semiclassical a

batic approach and the straight-line approximation in the
scription of the motion of colliding atoms applied in th
work can lead to some errors in the evaluation of collisio
width, shift, and asymmetry. However, for isolated lines
neutral atoms of metals perturbed by heavy rare-gas ato
i.e., for systems like Cd-Xe, it is usually sufficient to use t
adiabatic approach with straight-line trajectories@2,3#.

C. Velocity-changing collisions

As we mentioned in the Introduction, the Dicke narro
ing resulting due to velocity-changing collisions may co
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tribute to the line shape if the mean free path becomes of
order of the wavelength of the emitted light. This means t
the role of the Dicke narrowing increase with the increase
perturbing gas pressure in accordance with theoretical
dictions of the soft-@25# and hard-@26# collision model in
which the velocity-changing and dephasing collisions
treated as statistically independent events. Rautian and
belman @27# have indicated, however, that in many cas
correlation between velocity-changing and dephasing co
sions should also be taken into account. Such a correla
gives rise to profiles that in the presence of pressure shift
asymmetric as was experimentally confirmed by Pine@28,33#
for rovibrotional lines of HF perturbed by Ar. An importan
feature of this correlation is that they can lead to the mar
reduction of the Dicke narrowing or even its complete elim
nation.

In order to estimate the contribution of the Dicke narro
ing to the shape of the 326.1-nm Cd line perturbed by Xe,
used in this work a unified formula presented recently@37#
on the basis of the approaches given by Ciuryło@14# and
Pine @33#. That formula is unified in the sense that it d
scribes the ordinary pressure broadening due to depha
collisions with the inclusion of the finite duration of thos
collisions, speed-dependent effects, and Dicke narrowing
well as correlation between dephasing and velocity-chang
collisions. To simplify the calculations, we used the ha
collision model of the Dicke narrowing given by Nelkin an
Ghatak@26#. The unified formula given in Ref.@37# takes
then a form called the correlated speed-dependent asym
ric Nelkin-Ghatak profile~CSDANGP! that represents an
asymmetric version of the correlated speed-depend
Nelkin-Ghatak profile derived by Pine@33#.

The most important quantity in the hard-collision model
the effective frequency of velocity-changing collisions whi
is inversely proportional to the diffusion coefficientD for the
emitter surrounded by the perturbing gas. Unfortunately,
Cd-Xe, neither experimental nor theoretical data onD are
available. Therefore the accurate analysis of the influenc
the Dicke narrowing on the Cd 326.1-nm line perturbed
Xe is not possible at present. Nevertheless, using
CSDANGP formula with coefficients evaluated from simp
fied treatments of the diffusion in binary systems@47# for the
Cd-Xe interatomic potentials calculated by Czuchaj and S
@42#, we performed simulations of the profiles of the X
broadened 326.1-nm Cd line. The main conclusion of th
simulations is that for Cd-Xe, the extent of the Dicke na
rowing of the Doppler component of the 326.1-nm line f
the highest Xe pressure used in the present experime
below 431023 cm21. Moreover, it will be seen that we
have shown in the next section that no additional decreas
the Doppler width caused by the Dicke narrowing is o
served in our experiment. We can thus conclude that in
case, Dicke narrowing makes a negligible contribution to
width and shape of the 326.1-nm line. Therefore, in the f
lowing we perform the analysis of our experimental da
using the SDAVP formula, Eq.~6!, in which Dicke narrow-
ing is neglected. We should also mentioned that for syste
like Ca perturbed by rare-gas atoms@16–18# as well as for
some spectral lines of Ne and Ar perturbed by Ne@20,21#,
1-4
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the observed line shapes were successfully interprete
terms of SDAVP or SDVP expressions.

IV. DATA ANALYSIS

In order to examine the role of the collision-time asym
metry and speed-dependent effects in the production of
total line shape, we fitted the following profiles to our e
perimental data: ordinary Voigt profileI VP( ñ), speed-
dependent Voigt profileI SDVP( ñ), asymmetric Voigt profile
I AVP( ñ), and speed-dependent asymmetric Voigt pro
I SDAVP( ñ). The best-fit procedure was performed using
least-squares algorithm for nonlinear parameters due to M
quardt @45#. Our numerical fit to I VP( ñ) as well as to
I SDVP( ñ) allowed three parameters to vary: the Gauss
width gD , the Lorentzian widtĥgL&, and the line shift̂ D&.
For asymmetric profilesI AVP( ñ) and I SDAVP( ñ), we also
fitted the asymmetry parameter^x&. The BW(x;a) and
BS(x;a) functions used in the SDVP and SDAVP were c
culated from Eqs.~8! and ~9!, using for Cd-Xe interaction
the potentials recently reported by Czuchaj and Stoll@42#. In
the SDAVP theBA(x;a) function was taken to be equal t
one ~see Sec. IV C!.

Figure 1~a! shows an example of the shape of t
326.1-nm 114Cd line perturbed by Xe at 203 Torr at roo
temperature. The best-fit profileI SDAVP( ñ) is plotted as the
solid line. In order to examine the quality of the fits we us
the weighted differences of the intensities

Ds~ ñ !5
I expt~ ñ !2I theor~ ñ !

AI theor~ ñ !
, ~16!

between experimental~measured! I expt( ñ) and theoretical
~fitted! I theor( ñ) profiles. In Fig. 1~b! we plotted these dif-
ferences for the case whenI theor( ñ) profile was given by the
ordinary Voigt profileI VP( ñ). We can see systematic depa
tures from zero in the line core as well as on line wings t
can be regarded as a manifestation of the line asymme
Figure 1~c! shows the differences for the case whenI theor( ñ)
is given by the speed-dependent Voigt profileI SDVP( ñ). The
systematic departures are still present on the line win
while in the line core the quality of the fit is better. Fo
I theor( ñ) given by the asymmetric Voigt profileI AVP( ñ)
@Fig. 1~d!#, an improvement of the fit was obtained only o
line wings. Finally, Fig. 1~e! shows the differences for th
case whenI theor( ñ) is given by the speed-dependent asy
metric Voigt profileI SDAVP( ñ). As can be seen in this cas
the values of the differences are spread uniformly about z
which confirms the goodness of the fit. We can thus concl
that in the case of the Cd-Xe system, both the collision-ti
asymmetry and speed-dependent effects have a notice
influence on the profile of the 326.1-nm line.

In the following, we are going to focus our attention o
the problem of how to distinguish these two effects that b
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can lead to asymmetry of the profile. Therefore in our ana
sis described in following sections we use the AVP a
SDAVP profiles only.

A. Doppler broadening

Figure 2 shows the values of the Doppler widthgD of the
326.1-nm Cd line perturbed by xenon determined from
best fit of the AVP to experimental data, plotted against
pressure of Xe. As can be seen, the Doppler width is foun
decrease markedly with increasing Xe pressure. This can
interpreted as a manifestation of the Doppler-collision cor
lation effects and it is in agreement with theoretical pred
tions due to Berman@11# and Wardet al. @12# and with pre-
vious experimental observations@16,18,20–22# and our
numerical simulations.

In Fig. 2 we also plotted the values of the Doppler wid
gD determined from the best fit of the SDAVP to the expe
mental data. It should be noted that evaluation of the SDA
requires the knowledge of the dependence of the emit

FIG. 1. ~a! The shape of the Cd 326.1-nm line perturbed by
at pressure 203 Torr: experimental points together with the bes
SDAVP ~with Czuchaj and Stoll potential! ~full curve! and

weighted differencesDs( ñ) between experimental and the fitted~b!
Voigt profile ~VP!, ~c! speed-dependent Voigt profile~SDVP!, ~d!
asymmetric Voigt profile~AVP!, and ~e! speed-dependent asym
metric Voigt profile~SDAVP!, respectively.
1-5
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perturber interaction potentialV(r ) on the interatomic dis-
tancer. We performed the best-fit procedure for two cas
in the first case we assumed this interaction in the form
the van der Waals potential and in the second case we
the numerical potentials calculated by Czuchaj and S
@42#. In the first case, i.e., forDV(r )52C6 /r 6, the
BW(x;a) andBS(x;a) functions can be evaluated from th
analytical expression@12#

BW~x;a!5BS~x;a!5~11a!20.3M ~20.3,1.5,2ax2!,
~17!

whereM (a,b,z) is the confluent hypergeometric function.
the second case these functions must be evaluated from
~8! and ~9!. In our fits we have used in both casesBA(x;a)
51 ~see Sec. IV C!

As can be seen for SDAVP there is practically no dep
dence of the Doppler widthgD on the Xe pressure. Th
average Doppler widths determined for SDAVP using
van der Waals and Czuchaj-Stoll@42# potentials are found to
be 55.4(1.8)31023 cm21 and 55.9(1.7)31023 cm21, re-
spectively. These values agree very well with theoreti
Doppler width 55.431023 cm21 corresponding to the cel
temperatureT5724 K.

B. Pressure broadening and shift

Figures 3 and 4 show the plots of the Lorentzian wid
^gL& and shift^D& determined from the best fit of AVP an
SDAVP ~with van der Waals and Czuchaj-Stoll@42# poten-
tials! to our experimental profiles against the density num

FIG. 2. Plots of the Doppler widthgD of the 326.1-nm Cd line
perturbed by xenon determined from the best fit of the AVP~open
circles! and SDAVP@for van der Waals~triangles! and Czuchaj and
Stoll ~filled circles! potentials# to the experimental data, against th
pressure of Xe. Dashed line, theoretical Doppler width correspo
ing to the cell temperature~724 K!. Error bars indicate the value o
the standard deviation.
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FIG. 3. Plots of the Lorentzian widtĥgL& of the 326.1-nm Cd
line determined from the best fit of the AVP~open circles and
dashed line! and SDAVP@for van der Waals~triangles and dashed
and-dotted line! and Czuchaj and Stoll~filled circles and solid line!
potentials# to the experimental data against the xenon densityN.
Error bars indicate the value of the standard deviation. For
clarity of the figure, we plotted the error bars only for the SDAV
~with Czuchaj and Stoll potential!. For two other fits the error val-
ues were of the same magnitude.

FIG. 4. Plots of the shift̂ D& of the 326.1-nm Cd line deter
mined from the best fit of the AVP and SDAVP to the experimen
data against the xenon densityN. ~Notations as in Fig. 3.!.
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TABLE I. Comparison of experimental values of theb, d ~in units 10220 cm21/atom cm23), andk ~in
units 10221/atom cm23) coefficients with those calculated for different interatomic potentials. For exp
mental data the values of standard deviations are given.

Experimental values bexpt dexpt kexpt

Brym et al. @23# (p,80 Torr! 1.223~19! 20.304(31)
This work AVP 1.273~7! 20.333(2) 21.42(8)
This work SDAVP-vdW 1.258~6! 20.344(2) 21.16(7)
This work SDAVP-CS 1.257~6! 20.348(2) 21.08(7)

Theoretical values b theor d theor k theor

van der Waals 1.127 20.408 21.16
Morse 1.101 20.221 20.89
Czuchaj-Stoll@43# 1.330 20.322 21.15
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N of xenon. As it is seen, the shift is toward the red, and b
^gL& and^D& are linearly dependent on the density. From t
slopes of these linear dependencies, the pressure-broad
b5^gL&/N and shiftd5^D&/N coefficients were determine
and listed in Table I. They are marked ‘‘This work AVP,
‘‘This work SDAVP-vdW,’’ and ‘‘This work SDAVP-CS,’’
respectively.

It is seen that our experimental values ofb andd deter-
mined from these three fitting procedures are different
though they are close to each other. The broadening co
cients obtained by the speed-dependent analysis are
slightly lower ~about 1%! than those resulting from th
asymmetric Voigt profile analysis. Unlike the broadenin
the pressure shift coefficients obtained by the spe
dependent analysis are slightly higher~about 4%! than those
obtained for asymmetric Voigt profile.

C. Line asymmetry

Figure 5 shows the plot of the asymmetry parameter^x&
determined from the best fit of AVP and SDAVP~with van
der Waals and Czuchaj-Stoll@42# potentials! to our experi-
mental profiles, against the density numberN. As it is seen,
the asymmetry parameter is linearly dependent on the d
sity. From the slope of the best-fit straight line, the asymm
try coefficientsk5x/N were determined and listed in Tab
I. It is seen that our experimental values ofk coefficients
obtained by speed-dependent analysis for van der Waals
Czuchaj-Stoll potentials are close each other, but they
lower by about 20% than those resulting from the asymm
ric Voigt profile analysis.

It should be noted that theBA(x;a) function may be rep-
resented in an analytic form only in some cases, for insta
for inverse-power potentials@13#. For the van der Waals po
tential, this function is given by the following expressio
@13#:

BA~x;a!5~11a!0.3M ~0.3,1.5,2ax2!. ~18!

In the general case, for instance, when potentials are give
the numerical form, this function must be evaluated num
the
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cally using Eq.~10!. However, numerical calculation of th
BA(x;a) function from Eq.~10! is much more time consum
ing than calculations ofBW(x;a) and BS(x;a) functions
from Eqs.~8! and ~9!, respectively.

We investigated the influence of theBA(x;a) function on
the results obtained from the fit of the SDAVP to experime
tal profiles. To carry out this investigation, we used t
BA(x;a) function evaluated from Eq.~18!; we have also
studied the case when we can assume thatBA(x;a)51. In
these two cases, we usedBW(x;a) and BS(x;a) given by
Eq. ~17!. The values of the parametersgD , ^gL&, ^D&, and
^x& obtained from both fits as well as the quality of these
were the same for all analyzed line shapes. Therefore, in
work all fits of the SDAVP~for both van der Waals and
Czuchaj-Stoll @42# potentials! were done assuming
BA(x;a)51. This means that in practice we can neglect
speed dependence of the collision-time asymmetry in
investigations.

FIG. 5. Plots of the asymmetry parameter^x& determined from
the best fit of AVP and SDAVP to the experimental data against
xenon densityN. ~Notations as in Fig. 3.!
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V. RESULTS AND DISCUSSION

We have shown that the SDAVP, Eq.~6!, gives a correct
description of our experimental profiles of the114Cd
326.1-nm line perturbed by xenon. This means that for
Cd-Xe system the reliable experimental values of the D
pler width can be obtained from the line-shape analysis p
vided the speed-dependent effects are taken into acco
Neglect of the speed dependence of the collisional width
shift leads to some errors in determination of the press
broadening, shift, and asymmetry coefficients, which in
case of the Cd-Xe system are estimated to be about 1%,
and 20%, respectively.

The experimental values of pressure-broadeningb, shift
d, and asymmetryk coefficients determined in the course
the present work are listed in Table I. In a previous wo
@23# from this laboratory, theb and d coefficients for the
326.1-nm Cd line perturbed by Xe were determined usin
classical spectroscopy technique, i.e., by means o
pressure-scanned Fabry-Perot interferometer for the cell
peratureT5468 K. It seems that the value of the pressu
broadening coefficient reported in Ref.@22# that is equal to
1.319(27)310220 cm21/atoms cm23 can be affected by a
systematic error. This kind of error can be due to the l
signal-to-noise ratio for higher perturber pressures as we
strong numerical correlation between parameters repres
ing collisional and Doppler widths in the fitting procedur
Therefore we rejected the values of Lorentzian width a
shift corresponding to the highest xenon pressure (p5102
Torr! determined in Ref.@22#. The recalculated values ofb
andd coefficients are listed in Table I where they are mark
‘‘Brym et al. @22# (p,80 Torr!.’’ As it can be seen from
Table I there is practically no change ofb andd coefficients
with the change of cell temperature fromT5468 K to T
5724 K. This result is in agreement with Dietzet al. @46#
who found the lack of the temperature dependence of
line-shape parameters for cadmium perturbed by helium
argon in the temperature range between 503 K and 663

In order to interpret our experimental data we calcula
the theoretical values of pressure broadeningb and shiftd
coefficients from Eq.~3! for different interaction potentials
We performed the calculation for the Czuchaj and Stoll@42#
numerical potential as well as for two potentials deriv
from experimental data, i.e., for van der Waals and Mo
potentials with the same constants as used in Ref.@22#. The
values ofb andd coefficients evaluated for these potentia
are listed in Table I and marked as ‘‘Czuchaj-Stoll@42#,’’
‘‘van der Waals,’’ and ‘‘Morse,’’ respectively. As can b
seen from Table I, our experimental values ofb andd are in
reasonable agreement with theoretical ones calculated o
basis of the Czuchaj-Stoll@42# potential.

The experimental values of collision-time asymmetry c
efficientsk determined in the course of the present work
listed in Table I where they are compared with theoreti
values. Our careful tests have shown that in the case of
van der Waals potential the values of the asymmetry par
eter calculated in the framework of the unified Franc
Condon treatment@3,6# are very close to that obtained from
formula~4! corresponding to the Anderson-Talman approa
03251
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@4,5# ~see the Appendix!. It should be noted, however, tha
Eq. ~4! is more convenient for numerical application, esp
cially in the case of averaging over Maxwellian distributio
of velocities than other known expressions@6,7#. Therefore
theoretical values of asymmetry coefficientk were calcu-
lated from Eqs.~13! and ~4! for the Czuchaj and Stoll@42#
numerical potential as well as for van der Waals and Mo
potentials with the same constants as those used in our
vious paper@22# on the Cd-Xe system. As can be seen fro
Table I good agreement between our experimental and th
retical values of the asymmetry coefficientk takes place for
the Czuchaj-Stoll@42# as well as for the van der Waals po
tential. The poor agreement is obtained, however, for
Morse potential.

VI. CONCLUSION

We have presented a detailed analysis of our experime
profiles of the 326.1-nm114Cd line perturbed by Xe tha
clearly establish the existence of the collision-time asymm
try in the near-wing region. With our increased experimen
precision compared to previous results@22#, we have shown
that for the Cd-Xe system, the neglect of the speed dep
dence of the collisional width and shift may cause errors
the values of the Doppler width and collision-time asymm
try parameter determined from the line-shape analysis.
the other hand, the speed dependence of the collision-
asymmetry and Dicke narrowing were found to play a m
ginal role.

The comparison of pressure broadening, shift, and as
metry coefficients determined in this experiment with co
ficients calculated on the basis of the adiabatic semiclass
approach shows reasonable agreement between experim
and theoretical values obtained for numerical potentials
culated by Czuchaj and Stoll@42#; experimental and theoret
ical values differ by a few percent. A better agreement c
not be expected from adiabatic calculations. A po
agreement between experimental and theoretical values
obtained for the Morse potential. Moreover, we have sho
that for Cd-Xe system an expression derived in Ref.@10# is
suitable to describe the collision-time asymmetry in the ne
wing region.
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APPENDIX

In the case when the difference of potentials can be w
ten in an inverse-power formDV(r )5DCq/r q, we can write
on the basis of Eqs.~13! and ~4! that

x5NKq sgn~DCq!E d3vW EPf m~vW EP!F uDCqu
\vEP

G3/(q21)

,

~A1!
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where f m(vW EP) is the Maxwellian distribution of relative
perturber-emitter velocitiesvW EP and m5mEmP /(mE1mP)
is the reduced mass for perturber-emitter system. The c
stantKq can be evaluated from the following expression:

Kq5E
0

1`

dz z2E
2`

1`

dx Im$@12e2 iz12qnq(x,2`)#

3@12e2 iz12qnq(1`,x)#%, ~A2!

where

nq~x2 ,x1!5E
x1

x2 dy

~11y2!q/2
~A3!

andx, y, andz are dimensionless variables.
The expression for the constantKq can be rewritten in the

form of the product of two integrals

Kq5GqHq , ~A4!

where

Gq5E
2`

1`

dx@nq~1`,x!3/(q21)1nq~x,2`!3/(q21)

2nq~1`,2`!3/(q21)#, ~A5!
n

ns

.

os

s.

s

s

s

03251
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and

Hq5E
0

1`

dx x2 sin~x12q!. ~A6!

For the van der Waals potential (q56) we have

n6~x2 ,x1!5
3

8
arctan~x2!1

x2~2x2
215!

8~x2
211!2

2
3

8
arctan~x1!2

x1~2x1
215!

8~x1
211!2

. ~A7!

Using Eq. ~A4! and performing numerical integration, w
obtain in this caseK652.717 71. This value differs from the
value 2.63 given by Traving@5# who corrected a result o
Anderson and Talman@4#. On the other hand, ourK6 value is
the same as that obtained earlier in Ref.@6#.
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